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ABSTRACT
We study the nuclear (AGN) activity in the local Universe (z < 0.33) and its correlation with the host galaxy properties,
derived from a Sloan Digital Sky Survey sample with spectroscopic star-formation rate (SFR) and stellar mass determination.
To quantify the level of AGN activity we used the XMM-Newton Serendipitous Source Catalogue. Applying multiwavelength
selection criteria (optical BPT-diagrams, X-ray/optical ratio etc), we found that 24 per cent of the detected sources are efficiently-
accreting AGN with moderate-to-high X-ray luminosity, twice as likely to be hosted by star-forming galaxies than by quiescent
ones. The distribution of the specific Black Hole accretion rate (λsBHAR) shows that nuclear activity in local, non-AGN dominated
galaxies peaks at very low accretion rates (−4 � log λsBHAR � −3) in all stellar mass ranges. We observe systematically larger
values of λsBHAR for galaxies with active star formation than for quiescent ones, and an increase of the mean λsBHAR with SFR
for both star-forming and quiescent galaxies. These finding confirm the decrease in AGN activity with cosmic time and are
consistent with a scenario where both star-formation and AGN activity are fuelled by a common gas reservoir.

Key words: accretion, accretion discs – galaxies: active – galaxies: elliptical and lenticular, cD – galaxies: spiral – galaxies: star
formation – X-ray: galaxies.

1 I N T RO D U C T I O N

Active galactic nuclei (AGN) seem to play a significant role in the
evolution of their host galaxies and appear to be in close relation with
the internal star-formation processes. Such co-evolution between
the host galaxy and the supermassive Black Hole (SMBH) at its
centre has been suggested by several studies. For instance, it was
shown that the SMBH mass is tightly correlated with host galaxy
properties such as luminosity (Marconi & Hunt 2003), bulge mass
(Häring & Rix 2004; McConnell & Ma 2013; Kormendy & Ho
2013), velocity dispersion of stars in the galactic bulge (Ferrarese
& Merritt 2000; Gebhardt et al. 2000; Gültekin et al. 2009; de
Nicola, Marconi & Longo 2019), and total stellar mass (Häring &
Rix 2004; Reines & Volonteri 2015). Also, observational studies of
the accreting SMBHs over a wide range of redshifts (i.e. cosmic
times) show that AGN evolution follows the luminosity-dependent
scenario in which high-luminosity AGN reach the peak of activity
earlier than low-luminosity AGN (Hasinger, Miyaji & Schmidt 2005;
Bongiorno et al. 2007, 2012; Ueda et al. 2014). This evolutionary
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picture is similar to the so-called ‘cosmic downsizing’ trend observed
in star-forming galaxies (SFGs; Cowie et al. 1996) and support the
presence of a link between the evolution of SMBHs and their host
galaxies. Furthermore, the shapes of the total AGN accretion curve
as a function of redshift and of the global star-formation rate (SFR)
are identical, both reaching a peak at redshift z ∼ 1–3 with rapid
decline towards the local Universe (Delvecchio et al. 2014; Madau
& Dickinson 2014; Aird et al. 2015).

A strong indication of a co-evolution between galaxies and their
SMBHs is provided by a connection between AGN accretion and
star-formation processes in the host galaxy. In fact, it was observed
that moderate-to-high luminosity AGN predominantly lie in galaxies
with active star-formation (Merloni et al. 2010; Rosario et al. 2013;
Heinis et al. 2016; Aird, Coil & Georgakakis 2018; Stemo et al.
2020), which can be explained by the cold gas fuelling both AGN
activity and star-formation in the galaxy. Since the AGN accretion
and star-formation processes operate typically on different spatial
scales, the details of the mechanisms responsible for such gas supply
are still poorly known. Hydrodynamical simulations and individual
observations of the closest galaxies suggest a scenario where a
major role in the gas transportation to the galaxy centre can be
played by the large-scale gravitational torques produced by galaxy
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major merger, minor interaction or various disc instabilities (Fathi
et al. 2006; Hopkins & Quataert 2010; Fischer et al. 2015). In
addition, the star-formation processes can significantly affect the
nuclear accretion reducing it by ‘stealing’ the gas or increasing
it by the turbulence injection in the circumnuclear region, i.e. the
so-called stellar feedback (Schartmann et al. 2009; Hopkins et al.
2016). On the contrary, the presence of an AGN can affect star
formation in the galaxy through AGN feedback. According to the
AGN feedback paradigm, there are two main modes of AGN output
(Heckman & Best 2014). The first form is the so-called quasar
or radiative mode mostly associated with high luminosity AGN
with energetic output in the form of the electromagnetic radiation
generated by the efficient (>1 per cent Eddington) accretion on to
the SMBH. The second one, jet or radio mode, is associated with less
powerful AGN with radiatively inefficient accretion (�1 per cent
Eddington), which generates powerful jets. Hence, AGN interacts
with the gas in the host galaxy by radiation pressure which induce
powerful wind (quasar mode) or an outflow of relativistic particles
(jet mode), which heat and/or blow the cold gas away from the galaxy
thus suppressing the formation of stars (negative AGN feedback).
Through such mechanisms AGN feedback can quench star-formation
(Croton et al. 2006; Rosario et al. 2013) and also significantly reduce
the accretion on to the SMBH thus resulting in self-regulation of
the nuclear activity (Fabian 2012). In some cases, AGN feedback
may interact with the host galaxy in opposite way triggering the star
formation by compressing dense clouds in the interstellar medium,
i.e. positive AGN feedback, (Ishibashi & Fabian 2012; Zubovas et al.
2013; Combes 2017).

To constrain such scenario, we need to be able to separate the
AGN and host galaxy emission. This issue is is not trivial, especially
in the local Universe because the population of local AGN are
predominantly low-luminosity sources making their identification
complicated in the optical and infrared (IR) bands where the host
galaxy emission is dominant. Being produced in the innermost
regions of the active nuclei, X-ray emission is an good tracer of
accretion processes, allowing to study the AGN population over a
wide range of redshifts down to relatively low luminosities (Alexan-
der & Hickox 2012). Despite this, previous investigations have found
only little correlation between nuclear X-ray luminosity and stellar
formation. For instance, AGN with similar X-ray luminosity lie in
galaxies with broad ranges of star formation rate (SFR) and stellar
mass (Mullaney et al. 2012a; Aird et al. 2013; Rosario et al. 2013;
Azadi et al. 2015). On the other hand, galaxies with the same SFR
can contain AGN with a broad range of accretion rates (Aird et al.
2012; Bongiorno et al. 2012; Azadi et al. 2015). This absence of
correlation between SFR and accretion rate for the individual objects
was explained by the different variability time-scales of these two
processes (Hickox et al. 2009). In fact, even if nuclear activity and
stellar formation are connected at any time, the SF is relatively
stable over ∼100 Myr, while AGN luminosity may vary of orders
of magnitude on very short time-scale ∼105 yr. (Bongiorno et al.
2012; Mullaney et al. 2012a; Aird et al. 2013; Hickox et al. 2014;
Paolillo et al. 2017). Therefore, to discover the relation between
AGN activity and galaxy properties, we need to study the average
properties of large samples of objects.

For instance, Chen et al. (2013) used the far-IR-selected galaxies
from Herschel Space Observatory and AGN selected by IR and X-ray
criteria and found a linear relation between average SMBH accretion
rate (BHAR) and SFR for galaxies across a wide range of SFR and
with redshifts 0.8 < z < 2.5. Additionally, a similar relation between
SFR and average specific Black Hole accretion rate (and stellar mass)
was found by Delvecchio et al. (2015) on the basis of a far-IR sample

of SFGs and X-ray selected AGN at z < 2.5. These and other studies
(Yang et al. 2018; Aird, Coil & Georgakakis 2019; Stemo et al.
2020) also show that the SFR–sBHAR correlation becomes more
significant at redshift z > 0.8. Additional studies (Masoura et al.
2018; Aird et al. 2019) found that the average AGN X-ray luminosity
can change depending on the host galaxy position relative to the main
sequence (MS) of SFGs, possibly indicating an enhancement of star-
forming processes due to the AGN when its host lies below the
MS line and its quenching when the host galaxy lie above the MS.
However, Rovilos et al. (2012) and Shimizu et al. (2015) found no
evidence of this effect for AGN in the local Universe. Such relations
between sBHAR/X-ray luminosity and SFR are consistent with a
scenario in which AGN activity and SFR are connected over galaxy
evolution time-scales by the common cold gas supply, but the AGN
contribution to galaxy quenching remains controversial.

The study of large statistical samples of galaxies allows us to
build the sBHAR probability function, i.e the probability of a galaxy
with a given property (stellar mass, SFR, and morphological type)
to host an AGN with a given sBHAR, and derive the level of AGN
activity in the Universe. Several works have shown that the sBHAR
probability function follows a power-law shape with an exponential
cut off at high accretion rates, flattening, or even decreasing towards
low sBHAR (Aird et al. 2012; Bongiorno et al. 2012; Aird et al.
2018). Furthermore, the more recent study by Aird et al. (2018)
for different host galaxy types shows that quiescent galaxies have
typically lower probability of hosting an AGN than SFGs pointing
toward a lower fraction of the cold gas (i.e. lower sBHAR) in the
quiescent galaxies.

Most previous studies have focused on investigating the AGN-
host galaxy connection at intermediate/high redshift from z ∼ 0.25
up to z ≈ 4.0 (Chen et al. 2013; Rosario et al. 2013; Delvecchio
et al. 2015; Aird et al. 2018, 2019; Stemo et al. 2020), while in the
local Universe our knowledge is limited by the absence of wide-area
surveys, especially in the X-ray band. However, studies of the local
sBHAR–SFR relation are valuable as local galaxies predominantly
contain low-to-moderate luminosity AGN (i.e. with low-efficient
SMBH accretion) which are difficult to trace at high redshifts.
Additionally, the quiescent galaxy population in the local Universe
allows us to study deeply the possible mechanism of star-formation
suppression and explore the alternative AGN fuelling processes in
the environment with the low level of cold gas.

