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ABSTRACT

While massive black holes (MBHs) are known to inhabit all massive galaxies, their
ubiquitous presence in dwarf galaxies has not been confirmed yet, with only a limited
number of sources detected so far. Recently, some studies proposed infrared emission
as an alternative way to identify MBHs in dwarfs, based on a similar approach usually
applied to quasars. In this study, by accurately combining optical and infrared data
taking into account resolution effects and source overlapping, we investigate in detail
the possible limitations of this approach with current ground-based facilities, finding
a quite low (∼0.4 per cent) fraction of active MBH in dwarfs that are luminous in
mid-infrared, consistent with several previous results. Our results suggest that the
infrared selection is strongly affected by several limitations that make the identification
of MBHs in dwarf galaxies currently prohibitive, especially because of the very poor
resolution compared to optical surveys, and the likely contamination by nearby sources,
although we find a few good candidates worth further follow-ups. Optical, X-ray and
radio observations, therefore, still represent the most secure way to search for MBH
in dwarfs.
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INTRODUCTION

Massive black holes (MBHs) are ubiquitous in the Universe,
and inhabit all massive galaxies (e.g. Ferrarese & Merritt
2000). MBHs are typically observed via their accretionpowered radiation as Active Galactic Nuclei (AGN), whose
impact on to the host galaxy is invoked to explain massive
galaxy quenching (e.g. Silk & Rees 1998; Di Matteo et al.
2005) and the emergence of the MBH-galaxy correlations
(Gültekin et al. 2009; Kormendy & Ho 2013). However, the
demographics of MBHs are not yet well constrained (see, e.g.
Reines & Comastri 2016; Greene et al. 2019, for reviews) and
the role of AGN feedback in dwarf galaxies is just starting to
be explored (Penny et al. 2018; Mackay Dickey et al. 2019;
Manzano-King et al. 2019). In particular, theoretical studies
have shown that the MBH-halo occupation fraction can be
low in dwarf galaxies (e.g. Greene 2012; Miller et al. 2015;
Habouzit et al. 2017), and even in systems hosting MBHs,
their growth is strongly suppressed because of the typically
low gas densities in the host (compared to more massive
disc galaxies) and the strong impact of supernova explo-
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sions, both at low- and high-redshift (Dubois et al. 2014;
Anglés-Alcázar et al. 2017; Prieto et al. 2017; Trebitsch et al.
2018). Observationally, this could be partially reflected in
MBHs in dwarfs being inactive for most of their life, hence
in the small number of low-luminosity AGN found (Reines
et al. 2013; Mezcua et al. 2016, 2018; Reines et al. 2019), although there are also strong observational biases that could
make these AGN difficult to find. On the other hand, if
MBHs were present in many dwarfs, and efficiently grew,
their feedback could significantly affect their host (see, e.g.
Penny et al. 2018; Mackay Dickey et al. 2019; Manzano-King
et al. 2019), could play a role in the reionisation of the Universe (Volonteri & Gnedin 2009), could help removing gas
from massive disc progenitors (e.g. Peirani et al. 2012), and
also mitigate the ‘too-big-to-fail’ problem (Garrison-Kimmel
et al. 2013). Recently, Kaviraj et al. (K19 hereafter; 2019)
tried to better assess the role of AGN feedback in dwarfs by
jointly analysing the Hyper-Supreme Cam Subaru Strategic
Program (Aihara et al. 2018b) and the WISE (Wright et al.
2010) surveys, finding that AGN in dwarfs could exhibit
very large bolometric luminosities, hence they could play a
significant role in their host evolution. However, a clear consensus on the identification of AGN in dwarfs is still missing
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(see, e.g. Satyapal et al. 2014; Sartori et al. 2015; Marleau
et al. 2017), in particular because of the low resolution of
WISE (∼ 6 00 ) relative to current optical surveys, resulting
in a strong source overlap, and the possible contamination
of infrared emission by star-formation activity, that could
mimic AGN activity (Hainline et al. 2016; Satyapal et al.
2018), especially in dwarf galaxies (Hainline et al. 2016). In
this Letter, we build-up on the K19 work by re-analysing
their dwarf sample in more detail in the aim at better disentangling plausible AGN in dwarf from star-forming galaxies
by taking into account possible source overlapping in the
sample, and also assess the MBH properties.
In Section 2, we introduce the two datasets employed
and the selection criteria applied, in Section 3 we present
our results, and in Sections 4 and 5 we discuss the caveats
of the study and draw our conclusions.