In this paper we study the correlation between star-formation and
AGN activity in the local Universe using a homogeneous Sloan
Digital Sky Survey (SDSS DR8) optical galaxy sample with robust
SFR (in the range 10−3 to 102M� year−1) and M∗ estimates (from
106 to 1012M�), in combination with X-ray data from from XMM-
Netwon Serendipitous Source Catalogue (3XMM-DR8), in order
to identify AGN and estimate their sBHAR. We further investigate
the intrinsic sBHAR distribution in the local Universe taking into
account the variable XMM-Newton sensitivity across the sky and
the relation between average sBHAR and SFR for star-forming and
quiescent galaxies with different stellar masses.

In Section 2, we describe the catalogue of host galaxy properties
derived from the SDSS optical galaxy sample and extract the
corresponding X-ray data from the XMM-Newton Serendipitous
Source Catalogue. Section 3 describes the approach used to estimate
of the intrinsic X-ray AGN luminosity and the corrections needed to
account for the contribution of the host galaxy. Section 4 describes
the AGN identification criteria in the optical and the X-ray bands. In
Section 5, we present our measurement of the specific BH accretion
rate λsBHAR (Section 5.1), its distribution as a function of stellar mass
and galaxy properties as well as the correlation between SFR and
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λsBHAR. In Section 6, we discuss the reliability of our results. A brief
summary of our results and concluding remarks are presented in
Section 7. Throughout this paper, we adopt a flat cosmology with
�� = 0.7 and H0 = 70 km s−1 Mpc−1 and assume a stellar initial
mass (IMF) from Chabrier (2003).

2 SAMPLE SELECTION AND CLASSIFICATI ON

2.1 The SDSS data set

Our galaxy sample is based on the galSpec catalogue of galaxy
properties1 which was produced by the MPA-JHU group as the
subsample from the main galaxy catalogue of the 8th Data Release
of the Sloan Digital Sky Survey (SDSS DR8). The stellar masses in
the catalogue are obtained through Bayesian fitting of the SDSS
ugriz photometry to a grid of models. The details of the stellar
masses determination are described in Kauffmann et al. (2003a) and
Tremonti et al. (2004).

The estimate of the SFR were done in two different ways described
in Brinchmann et al. (2004). In short, the object selection was based
on the BPT criteria (Baldwin, Phillips & Terlevich 1981), according
to which the objects with high signal to noise for four specific
emission lines were classified as ‘SFG’, ‘AGN’, and ‘composite’.
The BPT criteria cannot be applied if the objects have low S/N value
(S/N < 3) for at least one of the required emission line, therefore such
objects were classified as low S/N SFG and AGN. The objects with
weak emission lines or no line at all were marked as unclassified (see
Brinchmann et al. (2004) for details). The values of SFRs for SFGs
and low S/N SFGs were determined using the H α emission line
luminosity. However, such SFR estimates can be underestimated due
to the absorption by the galaxy dust. Therefore, the SFR estimates
based on H α luminosity are corrected for dust extinction on the
basis of the Balmer decrement, D4000 (Kauffmann et al. 2003b).
In addition, the H α line is not an accurate indicator of SFR for all
galaxies. First, some galaxies do not have H α line in their spectra or
it can be blended with close emission lines (as N II λ6583). Secondly,
according to the BPT-diagram classification, a major fraction of
galaxies in galSpec catalogue have an active nucleus and therefore
the H α line is due to both star formation and accretion processes. In
these cases, the SFRs were inferred from empirical relation between
SFR and D4000 (Kauffmann et al. 2003b). All SFR measures are
corrected for the fiber aperture following the approach proposed by
Salim et al. (2007). The stellar masses M∗ and SFRs are computed
by assuming a Kroupa IMF (Kroupa 2001) and are adjusted to a
Chabrier IMF (Chabrier 2003).

The galSpec catalogue contains reliable spectroscopic information
for about 1.5 million galaxies with redshift z ≤ 0.33. We
selected objects with reliable spectroscopic parameters (i.e. with
RELIABLE!=0) and redshift (i.e. with zWarning = 0; see
Aihara et al. 2011, for further details). Additionally, galSpec
catalogue may have multiple spectroscopic observations for an
individual galaxy. Some of these objects were intentionally re-
observed, as part of a different program or survey, or as part of a
repeated plate observation. Therefore, we rejected such duplicates
and choose only objects which are ‘primary’ in the sample using
the mode flag (for ‘primary’ objects mode = 1). The values of
SFR and M∗ for duplicate observations are very similar, with the
majority of the objects in agreement within a few per cent. In any
case, objects with low-quality SDSS photometry in r and i bands

1https://www.sdss.org/dr12/spectro/galaxy mpajhu/

were excluded from our sample due to the need of accurate r- and
i-band magnitudes for AGN selection described in Section 3.2.
For this purpose, we used the basic photometric processing flags
recommended on SDSS website2 to clean the sample from objects
with deblending (PEAKCENTER!=0, NOTCHECKED!=0,
DEBLEND NOPEAK!=0) and interpolation problems
(PSF FLUX INTERP!=0, BAD COUNT ERROR!=0, and
INTERP CENTER!=0). The magnitudes and photometric flags
for our sample were obtained by the online service CasJobs SDSS
SkyServer. After excluding all objects described above, our final
SDSS galaxy sample consists of 703 422 sources. For clarity, a
summary of all samples defined here and throughout the rest of this
work is presented in Table 1.

2.2 The galaxy distribution on the SFR–M∗ diagram

The distribution of galaxies on the SFR–M∗ plain demonstrates that
most galaxies can be separated into two main populations. First, the
SFGs with steady processes of new stars formation and generally
late-type morphologies with significant disc components (e.g. Faber
et al. 2007; Noeske et al. 2007; Blanton & Moustakas 2009; Aird,
Coil & Georgakakis 2017), and second, the ‘quiescent’ galaxies with
passively evolving stellar populations and early-type morphologies.
The distribution of our sample on SFR–M∗ plane is shown in Fig. 1.

We classify galaxies in our sample as star forming or quiescent
based on their SFRs relative to the evolving ‘star-forming MS’ setting
the threshold between the two classes 1.3 dex below the MS defined
by Aird et al. (2017), and given by (Fig. 1):

log SFRcut(z) [M�year−1] = −8.9 + 0.76 log M∗ /M�
+ 2.95 log(1 + z). (1)

Galaxies that fall below this cut were classified as passive or quiescent
while those above the line as star forming. Note that the relation in
equation (1) is redshift dependent so that for the classification, we
used the redshift of each individual object.

In our SDSS galaxy sample, 376 938 sources are classified as SFGs
(53.6 per cent) and 326 484 as quiescent galaxies (46.4 per cent),
respectively.

2.3 The 3XMM data set

To quantify the accretion on to the central SMBH, we used data
from the XMM-Newton Serendipitous Source Catalogue3 (3XMM
DR8, Rosen et al. 2016).4 The comparison of our optical sample with
3XMM footprint revealed that only 40 914 objects fall in the area
of the sky observed by XMM-Newton. The crossmatch of 3XMM
DR8 with our optical sample (with a matching radius of 5 arcsec)
gives 3742 X-ray counterparts. First, we rejected all objects with the
detection flag5 SUM FLAG > 3, which indicates problems with the
detection such as sources with a low coverage on the detector, sources
in problematic areas near a bright source etc. Secondly, we selected
objects with zero extension parameter to avoid including spatially
extended objects (such as hot gas regions or galaxy clusters). In
Section 6.2, we evaluated the effect of including the extended sources
on our results.

2https://www.sdss.org/dr12/algorithms/photo flags recommend/
3http://xmmssc.irap.omp.eu/Catalogue/3XMM-DR8/3XMM DR8.html
4We do not use the latest 4XMM-DR9 due to lack of sensitivity maps, which
are required for sBHAR distribution reconstruction in Section 5.1.
5https://xmmssc-www.star.le.ac.uk/Catalogue/3XMM-DR4/col flags.html
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Table 1. Summary of the different optical and X-ray samples defined in this work.

# Samples N Comments

1 SDSS galaxy sample 703 422 The optical sample of galaxies compiled from SDSS galSpec catalogue (Section 2.1)

2 SDSS sample in the 3XMM footprint 40 914 The number of SDSS galaxies that fall within the XMM-Newton footprint (Section 2.3).

3 3XMM counterparts for the SDSS galaxy
sample

3742 The crossmatch between SDSS galaxy sample (#1) and 3XMM DR8 catalogue
(Section 2.3)

4 3XMM-SDSS sample 1953 Sample #3 after filtering-out sources with unreliable photometry, extended sources, and
sources with multiple X-ray detections (Section 2.3)

4.1 Out of which: optically selected AGN 661 Sources in the 3XMM-SDSS sample (#4) classified as AGN by at least one of the optical
BPT diagrams (Section 3.1)

4.2 Out of which: ‘classical’ X-ray AGN 469 Sources in the 3XMM-SDSS sample (#4) classified as AGN according to the X-ray
criteria defined in Section 3.2

5 bona fide X-ray AGN sample 1628 The final X-ray AGN sample obtained from sample #4 after the LX correction for the
host-galaxy contribution (Section 4.1)

5.1 Out of which: optically selected AGN 494 Sources in the bona fide X-ray AGN sample (#5) classified as AGN by at least one of the
optical BPT diagrams (Section 3.1)

5.2 Out of which: ‘classical’ X-ray AGN 454 Sources in the bona fide X-ray AGN sample (#5) classified as AGN according to the
X-ray criteria defined in Section 3.2

5.3∗ bona fide X-ray AGN sample DET ML > 6 570 The number of objects in the X-ray AGN sample (#5) with detection likelihood DET ML
> 6 in the hard band; used only for the study of the sBHAR distribution in Section 5.1

The XMM catalogue contains the observations from three cameras
PN, MOS1, and MOS2.6 For our study, we selected detections from
the most sensitive PN camera. For objects with multiple observations,
we choose the one with the highest exposure time. When the data
from PN camera were missing, we used those from MOS1 or MOS2
cameras. This choice is motivated by the requirement to use robust
flux upper limits in Section 5.1. After all these constrains, the final
3XMM-SDSS sample (Table 1) contains 1953 objects (991 SFGs
and 962 quiescent galaxies); their distribution on SFR–M∗ plane is
shown in Fig. 1 by grey circles.

3 I D E N T I F I C AT I O N O F AG N

In order to identify AGN and study the properties of their host
galaxies, we need to reveal the presence of nuclear non-stellar
emission. Since our primary sample is based on an optical SDSS
‘galaxy’ catalogue, which by definition excludes quasar and other
sources strongly dominated by nuclear emission, the majority of our
sources are type 2 AGN. This type of AGN are partially obscured
and provide the opportunity to observe emission not only from the
nuclear region, but also from the host galaxy. Given the presence
of both nuclear and star-formation emission in the galaxy, we used
a combination of multiwavelength techniques to identify ‘classical’
AGN.

3.1 Optical selection: BPT-diagrams

A common technique to distinguish AGN from normal SFGs is the
BPT diagram discovered by Baldwin et al. (1981) and improved by
Veilleux & Osterbrock (1987). It is based on the comparison of the
flux ratios of two pairs of strong emission lines with different level
of ionization . Since these ratios are almost completely insensitive
to reddening or to errors in the spectrophotometry, it is useful for

6https://www.cosmos.esa.int/web/xmm-newton/technical-details-epic

separating AGN and SFG due to the different processes producing
these emission lines in their spectra.

MPA-JHU SDSS catalogue already has the BPT classification flag
(BPTCLASS inside galSpecLines file) based on [O III] λ5007/H β

versus the ratio [N II] λ6583/H α ratios (hereinafter BPT-[N II]) de-
scribed in detail on Brinchmann et al. (2004) paper. The galaxies were
classified as SFGs, AGN, or composite objects that have contribution
from both AGN and star formation. Additionally, Brinchmann et al.
(2004) defined two additional classes: SFGs and AGN with low
S/N for at least one of the emission lines required for the BPT
classification. The residual objects with no emission lines at all
were marked as unclassified. To verify the BPT classification already
presented in the MPA-JHU SDSS catalogue, we used the empirical
criteria by Kauffmann et al. (2003b) to separate the ‘pure’ SFGs
from composite objects and Kewley et al. (2006) to separate the
latter from AGN. Since the application of the BPT selection criteria
requires the objects with S/N > 3 for all four emission lines, we
selected 1260 objects (64.5 per cent) from our 3XMM-SDSS sample
which satisfied the S/N condition for emission lines required for
BPT-[N II] diagram. Additionally, we refine the BPT classification
using the two other diagnostic diagrams proposed by Kewley et al.
(2006) that involving the ratios [O I] λ6300/H α (BPT-[O I]) and [S II]
λ6717/H α (BPT-[S II]) to distinguish the two classes of narrow-line
AGN: Seyfert 2 and low-ionization nuclear emission line objects
(LINER). In this case, we selected 1165 objects (59.7 per cent of
our 3XMM-SDSS sample) and 947 (48.5 per cent) objects in the
BPT-[S II] and [O I], respectively.

The results obtained by BPT-[N II] coincide with the BPT flag
obtained by Brinchmann et al. (2004) and it is presented on left-hand
panel of Fig. 2. The BPT-[O I] and BPT-[S II] diagrams are shown in
Fig. 2 (centre and right-hand panel).

We found that 553 objects were classified as AGN in the BPT-
[N II] diagram, 318 as Seyfert 2 and 189 as LINER at least by
one of BPT-[S II] or [O I] diagrams and 50 objects were classified as
Seyfert 2 by one diagram and LINER by another. The total number of
AGN classified by three BPT diagrams (hereinafter optically selected
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Figure 1. The distribution of SFR versus stellar mass for our final SDSS
galaxy sample. The histograms represent the SFR and M∗ distributions. The
right and top histograms represent the distribution of our sample in SFR
and M∗ The individual objects with X-ray emission found in 3XMM-DR8
catalogue are shown by grey circles. The grey lines show the MS of SFGs
defined by equation (1). All objects were divided into SFGs and quiescent
galaxies by the cut 1.3 dex below the MS of SFGs (black lines). The bottom
dashed, solid, and top dashed lines correspond to the lowest, mean, and
highest redshift in our sample (z = 0.00, 0.11, and 0.33), respectively.

AGN) is summarized in Table 1. The distribution of these objects on
the SFR–stellar masses diagrams (see Fig. 3) shows that 15.2 per cent
of sources in our 3XMM-SDSS sample, classified as AGN due
to BPT-[N II], are located in SFGs and 13.2 per cent in quiescent
galaxies. Simultaneously, Seyfert 2 identified by BPT-[S II] and/or
BPT-[O I] are mainly in SFGs (11.7 per cent) and only 4.6 per cent in
quiescent galaxies. On the contrary, a higher percentage of LINER is
located in quiescent galaxies (5.7 per cent) while only 4.0 per cent in
SFGs. These results are consistent with the paradigm that LINERs
are located mostly in host galaxies with little star formation and
older stellar population (Kauffmann et al. 2003b; Ho 2008; Heckman
& Best 2014) and may show the presence of a strong jet (Falcke,
Körding & Markoff 2004).

The BPT-diagram is powerful for AGN identification in optical
band, but it has several significant limitations. As it was mentioned
before the application of BPT method requires high-S/N detection of
four emission lines. For example, objects with strong [O III] λ5007
line which is a reliable tracer of AGN activity can not be classified
without the presence of less intense lines such as H β, [N II] etc.
Additionally, some AGN have weak or no emission lines due to high
obscuration by the circumnuclear and galactic dust. Furthermore,
some SFGs may contain a low-luminosity AGN, which may not
be identified since the emission of the star-forming processes will
dominate the spectrum.

3.2 X-ray AGN selection criteria

As it will be discussed in Section 4.1, the contribution of the host
galaxy to the total X-ray emission is generally smaller than in the
optical, which makes X-ray detection a robust technique for AGN
identification (Brandt & Hasinger 2005).

We classified an X-ray source as an AGN if it satisfied at least
one of the following three criteria: (1) an intrinsic luminosity LX,int

≥ 3· 1042 erg s−1 in the hard band defined in Section 4; (2) X-ray-
to-optical flux ratio of log (fX/fopt) > −1, and (3) X-ray-to-IR flux
ratio of log (fX/fKs) > −1.2. The last two criteria, X-ray/optical and
X-ray/IR ratios, were calculated in the form:

log (fX/fj ) = log fX + magj

2.5
+ Cj , (2)

Figure 2. The BPT-diagrams for the 3XMM-SDSS sample. Right: [O III] λ5007/H β versus [N II] λ6583/H α flux ratios diagram. The solid line represents the
empirical criterion defined by Kauffmann et al. (2003a) for separating SFG and composite galaxy. The dashed line is the criterion by Kewley et al. (2006) for AGN
identification. The colour circles show AGN identified by two other diagnostic criteria based on the [S II] λ6717 and [O I] λ6300 lines. Centre: [O III] λ5007/H β

versus [O I] λ6300/H α flux ratios. The criteria of Kewley et al. (2006) for SFG/AGN and Seyfert 2/LINER separation are represented by the solid and dashed
lines, respectively. The colour circles show AGN identified by the two other criteria based on the [N II] λ6583 and [S II] λ6717 lines. Right: [O III] λ5007/H β

versus [S II] λ6717/H α flux ratios. The colour circles show AGN identified by the two other diagnostic criteria on the basis of [N II] λ6583 and [O I] λ6300 lines.
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Figure 3. Top: the distribution of SFR versus stellar mass as in Fig. 1 for
the sample of optically identified AGN and Seyfert 2 according to the BPT
criteria presented in Fig. 2. Bottom: the same distribution for LINERs. The
black and grey lines are the same as in Fig. 1.

where fX is the hard-band detected flux, fj is fopt in the SDSS r-, or i-
band fluxes or fKs in the 2MASS KS-band flux; magj is the magnitude
in r-, i- or KS-band, Cj is calibration constant determined from band
parameters as described in Ananna et al. (2017).

In total, we identified 469 AGN (24.0 per cent of our 3XMM-
SDSS sample), 362 were selected by the X-ray luminosity threshold,
397 and 372 by X-ray-to-optical flux ratio in r- and i-bands, and
281 by X-ray/IR flux ratio (see summary in Table 1). For simplicity,
hereafter, we will refer to AGN selected by such X-ray criteria as
‘classical’ X-ray AGN. Only 212 objects are classified as AGN by
all criteria. The redshift distribution of AGN selected by the LX

criterion are shown in Fig. 5, the X-ray/optical flux ratios in SDSS r-
and i-band (left-hand and central panels) and X-ray/IR flux ratio are
presented in Fig. 4 (right-hand panel).

The distribution of our sample on the SFR versus stellar mass
diagrams in the hard band is shown in Fig. 6. AGN selected with the
above X-ray criteria show the tendency to occupy predominantly the
star-forming MS (67.6 per cent of all X-ray selected AGN), while
only 32.4 per cent of AGN were found in quiescent galaxies. Such
preference of AGN to be hosted by SFGs was also found by Mullaney

et al. (2012a), Mendez et al. (2013), Rosario et al. (2013), Shimizu
et al. (2015), Delvecchio et al. (2015), Aird et al. (2018), and Stemo
et al. (2020) for AGN selected by different IR and X-ray criteria.
At the same time, the percentage of SFGs and quiescent galaxies
hosting an AGN in our 3XMM-SDSS sample are 32.0 per cent and
15.8 per cent, respectively.

4 C A L C U L AT I O N O F T H E I N T R I N S I C X - R AY
LUMI NOSI TY

We computed the rest-frame X-ray luminosities in the hard band
(2.0–12 keV) after applying a K-correction; following Luo et al.
(2017), we assumed a photon index � = 1.4 appropriate for a
moderately obscured AGN spectrum with the absorption column
density log NH/cm−2 
 22.5 (also see Tozzi et al. 2006; Liu et al.
2017).

The assessment of the level of AGN activity from the X-ray
emission requires to determine the contribution of the host galaxy.
Galaxy populations have different contributions to their X-ray
emission; for example, X-ray radiation in SFG is mainly due to
X-ray binaries. Low mass X-ray binaries (LMXBs) are associated
to the old stellar population in bulges of spirals, while high-mass
X-ray binaries are associated to younger stars and are concentrated
preferentially in the disc of spirals galaxies. On the other hand,
quiescent galaxies with elliptical morphology have only one type of
X-ray binaries, i.e LMXBs, but the fraction of X-rays emitted by
the hot gas can be significant or even dominate the total emission
(Fabbiano 1989; Kim & Fabbiano 2013). Hence, it is clear that
the X-ray luminosity has to be corrected by taking into account the
different types of contributions. The correction for our 3XMM-SDSS
sample is made separately for the two populations of galaxies (star-
forming and quiescent) defined in Section 2.2. Also, we decided
to use only the hard X-ray band (2.0–12 keV) since it allows to
minimize the contribution from hot gas, SN remnants, and other soft
X-ray components.