Data selection and matching

As an additional check, we repeated the grouping using a distance criterion with radius 600 (consistent with the best angular
resolution of WISE), finding similar results to our fiducial grouping method.
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Figure 2. Stellar mass ratio as a function of the dwarf AGN
candidate stellar mass for galaxies in our sample belonging to
dwarf /M
groups. The blue dots show Mstar
star,max whereas the red diadwarf /M
monds correspond to Mstar
star,min . Our results show that most
of the identified dwarf galaxies belong to groups with at least one
more massive companion (blue dots), and they often represent
the smallest galaxy in the group (red diamonds). This suggests
that the infrared emission is likely dominated by the more massive
systems in the group, or at least contaminated by it.

2.2

The dwarf galaxy sub-sample

To identify dwarf galaxies in the sample, we first apply the
same selection criteria as in K19, i.e. the confidence in the
redshift estimation by mizuki zconf,best > 0.8, signal-to-noise
(S/N) ratio in WISE bands 1 (W1) and 2 (W2) larger than
5, stellar masses Mstar < 109 M , and 0.1 < zbest < 0.3. Then,
we further refine our dataset by requiring mW1 − mW2 > 0.52
(Satyapal et al. 2014), as in K19, in order to identify potential AGN in dwarf galaxies. Unlike K19, we also require
here S/NW3 >2, and we discuss the impact of this choice
in appendix A. The resulting dataset consists of about 500
objects of which only 15 are not in groups.
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Figure 1. Normalised cumulative distribution of the group size
for the cross-matched sources in our fiducial dataset. The histogram shows that most of the galaxies in the sample are grouped
together, with only 2 per cent (shown in red) being isolated
sources in both catalogues.

DATA ANALYSIS

In this work, we employ the galaxy catalog of the HyperSupreme Cam Subaru Strategic Program (HSC-SSP hereafter; Aihara et al. 2018b), an imaging survey in grizy and 4
narrow-band filters with a resolution of ∼0.6 00 . In particular,
we use the Wide layer Data Release 1 (Aihara et al. 2018a),
which provides an unprecedented census of dwarf galaxies,
being about 4 mag deeper than SDSS. For our analysis, we
employ the photometric redshifts (zbest ), stellar masses and
star formation rates obtained by Tanaka et al. (2018) using the mizuki code (Tanaka 2015). To select AGN, as in
K19, we employ the WISE survey, that mapped the sky in 4
bands ranging from 3.4 to 22 µm, with angular resolutions of
∼ 6 00 in bands 1,2,3, and 12 00 in band 4. For our analysis, we
cross-matched the catalogues using a search radius of 4 00 , as
in K19. Here (K19 does not give details on how the matching was performed) we match each HSC-SSP source to a
WISE source, when available. This choice is meant to avoid
a biased identification of the sources based on the relative
distance between the flux centres, which could be a severe
problem if two surveys have extremely different angular resolutions, and several sources in the HSC-SSP sample overlap
with a single detection in WISE.
Finally, before filtering out massive galaxies to look at
dwarfs, we grouped our data catalogue according to the
WISE source designation, i.e. every source in the group is
associated to the same WISE source, 1 and estimate the minimum and maximum stellar masses in each group. The cumulative distribution of group sizes in our fiducial matched
dataset is shown in Fig. 1, and highlights that most of the
HSC-SSP sources (98 per cent) belong to groups with at
least 2 members, i.e. multiple HSC-SSP sources are assigned
to the same WISE source.
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3.1