4.1 Subtraction of X-ray emission due to star formation

Different independent analyses show that X-ray emission from SFGs
correlates directly with SFR (Ranalli, Comastri & Setti 2003; Mineo,
Gilfanov & Sunyaev 2012; Vattakunnel et al. 2012; Fragos et al.
2013; Symeonidis et al. 2014; Lehmer et al. 2016). We calculated
the expected X-ray luminosities of SF galaxies using the scaling
relation between LX,SF and SFR, stellar masses M∗ and redshift z of
galaxies from Lehmer et al. (2016) in the following form:

LX,hard [erg s−1] = α(1 + z)γM∗ /M�
+β(1 + z)δSFR [M� year−1], (3)

where log α = 29.37 ± 0.17, log β = 39.28 ± 0.05, γ = 2.03 ± 0.06,
and δ = 1.31 ± 0.13 for hard band. The X-ray luminosity versus
redshift distribution for SFGs, before and after correcting for the
contribution from XRBs, is shown in Fig. 7.

Since the X-ray luminosity of quiescent galaxies (ETGs) is mainly
due to LXMBs and hot gas (Boroson, Kim & Fabbiano 2011; Kim
& Fabbiano 2013; Civano et al. 2014), we have to apply a different
type of correction. We use the relation between luminosity of the
galaxy in the K-band and LX of different components of quiescent
galaxies. Using 30 normal early-type galaxies observed by Chandra,
Boroson et al. (2011) found that the X-ray luminosity due to LMXBs
correlates with K-band luminosity as

LX [erg s−1] = 1029.0±0.176 · LK [LK�]. (4)
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Figure 4. Left and centre: the X-ray flux in hard band versus optical SDSS r-band and i-band magnitude for sources in 3XMM-SDSS sample (grey circles).
White circles indicate AGN having LX,int ≥ 3 × 1042 erg s−1 in Fig. 5. AGN selected by the X-ray/optical flux ratios in r- and i-band are represented by red and
green circles, by X-ray/IR ratio by blue circles. Diagonal lines indicate constant flux ratios between the SDSS r- and i-band and X-ray hard band. Right: the
X-ray flux in hard band versus 2MASS IR KS-band magnitude. The colours of circles are the same as on left-hand and central panel. Diagonal lines indicate
constant flux ratios between the 2MASS KS-band and X-ray hard band.

Figure 5. The X-ray luminosity versus redshift for the objects in 3XMM-
SDSS sample. The horizontal dashed line indicates LX,int ≥ 3 × 1042 erg s−1

criteria utilized to classify AGN (black circles).

Other types of stellar sources that can radiate X-rays and therefore
provide a contribution to the total X-ray luminosity of the galaxy are
coronally active binaries (ABs) and cataclysmic variables (CVs). For
their study, Boroson et al. (2011) used the Chandra observation of
M31 and M32 galaxies in hard band (2–10 keV) as their proximity
allows us to resolve the individual X-ray sources inside the galaxies.
They found a similar relation between X-ray and K-band luminosity:

LX [erg s−1] = 4.5+0.8
−0.6 · 1027 · LK [LK�]. (5)

In addition, to evaluate the contribution of the hot gas, we used
the relation between the X-ray emission and the K-band luminosity
in the form LX ∼ Lα

K with exponential slope α = 4.5 from Civano
et al. (2014).

We used KS magnitudes from the 2MASS7 Point Source Catalogue
(PSC) and Extended Source Catalogue (XSC; Skrutskie et al. 2006).
First, we crossmatched our 3XMM-SDSS sample with the XSC as
the galaxies in our sample are located at low redshift and should
have extended shapes in 2MASS. Most of the objects in the PSC are

7https://old.ipac.caltech.edu/2mass/

Figure 6. The distribution of SFR versus stellar mass for 3XMM-SDSS
sample in hard band (grey circles). The gradient from blue to yellow shows
the 2D histogram of the density distribution of galaxies in our optical
SDSS sample. All symbols represent the AGN selected by the X-ray criteria
described in Section 3.2. The black and grey lines are the same as in Fig. 1.

stars of the Milky Way, but the catalogue also contains a significant
number of unresolved, more distant galaxies; therefore we made
additional crossmatch between the PSC and our sample. We found
that 1457 objects (74.6 per cent of our 3XMM-SDSS sample) have
counterparts in XSC and 1743 (89.2 per cent) in PSC. 1323 objects
in 3XMM-SDSS sample were found in both catalogues because PSC
contains entries and point source-processed flux measurements for
virtually all extended sources in the XSC. We refined our selection
rejecting objects with low S/N, contamination, or blending according
to the quality flags described in the Explanatory Supplement to the
2MASS8 and reduced the number of sources to 1809 (1330 extended
and 479 point-like sources).

8https://old.ipac.caltech.edu/2mass/releases/allsky/doc/explsup.html
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Figure 7. The final nuclear X-ray luminosity versus redshift distribution of our X-ray AGN sample. The uncorrected LX values for SFGs and quiescent galaxies
are presented as solid circles and diamonds, respectively. The change in LX after corrections for each object is shown by a solid line.

Figure 8. The cumulative histogram of flux upper-limit in hard band (2.0–
12 keV) for XMM cameras from the XMM FLIX service.

We calculate the KS-band luminosity in units of solar luminosity
for 921 quiescent galaxies using the equation from Civano et al.
(2014):

LKS
[L�] = 10−(KS−K�)/2.5 · (1 + z)α−1 · (DL [pc]/10)2 (6)

where KS is the magnitude from the 2MASS catalogue, z is the
redshift, and DL is the luminosity distance in parsecs and K� =
3.33 mag is the magnitude of Sun in K-band. To evaluate rest-frame
K-band luminosities, we assumed a spectral shape of the type fν ∝ να ,
where α = −(J − KS/ log(νJ /νKS

)), where J − KS is colour taken
from the 2MASS catalogue.

We determined the X-ray luminosity for AB+CV (from equa-
tion 5), LMXBs (equation 4), and hot gas components (with the
slope α = 4.5) and subtracted the luminosities from our intrinsic
X-ray luminosity. The redshift distribution of X-ray luminosity in
hard band for quiescent galaxies after corrections is shown in Fig. 7
(right-hand panel).

Our final bona fide AGN sample (hereinafter X-ray AGN sample)
contains 1628 objects with positive residual X-ray luminosity after

correction for X-ray emission from binaries and hot gas (83.4 per cent
from the 3XMM-SDSS sample before correction), 915 of which are
SFGs and 713 are quiescent ETGs. All following results have been
obtained based on this X-ray AGN sample. Note however that, in
order to study the sBHAR distribution, we were forced to further
filter our X-ray AGN sample due to a absence of flux upper limits
estimates for part of the source (see details in Section 5.1 and Table 1).

5 THE SPECI FI C BLACK HOLE ACCRETIO N
R AT E

To investigate the AGN activity, we calculate the specific black hole
accretion rate (sBHAR; λsBHAR), defined as:

λsBHAR ∝ kbol LX,hard [erg s−1]

M∗ /M�
(7)

where kbol is a bolometric correction factor for the hard band and
LX,hard is the 2.0–12 keV X-ray luminosity. Although the bolometric
correction factor is dependent on the luminosity (Marconi et al.
2004; Lusso et al. 2012; Bongiorno et al. 2016), here we adopted
an average bolometric correction of kbol = 25 since the other
systematics discussed below dominate the final uncertainty. λsBHAR is
an observationally defined quantity, tracing the level of AGN activity
per unit stellar mass of the host galaxy. The proportionality constant
is conventionally set to be (0.002 × 1.3 · 1038[erg s−1])−1 so that
λsBHAR is comparable to the Eddington ratio λEdd ∝ LX/MBH in the
assumption that the Black Hole mass scales with the host galaxy
stellar mass as MBH = 0.002M∗/M� (Häring & Rix 2004). This
assumption is however ambiguous since M∗ is not an unbias tracer of
MBH. Here, we retain this definition for an easier comparison with
previous works (e.g. Aird et al. 2012, 2018) but we also report in
the plots λsBHAR in LX/M∗ units in accordance to, e.g, Georgakakis
et al. (2014) and Bongiorno et al. (2016). The connection between
λsBHAR and λEdd will be discussed further in (Section 7).

5.1 The sBHAR distribution as a function of stellar mass

To study the sBHAR in the local Universe, we plot first the
observed sBHAR distribution for SFGs and quiescent galaxies. As
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Figure 9. The distribution of the sBHAR for AGN in star-forming galaxies in six log [M∗/M�] ranges. The ‘classical’ AGN (Section 3.2) are shown by the
dotted area and darker colour. The original data, before correcting for the 3XMM survey sensitivity, are shown by grey colours. The black dashed line represents
the total distribution of sources in the X-ray AGN sample without SF/quiescent galaxy separation.

the sensitivity of the X-ray observations covering our SDSS galaxy
sample varies across the sky (due to different exposure time, off-axis
angle, detector), we have to correct our X-ray AGN sample for the
fraction of missed sources as a function of flux. For this purpose,
we used the count/flux upper limit service for XMM data, XMM
FLIX9 (Carrera et al. 2007). The 3XMM-DR8 catalogue includes
sources with EPIC detection likelihood DET ML > 6 in the full
band (0.2–12 keV); however a large number of these sources have a
lower detection probability in the hard band (2.0–12 keV) because
of the AGN spectral shape coupled with the lower sensitivity of the
XMM-Newton detectors at higher energies. Since FLIX allows to
calculate the flux upper limits only for the values of the likelihood
detection higher than 6 (3σ ), we were forced to reduce our final
sample from 1628 objects to 570 objects choosing only those objects
with detection likelihood DET ML> 6 in the hard band (grey area in
Figs 9 and 10). We then collected the values of the flux upper limit,
which corresponds to a 3σ detection threshold of the 3XMM survey,
at the position of each source in our optical sample falling in the
3XMM footprint and compiled the cumulative curves shown in Fig. 8
which describe the likelihood of detecting the X-ray counterpart of
our galaxies at each flux level. The cumulative curves were applied as
statistic weight to scale the number of objects in sBHAR distribution
histograms in Figs 9 and 10 to correct for the variable sensitivity
across the sky.

The corrected λsBHAR distribution shows that ‘classical’ AGN
have higher accretion rates (log λsBHAR ≥ −3) than the rest of the

9https://www.ledas.ac.uk/flix/flix.html

accreting SMBH population in all ranges of stellar masses. This
result is in agreement with previous works (Mullaney et al. 2012b;
Chen et al. 2013; Mendez et al. 2013; Delvecchio et al. 2015; Stemo
et al. 2020). Such limit on sBHAR for X-ray selected ‘classical’
AGN can be caused by the fact that the selection criteria based on the
X-ray flux/luminosity were calibrated to detect moderate and high
luminosity AGN, and do not work properly for low-luminosity AGN.

The shape of the completeness-corrected λsBHAR distribution is
approximately consistent with a power-law flattening at low accretion
rates between −3 � log λsBHAR � −2 for all stellar mass ranges.
Although SFGs show a slightly higher values of sBHAR peaking
at log λsBHAR ≈ −3 (Fig. 9) than the quiescent ones peaking at
log λsBHAR ≈ −4 (Fig. 10). On the other hand, the λsBHAR distribution
shows a lack of objects at high (log λsBHAR > −2) sBHAR due to
the lack of bright SMBH accreting up to the Eddington limit usually
found in AGN studies based on flux-limited surveys extending to
high redshifts. In fact, as discussed before, our initial sample was
selected from optical galaxies with an estimate of the intrinsic
SFR derived from the optical spectrum, and thus, by definition,
non-AGN dominated systems; furthermore, we are limited to low-
redshift sources and thus the presence of bright AGN and quasars is
suppressed by the strong evolution of the AGN luminosity function
with cosmic time.

5.2 The sBHAR and LX correlation with stellar mass and SFR

To infer the dependence of AGN activity on galaxy properties, we
divided our X-ray AGN sample in bins of SFR andM∗ and calculated
the median λsBHAR and LX in each bin; we point out that negative
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Figure 10. The same distribution of sBHAR as Fig. 9 for quiescent galaxies.

values (after the correction for the host galaxy contamination) are
included in the calculation to avoid biasing the result. The distribution
of λsBHAR (and LX) on the SFR–M∗ diagram is shown in Fig. 11.
The figure shows that LX increase with M∗ for both star-forming
and quiescent galaxies. To verify the statistical significance of this
trend, we applied the one-way ANOVA analysis for LX values in
six stellar mass bins for SFGs and quiescent galaxies separately.
As a result, we found a significant statistical difference in LX

between these mass bins for SFGs (P value =0.001) and quiescent
galaxies (P value =0.004). This trend is consistent with the results
of Mullaney et al. (2012b), Delvecchio et al. (2015), and Stemo et al.
(2020) according to which high-mass galaxies have the tendency
to host AGN with much higher X-ray luminosity than less massive
(dwarf) galaxies. At the same time, the right-hand panel of Fig. 11
shows that sBHAR for SFG increases with stellar mass (P value
=0.008), while quiescent galaxies with different stellar masses have
on average the same values of sBHAR (P value =0.351). However,
SFGs have systematically higher λsBHAR (and LX respectively) at
fixed M∗ than quiescent ones; on average the median λsBHAR for
SFGs varies from −3.2 to −2.4, while for quiescent galaxies from
−4.2 to −3.5. The same result was found for optical, IR, and X-
ray selected samples in Rodighiero et al. (2015) and Heinis et al.
(2016).

The correlation between 〈log λsBHAR〉 and log SFR is presented
separately for quiescent and star-forming galaxies in six stellar mass
ranges in Fig. 12. For each M∗ interval, the mean 〈λ sBHAR〉 was
calculated in 10 bins of SFR in the range −3.0 < log SFR < 2.0. The
uncertainty of 〈λ sBHAR〉 was computed using jackknife resampling.
The figure confirms the lower level of accretion rate for quiescent
galaxies in five stellar mass ranges, while for the lowest stellar
masses, we cannot verify the existence of the same trend due to

presence of only two quiescent galaxies in this mass range (see left
top panel in Fig. 12). To evaluate the statistical significance of the
sBHAR–SFR correlation, we applied a regression analysis and fitted
our data using the least-squares approximation by linear function.
The best-fitting parameters are listed in Table 2: in particular the P-
values confirm that sBHAR is correlated with SFR at >95 per cent
confidence (P-value <0.05) for all six stellar mass intervals. The
best-fitting slope is close to the result found in Delvecchio et al.
(2014) for the low redshift subsample, but is systematically flatter
compared to high redshift samples in Chen et al. (2013), Delvecchio
et al. (2015), and Aird et al. (2019). This would indicate that the
〈log λsBHAR〉–log SFR relation is not linear and flatter at low SFR
than at high SFR. On the other hand, the high-z studies do not
sample well the low-SFR regime and thus a definitive conclusion is
not straightforward.

A number of studies suggest the existence of a connection between
X-ray luminosity for SFGs and their location related to MS. For
instance, Masoura et al. (2018) found that LX increases with SFR for
galaxies below the MS and decrease with SFR above MS, and sug-
gested that this trend can be explained by the enhancing/quenching
of star-formation processes by AGN depending on the position of the
host galaxy in relation to MS. To verify the existence of this effect
in our X-ray AGN sample, we calculated the normalized SFR as the
ratio of the SFR of each galaxy to the SFR of the MS at the same
mass. For each interval of the normalized SFR, the mean LX and its
uncertainty were calculated using jackknife resampling in six bins
of log [SFR/SFRMS] and presented in Fig. 13. At first sight, it looks
like the effect is confirmed, as we observe an average lower LX at
larger (normalized) SFR that is qualitatively consistent with the result
obtained by Masoura et al. (2018). However, analysing the LX–SFR
relation separately for six stellar mass bins (Fig. 14), it seems that
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Figure 11. The distribution of X-ray luminosity (left) and the specific BH accretion rate λsBHAR (right) on SFR–M∗ plane. The actual median value of λsBHAR

(X-ray luminosity) for each bin of SFR and M∗ is written inside the square. The black and grey lines are the same as in Fig. 1. Number of points in both
diagrams ranges from 60 in the central part to 2–3 in the edges.

Figure 12. The jackknife mean value of sBHAR versus SFR for SFGs (diamond) and quiescent galaxies (circles) for six stellar masses ranges. The individual
objects from our X-ray AGN sample represented by grey crosses (SFGs) and pluses (quiescent). The errorbars were calculated as a variance of the jackknife
mean. The dashed line shows the least-square linear best fit with 95 per cent confidence interval. The best-fitting and goodness-of-fit parameters are presented
in Table 2.
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Table 2. The best-fitting parameters obtained from a linear relation between 〈log λsBHAR〉 and log SFR for six stellar mass ranges (see
Fig. 12). The slope, intercept with their standard errors and all statistics parameters (F-statistic, P-value, and R2) were found from a
least-square linear regression. In this work, we consider the confident level as P-value <0.05. N is the number of points in each stellar
mass bin.

# Stellar mass range Slope Intercept F-statistic P-value (F-stat) R2 N

1 log [M∗/M�] < 9.5 0.43 ± 0.08 −2.75 ± 0.12 26.66 0.0141 0.899 5
2 9.5 < log [M∗/M�] < 10.0 0.21 ± 0.04 −3.12 ± 0.05 31.56 0.0014 0.840 8
3 10.0 < log [M∗/M�] < 10.5 0.30 ± 0.09 −3.11 ± 0.09 11.09 0.0126 0.613 9
4 10.5 < log [M∗/M�] < 11.0 0.38 ± 0.07 −3.06 ± 0.06 30.90 0.0009 0.815 9
5 11.0 < log [M∗/M�] < 11.5 0.48 ± 0.06 −3.10 ± 0.06 56.49 0.0001 0.890 9
6 log [M∗/M�] > 11.5 0.38 ± 0.10 −3.36 ± 0.07 13.92 0.0136 0.736 7

Figure 13. The normalized SFR as a function of the mean LX obtained
by the jackknife resampling in log [SFG/SFRMS] bins for SFGs in X-ray
AGN sample (circles) and for ‘classical’ AGN selected by X-ray criteria in
Section 3.2 (diamonds). The errorbars were calculated as a variance of the
jackknife mean. The dashed line is the position of the MS of SFGs (see
definition in the text).

Figure 14. The normalized SFR as a function of the mean LX obtained by
the jackknife resampling in log [SFG/SFRMS] bins for SFGs in X-ray AGN
sample for six stellar mass bins. The errorbars were calculated in the same
way as for Fig. 13.

this effect is mainly due to the fact that at lower M∗ we have only
SFGs with typically lower LX than at higher stellar mass, and thus
could be driven due to the incompleteness effects. Furthermore, no
evidence of this effect is observed for ‘classical’ AGN, (see Fig. 13)
in agreement with the studies of Rovilos et al. (2012) and Shimizu
et al. (2015) for low-redshift samples.

6 SO U R C E S O F U N C E RTA I N T Y I N T H E
SPECI FI C BLACK HOLE ACCRETI ON RATE
DETERMI NATI ON

The results discussed in the previous section are affected by various
factors and assumptions. To evaluate these effects on sBHAR
determination and SFR–sBHAR relation, we made several tests
which are presented below.

6.1 The reliability of SFR and M∗

In order to test the reliability of our results, we investigated the
accuracy of our optical SFRs with those derived using different
measurement methods. An analysis of the accuracy of SFR mea-
surements based on H α and D4000 from the galSpec catalogue
are presented by Popesso et al. (2019). According to their work,
the values of SFR from H α in galSpec are in the good agreement
with SFR obtained from far-IR luminosity from Wide-field Infrared
Survey Explorer (WISE; Salim et al. 2016) and Herschel (Elbaz et al.
2011). However, the D4000-based SFR (which, we recall, was used
by Brinchmann et al. 2004 when line-based measurements were
not possible, i.e. mainly for quiescent galaxies) reveals a systematic
underestimate with respect to LIR-based SFR and an overestimate at
low SFRs (<0.01M� yr−1) compared to SED-fitting measurements
(Salim et al. 2016). A correction to D4000-based SFR in galSpec
was proposed by Oemler et al. (2017) as a calibration parameter
derived from UV+IR estimates with a correction based on the
galaxy inclination and the NUV–g rest-frame colour (GALEX–SDSS
filters). The combination of UV and IR bands was chosen in order to
reproduce the fraction of galaxy radiation lost in optical band, e.g.
the ionizing UV emission from hot stars and mid-IR due to radiation
absorbed by dust.