RESULTS
Dwarf AGN candidates

In Fig. 2, we report the ratio between the actual stellar mass
of the dwarf AGN candidate and the minimum (maximum)
MNRAS 000, 1–7 (2020)
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stellar mass in the group the candidate belongs to, as red
diamonds (blue dots). Our result shows that most of the
galaxies in each WISE detection belong to groups where
the most massive galaxy is about 100 times more massive
than the selected one, corresponding to a median value of
Mstar,max ∼ 5 × 1010 M . In addition, they often represent the
smallest system of the group and this suggests that probably
most of the emission detected by WISE, both in the case of
an AGN or of dust-powered emission, is either coming from
the most massive system in the group, expected to be more
metal (and dust) rich and to possibly host a MBH, or at
least contaminated by it.
To better highlight our results, we report in Fig. 3
a few examples of the HSC-SSP maps, centred at the
location of the associated WISE source (from left to
right, J090305.92+014850.8, where mizuki misses the central source, J223756.08+013907.5, J143926.07+000117.0,
J115044.34+003912.0, and J021717.89-045408.4), where the
target dwarfs are identified by the red/white target symbol, galaxies more massive than 1010 M are shown as red
circles, and the resolution in the WISE W3 band as cyan
dashed circles.
Here, we conservatively assume that only the dwarf
galaxies representing the most massive object in their group
could be actual AGN candidates. This further reduces our
sub-sample to only 5 objects.
By adding the isolated dwarf sub-sample, we get a total of 20 possible AGN (Table 1) out of about 5000 dwarf
galaxies (with S/NW3 > 2), corresponding to roughly 0.4 per
cent, unlike the 10 per cent found by K19. We stress that,
if a more conservative cut on S/NW3 > 5 is employed, the
sub-sample of AGN candidates will result in only 7 objects.
We notice that, if we want to employ a two-colour criterion to identify AGN in dwarfs (Jarrett et al. 2011), we
first need to impose S/NW3 > 5, reducing the sample to the
same 7 objects just mentioned.
3.2

BH mass and AGN energetics

We now assess the expected AGN luminosity from our fiducial sub-sample. Assuming a quasar spectrum, the bolometric luminosity Lbol can be determined from the W3 flux (expected to not depend on the AGN luminosity) as Lbol ∼
12LW3 (Richards et al. 2006). Obviously, if the IR emission
is not dominated by an AGN, this conversion would overestimate the Lbol , and this could likely be the case when single
colour cut are applied (Hainline et al. 2016). In Fig. 4, we
show the bolometric luminosity for our fiducial sub-sample,
with dwarfs in groups shown in red and isolated ones in blue.
The median bolometric luminosity is Lbol = 1044 erg s−1 , two
orders of magnitude smaller than in K19. Even if we consider the brightest AGN sample, i.e. those with S/NW3 > 5,
as done in K19, our median bolometric luminosity does not
change significantly, in clear contrast with K19, where the
median value is extremely high, consistent with a MBH mass
of 108 M at best, assuming the accretion is occurring at the
Eddington limit.
If we further assume that the observed AGN are accreting at the Eddington limit, we can compare this data with
that by Reines & Volonteri (2015), to assess whether these
MBHs are consistent with the local BH mass-Mstar correlation. The results are shown in Fig. 5, with the cyan dots
MNRAS 000, 1–7 (2020)
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corresponding to our ‘in groups’ sub-sample, the blue ones
to the isolated sub-sample, and the red and magenta diamonds to the systems spectroscopically identified by SDSS
as QSOs or by GAMA as star-forming galaxies (see below).
The data by Reines & Volonteri (2015) are shown as grey
triangles. Our sub-sample clearly represents a natural extension of the MBH-stellar mass relation down to the dwarf
galaxy regime, and exhibits a flattening to MBH masses of
about MBH = 105−6 M . If we instead conservatively assume
that these MBHs are accreting at 10 per cent of the Eddington limit, these objects would move above the Reines &
Volonteri (2015) sample.
Thanks to the small number of objects in our sample,
reported in Table 1, we can also check our AGN candidates
one by one to further confirm our results. To further confirm
our analysis, we also recomputed the stellar masses in our
sample using the k-corrections by Chilingarian et al. (2010)
and the stellar mass estimates by Taylor et al. (2011), finding reasonably consistent results with those by mizuki. We
notice however that these results are valid as long as the
photometric redshift estimate by mizuki is correct.
• J022921.94-044219.6: based on spectroscopic identification by SDSS, this is a broad-line AGN at z = 0.777;
• J022237.42-034842.8: based on spectroscopic identification by SDSS, this is a QSO at z = 0.996;
• J090601.68+002020.6: the HSC-SSP source in our
sub-sample has a companion, for which SDSS has both photometric and spectroscopic measures identifying it as a QSO
at z = 0.701. The same companion is identified by HSC-SSP
as a dwarf galaxy with Mstar ∼ 107 M ;
• J115929.23+010553.7: based on spectroscopic identification by SDSS, this is a QSO at z = 0.667;
• J220827.27+005636.4: based on spectroscopic identification by SDSS, this is a QSO at z = 2.235;
• J085829.92+015033.3: based on spectroscopic identification by SDSS, this is a broad-line AGN at z = 0.629;
• J142029.45-004035.7: quasar identification from the
2dF survey (Croom et al. 2004), 2 with spectroscopic redshift
zspec = 0.71;
• J115129.34+010859.9: quasar identification from the
2dF survey, with spectroscopic redshift zspec = 0.670.
For the aforementioned objects (highlighted in Table 1 via a
* symbol bracketing their names), we expect the stellar/BH
properties estimated by HSC-SSP+WISE not to be fully
reliable, because of the discrepancy with the spectroscopic
measurements by SDSS and 2dF.
For the following two sources, instead, we found corresponding sources at about 2 00 in the GAMA (Driver et al.
2009; Hopkins et al. 2013)3 spectroscopic catalogue, that
suggest caution in their interpretation as AGN, although we
cannot totally exclude it.
• J120838.02-004802.0: in this case, the GAMA spec-

2

The 2dF QSO Redshift Survey (2QZ) was compiled by the 2QZ
survey team from observations made with the 2-degree Field on
the Anglo-Australian Telescope.
3 GAMA is a joint European-Australasian project based around
a spectroscopic campaign using the Anglo-Australian Telescope.
GAMA input catalogue is based on data taken from the Sloan
Digital Sky Survey and the UKIRT Infrared Deep Sky Survey.
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Figure 3. HSC-SSP maps of a few selected dwarf galaxies, in panels 1000 wide centred at the coordinates of the corresponding WISE
source. The dwarfs are identified by white/red target symbols, whereas the red circles correspond to galaxies with Mstar > 1010 M . We
report the WISE angular resolution in the W3 band as cyan dashed circles with diameter ∼ 6.500 . These dwarfs probably correspond to
satellites or background/foreground systems, and most likely the W3 emission is not associated with them but with the most massive
nearby object.

Table 1. Dwarf AGN candidates in our sub-sample. The first three columns are the stellar mass, the SFR and the best photometric
redshift estimated by Tanaka et al. (2018), the fourth and fifth ones correspond to the RA and DEC coordinates of the source, and the
sixth to the associated WISE target (the * symbol bracketing the WISE names highlights sources with a QSO/quasar identification in
SDSS). The seventh column is the luminosity in the W3 band, determined employing the photometric redshift by Tanaka et al. (2018),
and the last column is the expected MBH mass for an Eddington-accreting MBH.
Mstar
(M )

Û star
M
( M yr−1 )

zbest

RA

DEC
(degree)