We calculated a corrected estimate of SFR for our X-ray AGN
sample using the relation log (sSFR)corr = 1.07 · log (sSFR)our

+ 0.64 derived by Oemler et al. (2017), where sSFR is the so-
called specific SFR defined as log(sSFR) = log(SFR) − logM∗.
A comparison of the uncorrected and corrected SFR for our X-
ray AGN sample is presented in Fig. 15 (left-hand panel) and the
effect of the SFR correction on the SFR–M∗ diagram is shown in
the right-hand panel of Fig. 15. It is clear that the SFR correction
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Figure 15. Left: the ratio of SFR for our X-ray AGN sample calculated by Brinchmann et al. (2004) and SFR corrected according to the criteria proposed by
Oemler et al. (2017). The colour shows the log [M∗/M�] range in our sample. The 1:1 line is represented by black solid line. Right: the distribution of SFR versus
stellar mass for our X-ray AGN sample (black circles). The value of SFR correction is represented by colour. The black and grey lines are the same as in Fig. 1.

becomes significant only at the lowest SFRs, i.e. for quiescent
galaxies with SFR<0.01M� yr−1 (with a maximum difference of
the (log (SFR)uncorr − log (SFR)corr) ∼ 0.3) as was claimed also
by Oemler et al. (2017) and Popesso et al. (2019). In our work,
we used the SFR in two cases: as tracer of the X-ray emission
from X-ray binaries in SFG (see Section 4.1) and in evaluating the
correlation between SFR and sBHAR (Section 5.2). The maximum
SFR correction SFR = 0.15 derived for SFGs in our X-ray AGN
sample does not change significantly the X-ray luminosity correction
in Section 4.1 (LXBs = 1.41 erg s−1]) and therefore it does not affect
significantly the sBHAR calculation. The SFR-λsBHAR can change
due to the SFR correction for the most massive quiescent galaxies
(M∗ > 1011.5M�), but we have a small fraction of such object
in our sample and therefore it does not change our final results
either.

To evaluate the accuracy of the stellar masses derived by Brinch-
mann et al. (2004), we used the catalogue of bulge, disc, and total
stellar masses for SDSS DR7 from Mendel et al. (2014). These
masses were estimated from SED fitting in u,g,r,i,z SDSS bands
similar to the mass estimate described in Kauffmann et al. (2003a),
but with significant differences in the stellar population synthesis
(SPS) model grid. In fact, Mendel et al. (2014) excluded bursty star-
forming histories from their SPS model grid considering their rarity
in the local Universe (<10 per cent) and the difficulty to identify
them only by photometric data. In total, we thus found counterparts
for 1362 galaxies (83.3 per cent of our X-ray AGN sample) in the
Mendel et al. (2014) catalogue.

The comparison between the stellar masses used in our work
and those derived by Mendel et al. (2014) in the left-hand panel of
Fig. 16 shows that M∗ and M∗,Mendel are generally consistent for all
objects in our X-ray AGN sample. However, galaxies with extreme
SFR tend to have systematically lower values of M∗,Mendel stellar
masses compared to those used in this paper. The same difference
is also visible in the SFR–M∗ diagram (right-hand panel of Fig. 16)
and it is most likely caused by the exclusion of bursty SFG from
SPS model grid used by Mendel et al. (2014). The accuracy of
stellar mass determination affects the X-ray correction for SFGs (see
equation 3 in Section 4.1) and sBHAR determination (Section 5) as
λsBHAR ∝ M−1

∗ . We calculated λsBHAR using the stellar mass from

Mendel et al. (2014) catalogue and compared the obtained sBHAR
with that one obtained in Section 5. To evaluate the change of sBHAR
calculated on the basis of different stellar mass, we calculated the
relative change in percentage unit. The sBHAR relative change
distribution on SFR–M∗ plane in Fig. 17 shows only 105 objects
significantly changed sBHAR and their absolute values of relative
change are more than 50 per cent. At the same time, these objects are
located predominantly above MS of SFGs where it was discussed
above such high number of changes can be caused by the underesti-
mation of stellar mass for starburst galaxies in Mendel et al. (2014)
catalogue.

According to all findings discussed in this section, we decided
not to use any correction for SFR and stellar mass as the existent
uncertainties of SFR and stellar mass have insignificant effect on our
final results.

6.2 The extended X-ray sources and their effect on the sBHAR

In Section 2.3, we selected the X-ray sources with zero extension
parameter to avoid spatially extended objects, i.e. individual galaxies
whose X-ray emission may be dominated by hot gas and LMXBs
or which are part of massive galaxy clusters. As our primary SDSS
sample contains source at low redshift, there is a probability to have
a small fraction of nearby objects with resolved X-ray cores (i.e
non-zero extension), which harbour a faint accreting SMBH. The
rejection of such objects affects the completeness of our X-ray AGN
sample and may lead to an underestimation of the median sBHAR.
To evaluate this effect, we expanded the analysis to extended sources
as well. We selected 159 extended objects following the same step
as for non-extended sources (see Section 2.3). The distribution of
extended sources on the SFR–M∗ diagram (Fig. 18) shows that
nearly 85 per cent of such objects are located in massive quiescent
galaxies (≥1011 M�) and 45 per cent of these sources have LX,int ≥
3 × 1042 erg s−1. The visual inspection of SDSS images and spectra
shows that 50 per cent of extended sources are represented by isolated
elliptical galaxies, while 45 per cent are located in galaxy clusters
and probably are central dominant (cD) galaxies. Some galaxies also
have a nearby galaxy or a point-like source (likely an AGN/quasar),
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Figure 16. Left: the stellar mass for our X-ray AGN sample calculated by Brinchmann et al. (2004) versus the stellar mass computed by Mendel et al. (2014).
The colour shows the distribution of log SFR in our sample. The 1:1 line is represented by black solid line. Right: the distribution of SFR versus stellar mass for
our X-ray AGN sample (black circles). The value of log [M∗,our] − log [M∗,Mendel] is represented by colour. The black and grey lines are the same as in Fig. 1.

Figure 17. The distribution of SFR versus stellar mass from Mendel
catalogue for 1362 X-ray objects. The colour gradient shows the relative
percentage change between sBHAR calculated on the basis of M∗ from
SDSS sample and M∗ from Mendel catalogue. Black circles represent the
objects with the absolute value of relative change more than 50 per cent.

which can contribute to the detected X-ray emission. The large X-
ray luminosity (LX,int ≥ 3 × 1042 erg s−1) of some extended sources
could suggest the presence of an AGN contributing to the total X-
ray emission. However, according to the optical images half of these
objects are located in galaxy clusters and could thus also be explained
by emission from the hot intra-cluster medium. Only eight sources
in our extended sample are located in the SFG region (Fig. 18) they
are all low-redshift (z < 0.05) spiral galaxies with large angular
diameter.

After applying the X-ray luminosity correction according to the
criteria described in Section 4.1, we calculated the sBHAR for
extended objects using equation (7) and combined them with our
X-ray AGN sample. The distribution of the median λsBHAR on the

Figure 18. The distribution of SFR versus stellar mass for extended X-ray
sources (grey circles). The blue to yellow colourscale reflects the 2D density
distribution of galaxies in our optical SDSS sample. Black circles represent
the AGN selected by the X-ray luminosity criterion LX ≥ 3 × 1042 erg s−1.
The black and grey lines are the same as in Fig. 1.

SFR–M∗ plane for the combined (extended and point-like) data set
(see Fig. 19) shows that the inclusion of extended sources to our X-
ray AGN sample leads to an increase of λsBHAR for massive/quiescent
galaxies compared to the result presented in Fig. 11 (right-hand
panel). However, the overall increase not significant, and varies
from 1.2 per cent for log [M∗/M�] = 11.0 to 2.1 per cent at
log [M∗/M�] = 11.5.

In conclusion, we decided to exclude extended objects from our
main study to avoid overestimating the average accretion rate since
for such objects the correction to the total X-ray luminosity due to
the hot gas contribution (see Section 3.2) is likely underestimated.
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Figure 19. The distribution of the specific BH accretion rate (λsBHAR) for the
combined sample of extended and non-extended X-ray sources. The SFR–
M∗ bins with some contribution from extended sources are encompassed by
a grey solid line area. The black and grey lines are the same as in Fig. 1.

7 THE SPECIFIC BLACK HOLE ACCRETION
RATE VERSUS EDDINGTON RATIO

The masses of SMBH in the local Universe can be measured with
high accuracy using direct methods based on the kinematics of gas
and stars around SMBH (Shen et al. 2011; Kormendy & Ho 2013).
However, these direct techniques require the long-time observation
of individual galaxies thus making such mass determination for large
number of objects a challenging effort. Also, the accuracy of such
method depends on the spectral resolution, on the orientation and
geometry of broad-line region, and on obscuration etc (Merloni et al.
2010; Shen et al. 2011; Reines & Volonteri 2015). To estimate the
SMBH masses for larger samples and over wide redshift ranges, the
usual approach consists in using indirect methods where the SMBH
mass is inferred from observable host-galaxy properties that correlate
with the Black Hole mass (i.e scaling relation). For instance, several
studies showed that the mass of SMBH correlates with the velocity
dispersion of stars in the galaxy bulge (Ferrarese & Merritt 2000;
Gültekin et al. 2009), the bulge luminosity and mass (Häring & Rix
2004; Kormendy & Ho 2013; McConnell & Ma 2013), and the total
stellar mass of the host galaxy (Reines & Volonteri 2015; Shankar,
Bernardi & Sheth 2017; Shankar et al. 2020).

The knowledge of the host galaxy parameters allows us to use
scaling relations as an indirect method for BH mass determination,
but the accuracy of SMBH mass derived by such method is dependent
on the uncertainties and biases of the underlying scaling relations. In
fact, the assumption that SMBH mass correlates with the total stellar
mass of the host galaxies is the limiting factor in the use of the sBHAR
as a tracer of the Eddington ratio in AGN. Reines & Volonteri (2015)
showed that the BH-to-stellar mass relation for nearby galaxies varies
greatly depending on morphological type and AGN activity. Local
AGN host-galaxies with SMBH masses measured by reverberation
mapping or virial methods show significantly lower values than
quiescent galaxies with masses determined by dynamical methods.
It was suggested that such difference in BH-to-stellar mass relation
is caused by the host galaxy properties. For instance, local AGN
tend to be located in late-type spiral galaxies with pseudobulges,
while the early-type elliptical galaxies (i.e. spheroids or classical
bulges) mainly host inactive BHs and have a tendency to follow

Figure 20. The BH-to-stellar mass diagram for SFGs and quiescent galaxies
in our X-ray AGN sample. The BH mass is calculated using the scaling rela-
tion between BH mass and stellar velocity dispersion derived by McConnell &
Ma (2013). The objects with <70 km s−1 are marked by the black crosses. The
black dashed line show the mass scaling relationMBH = 0.002 · M∗ used in
λsBHAR determination in Section 5. The grey dotted lines are correspond to the
BH-to-stellar mass relation with a scaling coefficient in range from 0.0001 to
0.005. The green dashed line corresponds to the BH-to-stellar scaling relation
from Shankar et al. (2020), which is obtained from the sample with reliable
dynamically measured MBH in the centre of local quiescent galaxies. The
violet dashed line represents the intrinsic or unbiased BH-to-stellar mass
correlation from Shankar et al. (2016) obtained by a series of the Monte
Carlo simulations to correct the bias effect due to the observation limits.

the canonical BH-to-bulge mass relation (Häring & Rix 2004;
Kormendy & Ho 2013; McConnell & Ma 2013). This result was
also confirmed by Shankar et al. (2017, 2020) based on the sample
of early and late-type galaxies with dynamical BH mass estimates
derived by Savorgnan et al. (2016). Furthermore, Bernardi et al.
(2007) and Shankar et al. (2016) showed that the BH-to-stellar
mass relation can be systematically biased by the spatial resolution
limits of current instruments or other observational effects. Since the
gravitational sphere of influence of relatively less massive SMBH
(MBH � 107M�) cannot be resolved, the dynamical estimation of
the SMBH mass becomes inaccurate and distorts the observed scaling
relations. To reproduce the unbiased scaling relations, Shankar et al.
(2016) performed several Monte Carlo tests and found that the
normalization of the intrinsic (unbiased) BH-to-stellar mass scaling
relation is lower by a factor ∼50–100 at small stellar masses (M∗ ∼
1010 − 1010.5M�) than the dynamical MBH estimates. Moreover,
this result is consistent with the SMBH masses for local AGN found
by Reines & Volonteri (2015) and hence, it can reconcile the observed
difference between SMBH masses for local AGN host-galaxies and
early-type galaxies.

To investigate the link between the sBHAR and the Eddington ratio
in our sample, we estimated the SMBH masses using the canonical
scaling relation between SMBH mass and stellar velocity dispersion
(σ ∗). For this, we used the values of σ ∗ from the SDSS galSpec
catalogue andMBH-σ ∗ relation derived by McConnell & Ma (2013).
The comparison of the derived SMBH masses with the total stellar
masses (see Fig. 20) shows that for massive quiescent galaxies MBH

scales with stellar mass by coefficient close to 0.002, adopted in the
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definition of the sBHAR (Section 5), while star-forming and low-
mass galaxies present a wide distribution of MBH. Furthermore,
stellar velocity dispersion measurements have large uncertainties for
objects with stellar massM∗ � 1010.5M�, as the resolution of SDSS
spectra allows to measure the velocity dispersion reliably only for
σ ∗ > 70 km s−1, which corresponds to MBH near 106M�.

Based on this analysis, we conclude that the assumption that BH-
to-stellar mass scaling factor is ∼0.002 is roughly valid (within 1 dex)
only for quiescent galaxies aboveM∗ � 1010M�; thus for SFGs the
sBHAR could underestimate the Eddington ratio by more than one
order of magnitude, especially at M∗ � 1010.5M�. On the other
hand, this comparison strengthens the difference in AGN accretion
between quiescent and star-forming galaxies, since the latter tend to
have on average Eddington ratios larger than their measured sBHAR.

8 DISCUSSIONS

In Section 5, we described the relation between sBHAR and SFR
over wide range of total stellar mass for two main populations of
galaxies, star-forming and quiescent. In this section, we discuss and
interpret the obtained results in the context of current paradigm of
AGN/host galaxy co-evolution.

8.1 AGN and their host galaxies in the local Universe

Previous study examining the properties of AGN host galaxies show
that X-ray AGN prefer to reside in gas-rich massive galaxies with
active star formation (Lutz et al. 2010; Mullaney et al. 2012a; Mendez
et al. 2013; Rosario et al. 2013; Shimizu et al. 2015; Birchall,
Watson & Aird 2020; Stemo et al. 2020). We extend these results
to low redshift, finding that AGN selected by X-ray criteria (X-ray
luminosity threshold, X-ray-to-optical ratio, see Section 3.2) reside
mainly on the MS of SFGs (67.6 per cent of all X-ray selected AGN)
as opposed to the quiescent galaxy region (only 32.4 per cent) in
Fig 6. This result shows that the fraction of AGN in SFGs is a factor
∼2 higher than in quiescent galaxies and it is consistent with the
result obtained using different AGN selection criteria. For instance,
AGN selected by variability in the optical band (Heinis et al. 2016) or
through IR and X-ray criteria (Lutz et al. 2010; Rosario et al. 2013;
Stemo et al. 2020) show that AGN are more likely hosted by galaxies
with higher star-formation activity, younger stellar population, and
late-type morphologies over a wide redshift range. Additionally,
Mullaney et al. (2012b) and Shimizu et al. (2015) studied in detail the
position of X-ray selected AGN on the SFR–M∗ diagram and found
that AGN preferentially reside in galaxies in transition from the MS
of SFGs to quiescent galaxies; instead galaxies with a higher level of
SFR on and above the MS (i.e. starburst) have a smaller probability
of hosting an AGN. In our work, we found that 239 AGN hosted by
SFGs (75.4 per cent of all AGN found in SFGs) are located below the
MS, while only 78 AGN are above the MS (24.6 per cent). The larger
fraction of AGN in the transition region from SFGs to quiescent seem
to support the scenario in which high-efficiency accreting AGN play
a role in the quenching of star formation via AGN feedback (Croton
et al. 2006; Fabian 2012).

We point out that only 24.0 per cent of all X-ray sources in our
3XMM-SDSS sample were classified as AGN according to X-ray
criteria mentioned above. The analysis performed in Section 4.1
shows however that many galaxies which do not respect those criteria,
present an excess X-ray emission indicating that they likely host
low luminosity AGN. In fact, the empirical AGN selection criteria
identify AGN which dominate the host galaxy in some part of the
electromagnetic spectrum, and therefore tend to miss sources with

low luminosity and/or inefficient accretion. The numbers of AGN
selected without/with X-ray luminosity correction are presented in
Table 3. The combination of ‘classical’ and ‘low luminosity’ AGN
reveal a similar tendency of AGN to be hosted by SFGs as was
shown above for ‘classical’ AGN. The same result was obtained by
several studies over a broad redshift range (Mullaney et al. 2012a;
Delvecchio et al. 2015; Aird et al. 2018) with the use of near- and
far-IR and X-ray data corrected for star-formation processes in the
host galaxies.

Finally, we can derive the fraction of galaxies hosting AGN, based
on our 3XMM-SDSS sample. As mentioned in Section 2.3, 40 914
galaxies (20 462 SFG and 20 452 quiescent) of our SDSS sample
fall within the 3XMM footprint. Of these, only 4 per cent (1628
objects) have a residual X-ray emission after correcting for the host-
galaxy emission, suggesting the presence of an AGN, and only 469
(1 per cent) of these are ‘classical’ AGN. Specifically 4.5 per cent
of SFGs in the local Universe host AGN (1.5 per cent ‘classical’
AGN) and 3.5 per cent of quiescent galaxies host AGN (0.7 per cent
‘classical’ AGN).

8.2 sBHAR distribution in the local Universe

In Section 5.1, we showed that the distribution of the specific BH
accretion rate (λsBHAR) for both types of galaxy population (see Fig. 9
and 10) has an approximately power-law shape with flattening at
low accretion rates between −3 � log λsBHAR � −2 for all stellar
mass ranges indicating the prevalence of low-efficiency accretion in
the local Universe. This trend is consistent with the studies of the
sBHAR probability function which shows a power-law shape with an
exponential cut off at high sBHAR and flattering towards low sBHAR
(Aird et al. 2012; Bongiorno et al. 2012; Georgakakis et al. 2014;
Aird et al. 2018). On the one hand, ‘classical’ AGN hosted by both
star-forming and quiescent galaxies show moderate-to-high specific
accretion rates (log λsBHAR ≥ −3). The same result was found in the
study of Birchall et al. (2020) for the sample of dwarf galaxies. Also,
Mendez et al. (2013) showed that AGN selected by IR and X-ray
criteria show high specific BH accretion rates, while X-ray sources
identified as AGN only by IR have lower specific BH accretion
rates. This result is in agreement with the fact that low-redshift
galaxies are known to have lower nuclear activity than their high-
redshift counterparts, based on evolutionary studies of AGN (Boyle
& Terlevich 1998; Ueda et al. 2003; Hasinger et al. 2005; Ho 2008).
On the other hand, to estimate SFR, we rely on an optical sample that
by definition excludes bright AGN (Seyfert 1 and quasars), where the
AGN continuum dominates the host galaxy emission. This explains in
part the lack of sources with specific accretion rates log λsBHAR ≥ −1
which are the found in higher redshift samples containing a larger
fraction of quasars and Type 1 AGN. We examined the SDSS DR8
quasar catalogue and found 587 objects at z < 0.33 with the X-
ray detection in hard band in 3XMM-DR8 catalogue. Assuming the
average BH mass ∼ 108M�, we calculated the λsBHAR by equation
(7) and found that these objects have predominantly high specific
accretion rates with a peak at (log λsBHAR = −1).