WISE Name
(degree)

S/NW3

LW3
(erg s−1 )

MBH
(M )

4.975 × 108
9.782 × 108
3.876 × 108
4.674 × 108
5.399 × 108
2.085 × 108
4.318 × 108
9.187 × 108
1.111 × 108
5.057 × 108
9.791 × 108
6.171 × 108
3.882 × 108
6.974 × 107
4.540 × 108
1.073 × 108
1.122 × 108
6.197 × 108
1.413 × 108
2.288 × 108

0.339
0.648
0.186
0.126
0.648
0.183
0.494
0.911
0.080
0.592
0.247
0.666
0.165
0.059
0.155
0.042
0.028
0.749
0.047
0.035

0.22
0.17
0.11
0.11
0.20
0.14
0.12
0.22
0.16
0.10
0.12
0.17
0.15
0.23
0.14
0.10
0.11
0.10
0.10
0.10

29.9534
37.3414
32.7561
35.6559
182.1590
213.9344
215.1228
214.8088
136.5073
177.8722
179.8719
181.8775
219.4741
332.1132
336.9699
336.7726
131.1240
134.6247
134.6318
247.9543

−5.9557
−4.7055
−4.0269
−3.8120
−0.8007
−0.1648
−0.6766
−0.9984
0.3396
1.1500
1.0984
0.5800
0.2469
0.9429
0.7419
0.8505
1.7617
1.8426
1.9469
42.8779

J015948.97-055720.9
*J022921.94-044219.6*
J021101.48-040137.0
*J022237.42-034842.8*
J120838.02-004802.0
J141544.25-000953.1
*J142029.45-004035.7*
J141913.94-005952.6
*J090601.68+002020.6*
*J115129.34+010859.9*
*J115929.23+010553.7*
J120730.58+003447.6
J143753.75+001448.7
*J220827.27+005636.4*
J222752.79+004431.1
J222705.43+005101.4
J084429.75+014541.7
*J085829.92+015033.3*
J085831.57+015648.7
J163148.98+425240.4

4.2
3.7
3.1
3.3
10.0
2.7
7.7
3.8
2.3
6.7
7.0
2.8
2.2
3.2
5.9
2.4
5.2
15.1
2.3
2.2

1.686 × 1043
7.589 × 1042
2.692 × 1042
3.063 × 1042
5.605 × 1043
4.099 × 1042
9.497 × 1042
1.763 × 1043
5.969 × 1042
6.908 × 1042
1.031 × 1043
8.982 × 1042
4.293 × 1042
1.810 × 1043
1.302 × 1043
2.569 × 1042
6.417 × 1042
1.590 × 1043
1.980 × 1042
1.686 × 1042

1.62 × 106
7.29 × 105
2.58 × 105
2.94 × 105
5.38 × 106
3.93 × 105
9.12 × 105
1.69 × 106
5.73 × 105
6.63 × 105
9.90 × 105
8.62 × 105
4.12 × 105
1.74 × 106
1.25 × 106
2.47 × 105
6.16 × 105
1.53 × 106
1.90 × 105
1.62 × 105

trum confirms the HSC-SSP redshift, but gives emission
lines more likely associated to star-forming galaxies than
AGN, i.e. log([OIII]/Hβ) = 0.833 and log([NII]/Hα) = −1.374
(according to the BPT diagram by Baldwin et al. 1981),
and yields a stellar mass estimate (Taylor et al. 2011) of
about Mstar = 109.6 M . In addition, there is a massive galaxy
(Mstar ∼ 6 × 1010 M at zbest ∼ 1 at ∼ 5.5 00 distance in the
HSC-SSP map, for which infrared emission likely overlaps;
• J141913.94-005952.6: in this case, the HSC-SSP catalogue identifies several sources, all overlapping with (or
next to) a strongly perturbed galaxy in foreground. The
GAMA spectrum is also in this case consistent with typical star-forming galaxies, i.e. log([OIII]/Hβ) = 0.228 and
log([NII]/Hα) = −0.6704.
For the remaining objects not reported here, we can
finally confirm that they represent dwarf AGN candidates
from the HSC-SSP+Wise catalogue. The corresponding
HSC-SSP (composite) and Wise (W1) maps, centred at the

location of the target and covering a 40x40 00 area, are reported in Fig. 6.
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DISCUSSION AND CAVEATS