The small fraction of objects with high sBHAR could be related
to the small gas supply in local galaxies as well as to the low merger
rate, which could trigger AGN activity by feeding the central BH
(Kauffmann & Haehnelt 2000; Hopkins et al. 2008). This result
is consistent with Aird et al. (2018), which found a decline in the
number of sources with log λsBHAR ≈ 0.1 in low redshift X-ray AGN
(z ≤ 0.5). Furthermore, quiescent galaxies show a systematically
lower sBHAR values for all stellar masses (see Figs 9 and 10). This
would imply that AGN in quiescent galaxies are fuelled by a much
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Table 3. Composition of the 3XMM-SDSS X-ray sample. The left columns (’X-ray sources’) show the number of AGN and other
sources selected according to the ‘classical’ X-ray criteria to SDSS sources detected in the 3XMM catalogue (Section 3.2); the right
columns show the number of AGN in the X-ray AGN sample of sources which could be corrected for the host-galaxy contribution,
thus identifying also ‘low luminosity’ AGN. The percentages refer to the respective sample sizes.

X-ray sources (N = 1953) AGN after LX correction (N = 1628)

‘classical’ AGN other X-ray sources ‘classical’ AGN ‘low luminosity’ AGN all AGN

N per cent N per cent N per cent N per cent N per cent

All 469 24.0 1484 76.0 454 27.9 1174 72.1 – –
Star-forming 317 16.2 674 34.4 317 19.5 598 36.7 915 56.2
Quiescent 152 7.8 810 41.5 137 8.4 576 35.4 713 43.8

lower gas fraction and can not sustain the same phase of SMBH
accretion as AGN in SFG with the same stellar mass (Rosario et al.
2013; Goulding et al. 2014). Several studies show that 22 per cent
of early-type galaxies in the local Universe contain a significant
fraction of molecular gas (Young et al. 2011), 40 per cent and
73 per cent show the presence of neutral Hydrogen (Serra et al.
2012) and ionized gas (Davis et al. 2011), respectively and weak
SF activity (Crocker et al. 2011). Also, Thom et al. (2012) found
that the halo of early-type galaxies at z < 1 contains a significant
fraction of cold gas which can possibly feed star-formation and AGN
activity. Hence quiescent galaxies, usually associated with elliptical
galaxies, may contain a sufficient reservoir of cold gas to sustain low
efficiency SMBH accretion and generate the low-luminosity AGN
that we observe. Kauffmann & Heckman (2009) have also proposed
an alternative scenario where the primary gas supply from stellar
mass-loss in the galaxy can constantly provide gas with low angular
momentum and feed a low-luminosity (i.e low-efficiently) AGN.
However, such scenario predicts a decrease in sBHAR at higher
stellar masses as the mass-loss rate of the older stellar population in
the most massive galaxies is lower, while our result in Figs 11 and
12 seem in contradiction with this prediction, revealing an increase
of λsBHAR with stellar mass for SFG, while quiescent ones have on
the average the same λsBHAR for all range of stellar masses.

Additionally, the lower level of AGN activity might be the
signature of different accretion mode. Several theoretical models
(Churazov et al. 2005; Best & Heckman 2012) claim that the
radiatively inefficient SMBH accretion can be produced by so-
called advection-dominated accretion flows (ADAF) mode (Narayan,
Garcia & McClintock 1997) or jet-dominated mode with mechanism
of Bondi accretion of hot gas (Allen et al. 2006; Hardcastle, Evans
& Croston 2007).

8.3 The connection between star-formation and BH activity

Several observational studies show that the SFR density and the AGN
activity evolve in similar patterns with cosmic time, both peaking
at redshift z ∼ 2 − 3 and declining sharply as we move toward
the present time (Madau & Dickinson 2014), indicating that the
evolution of galaxy growth and their central SMBH proceeds in a
coherent way. However, the BHAR density (BHAD) has a slightly
faster decay since z ∼ 2 down to z ∼ 0 compared to the SFR density
(SFRD) since BHAD ∝ SFRD1.4 ± 0.2 (Aird et al. 2010; Delvecchio
et al. 2014; Ueda et al. 2014). In the present work, we used the
median value of sBHAR to trace the average level of accretion
in the local Universe (see Section 5.2) and to study the sBHAR
and SFR correlation. We found that SFG possess a larger median
sBHAR with respect to quiescent galaxies at fixed M∗. A similar
difference of log λsBHAR for the two different galaxy populations was

also presented in Delvecchio et al. (2015), Rodighiero et al. (2015),
and Aird et al. (2018) and can be explained, as discussed in the
previous section, by a scenario where both star-formation and AGN
activity are triggered by fuelling from a common cold gas reservoir
(Alexander & Hickox 2012).

Additionally, we examined the correlation between mean sBHAR
and SFR in more detail and found that quiescent galaxies have
not only lower level of sBHAR in comparison with SFGs, but in
general there seems to be a continuous trend of increasing sBHAR
with SFR (see Fig. 12) for all ranges of stellar mass. We found a
significant correlation between the average SFR and the specific
BH accretion rate for all stellar mass ranges. The linear regression
analysis suggests a flatter relation (see the column with slope values
in Table 2) for our local sample compared to other studies obtained
over a wide range of both stellar mass and redshift (up to z ∼ 2.5;
Chen et al. 2013; Delvecchio et al. 2015; Aird et al. 2019). A similarly
flatter relation was observed by Delvecchio et al. (2015) for their low
redshift subsample and can be likely explained by the fact that the
local Universe has a smaller fraction of high-luminosity AGN and
powerful quasars.

The existence of a correlation between SFR and sBHAR supports
a scenario where both AGN activity and star-formation processes are
triggered and fuelled by a common gas supply. However, a number of
studies also suggest an alternative scenario where AGN can enhance
or quench the star-formation due to the feedback processes (Fabian
2012; Ishibashi & Fabian 2012; Heinis et al. 2016; Bluck et al. 2020).
Masoura et al. (2018) compared the SFR for galaxies of similar mass
with/without AGN for wide redshift range and found that the AGN
luminosity (i.e activity) depends on the location of the host galaxy
relative to the MS of star-formation; they interpret this result as
evidence that the AGN quenches star formation when the galaxy is
located above MS and enhances it when galaxy is below the MS. We
followed the same approach and examined the connection between
X-ray luminosity for SFGs and its location related to the MS of SFGs
(see Section 5.2) and found a mild decrease of AGN X-ray luminosity
with increasing SFR (normalized to SFR of MS), similar to the result
by Masoura et al. (2018), but with a slight shift in log [SFR/SFRMS].

However, when splitting the sample according to the host-galaxy
mass, we found that the trend disappears (Fig. 13), and is likely a
systematic effect due to the lack of massive X-ray luminous galaxies
with large SFR. We point out however that Masoura et al. (2018)
sample larger X-ray luminosities than we do, as well as higher
redshifts. In fact, Rovilos et al. (2012) found a correlation between
X-ray luminosity and so-called starburstiness (i.e. the ratio of the
specific SFR of the source over the MS value at the given redshift)
only for sources with redshift z > 1, while there is no correlation at
lower redshift. This result is in agreement with the study of Shimizu
et al. (2015), which demonstrated that X-ray luminosity of the local
AGN with z < 0.05 (selected by the ultra-hard X-ray emission in
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Swift/BAT catalogue) does not show any relation with the increasing
of distance from MS of SFGs (i.e. change of SFR). Such difference
between the results in local Universe and at high redshift can indicate
that AGN participated in quenching of SFG strongly in the past
where they were more powerful, while in the local Universe the
average AGN output is not sufficient to affect directly star-formation
processes. On the other hand, we cannot exclude either that the
absence of LX–SFR/SFRMS relation can be due to the fact that both
Rovilos et al. (2012) and Shimizu et al. (2015) used a sample of
bright X-ray AGN, since our ‘classical’ AGN also reveal a lack of
correlation (see diamond points in Fig. 13). A conclusive test would
thus require to compare consistent samples over similar mass, SFR,
and redshift ranges.

9 SU M M A RY A N D C O N C L U S I O N S

In this paper, we analysed the intrinsic distribution of SMBH accre-
tion in the local Universe. The parent sample is extracted from the
SDSS galaxy catalogue produced by the MPA-JHU group, containing
spectroscopic SFR and M∗ estimates. Using X-ray detections from
the 3XMM-DR8, we measured the average sBHAR in these galaxies
and investigated the relation between sBHAR and SFR for star-
forming and quiescent galaxies over a wide range of stellar masses.
Our main conclusions are the following:

(i) ‘Classical’ AGN with moderate-to-high efficiency accretion
(log λsBHAR > −3) only represent 24 per cent of our X-ray detected
sample (1 per cent of the whole galaxy population) and are twice
as likely to occupy galaxies with active star-forming processes (i.e.
high SFR) than quiescent systems;

(ii) Overall 5 per cent of our galaxy sample hosts an accreting
SMBH. The majority of these objects accrete at very low specific
rates, revealing a power-law sBHAR distribution with flattering at
log λsBHAR � −2 for SFGs; quiescent galaxies show a tendency to
accrete at even lower log λsBHAR � −3.

(iii) The median X-ray luminosity reveals a dependence on the
host galaxy stellar mass for both star-forming and quiescent galaxies,
while the median log λsBHAR shows a slight increase with stellar mass
only for SFGs. Additionally, the SFGs accrete more at fixed stellar
mass than quiescent galaxies.

(iv) We observe a significant correlation between log λsBHAR

and log SFR in almost all stellar mass ranges, where quiescent
galaxies have a systematically lower level of λsBHAR than star-forming
systems.

Our results support a picture where the local AGN population
is dominated by very low-to-moderate luminosity systems, i.e.
inefficiently accreting SMBH. Our findings show that AGN activity
in SFGs is enhanced with respect to quiescent systems, this may be
caused by the different amounts of accreting material present in these
types of galaxies or may also indicate a possible difference of the
physical mechanisms responsible for the triggering and fuelling of
AGN described in the literature (e.g. the stochastic fuelling by cold
gas in SFGs and the stellar mass loss or cooling flows in quiescent
galaxies).
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2MASS data can be found through the Infrared Processing & Analy-
sis Center (https://old.ipac.caltech.edu/2mass/). The count/flux upper
limits for XMM data are obtained from the XMM FLIX at https:
//www.ledas.ac.uk/flix/flix.html.
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