Our detailed analysis has allowed us to more accurately identify AGN candidates in dwarf galaxies than K19. The population of likely dwarf systems, which actually exhibits strong
emission in the W3 band, is represented by only 20 objects,
that become 2 when we limit secure detections to S/NW3 > 5
and remove spurious objects for which a spectroscopic identification in other surveys is available.
Unfortunately, relative to the positive conclusion in
K19, our study shows typical bolometric luminosities for
dwarf AGN around Lbol . 1044 erg s−1 , corresponding to
MBH masses of about ∼ 106 M , consistent with expectations of dwarf galaxies harbouring low-mass MBH that
struggle to grow. We notice however that the masses we
MNRAS 000, 1–7 (2020)
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AGN is possibly overestimating the bolometric luminosity,
hence the MBH mass, since it does not take into account the
host contribution due to ongoing star formation/starbursts,
that are more common in dwarf galaxies (Hainline et al.
2016). However, this effect could be compensated by the
fact that our MBH mass is derived assuming an Eddingtonaccreting MBH, which could not be the case if the gas density in the system is low. In this case, our MBH estimates
should be taken as lower limits to the mass.

In groups

Lbol

Isolated

1e44

1e43
5e7

1e8

2e8
Mstar

5e8

1e9

Figure 4. Bolometric luminosity of the dwarf AGN candidates
assuming the Richards et al. (2006) bolometric correction. The
blue and red dots correspond to the isolated and ‘in groups’
sources.
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SDSS=2dFQSOs
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MBH

GAMA galaxies
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1e8
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Mstar

1e12

Figure 5. BH mass-stellar mass correlation for our dwarf galaxy
sub-sample, obtained assuming accretion at the Eddington limit,
compared with the Reines & Volonteri (2015) data, shown as grey
triangles (that include both AGN and quiescent MBHs). The isolated systems are shown as blue dots, whereas those in groups
as cyan dots. The overalapped red and magenta diamonds correspond to the systems spectroscopically identified by SDSS/2dF as
QSOs and by GAMA as star-forming galaxies, respectively, hence
could have an inaccurate estimate of the stellar/MBH mass (they
are almost certainly not dwarfs). Our candidates likely represent
the low-end of the distribution, that seems to flatten at very-low
stellar masses.

report are derived under the assumption of an Eddingtonaccreting MBH, which is not necessarily true.
The presented analysis has some caveats that should be
mentioned. First, our exclusion criteria for dwarf in groups
including a massive system could bias the analysis, in the
case the AGN is actually in the dwarf and not in the massive galaxy, albeit less likely. Secondly, the emission in the
W3 band used to identify the AGN could also arise from
different systems in the group, each accounting for a fraction of the total emission detected. In this study, we did not
consider this possible effect, but we note that to disentangle
each contribution we would need higher resolution infrared
observations of the same regions, currently not available.
Finally, our assumption of a quasar spectrum for dwarf
MNRAS 000, 1–7 (2020)
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CONCLUSIONS

In this work, that has been mainly motivated by the strongly
positive results by K19 about the role of AGN in dwarf
galaxies, we have discussed the difficulties of properly selecting a multi-wavelength sample of dwarf galaxies, assessing the presence of AGN in their cores and studying their
stellar-BH relation.
By testing different methods to cross–correlate photometric surveys with different resolutions, we found out that
a careful evaluation of companions or close sources contamination is mandatory in the lower resolution survey. The
issue is more pronounced when particularly faint, distant or
small sources are the main focus of the study. In our case,
WISE could not resolve the different sources identified by
HSC-SSP, and the IR luminosity derived from WISE data is
clearly contaminated by various components, often missing
a detailed reconstruction of dwarf galaxies IR emission.
Isolating a dwarf galaxy contribution in an IR survey
is not the only delicate point: in these sources, strong contamination by non–AGN components have been observed in
mid–IR colours (see e.g. Hainline et al. 2016; Satyapal et al.
2018). Starburst activity may be responsible for intense midIR emission in many dwarf galaxies, and evaluating its actual contribution in specific objects is not straightforward.
An AGN–starburst ratio in mid–IR colours different from
the average AGN might significantly affect the expected flux
ratios at different wavelengths. In fact, scaling relations between different wavelength ranges are commonly used to derive physical parameters of standard AGN (MBH ∼ 108 M ),
but extending them to the extremes of the massive black hole
mass function is not straightforward. Some caveats must be
taken into account: the different contribution of a starburst
component in dwarf galaxies might affect the standard IR–
to–optical relation, but also different typical temperatures
of the accretion flow on a small (106 M ) black hole might
change the typical emitting features of the host nuclear region (for examples of close–to–Eddington emission in different mass ranges see Kubota & Done 2019).
In the light of our results, the K19 claims about the easy
detectability of AGN in dwarf galaxies, and the strong impact of AGN in these systems, seem a bit too optimistic, and
probably far from the reality. Nonetheless, after an accurate
sample selection, the presence of active massive black holes
in dwarf nuclei is an extremely interesting issue. For this
reason, after a careful selection in IR and optical surveys,
and taking into account all possible issues and caveats, we
focus on a limited sample of AGN candidates in dwarf galaxies, for which spectroscopic follow–ups will be necessary. In
particular, J222752.79+004431.1 and J084429.75+014541.7
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J015948.97-055720.9

J021101.48-040137.0

J084429.75+014541.7

J085831.57+015648.7

J120730.58+003447.6

J141544.25-000953.1

J143753.75+001448.7

J163148.98+425240.4

J222705.43+005101.4

J222752.79+004431.1

Figure 6. HSC-SSP WISE composite maps of the ten best candidates in our sample. For each pair, the left-hand map corresponds to
the irg map of HSC-SSP and the right-hand one to the infrared emission from WISE W1, with the maps covering a 40x4000 field of view.
The huge different in resolution between the two surveys is striking, and a great care in the cross-matching is required.

are the only candidates with S/NW3 > 5, making them the
most promising sources in our sample.
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Figure A1. Same as Fig. 4 for the extended sample, with black
arrows corresponding to the objects for which only upper limits to
the W3 flux are available. Also in this case, the data settle around
Lbol = 1044 erg s−1 , much lower than the 1046 erg s−1 reported in
K19, that could hardly be explained by a MBH with less than
108 M .

APPENDIX A: THE ROLE OF THE S/NW3 CUT
Here, we show how the removal of the S/NW3 cut we applied
in Section 2 affects our conclusions. When we remove the
cut (that corresponds to including objects for which WISE
only has upper limits to the actual flux), as done in K19,
we double the number of AGN candidate in the sample,
moving from ∼ 0.4 per cent to ∼ 0.9 per cent, but this is still
much lower than the value reported in K19 of about 10 per
cent. Obviously, these values only represent a lower limit to
the real AGN fraction, since their identification is based on
a strong mid-infrared emission. Assuming that, also for this
extended sample, the W3 flux is completely associated to the
dust heating by an AGN, we show in Fig. A1 the expected
bolometric luminosity, as done in Fig. 4. Interestingly, also in
this case we get a median bolometric luminosity of 1044 erg
s−1 , two orders of magnitude lower than that reported in K19
(the black arrows represent data for which only upper limits
to the W3 flux are available). This paper has been typeset from
a TEX/LATEX file prepared by the author.

