Monthly Notices

MNRAS 502, 3101-3112 (2021) doi:10.1093/mnras/stab242
Advance Access publication 2021 January 29

GAMA/XXL: X-ray point sources in low-luminosity galaxies in the GAMA
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ABSTRACT

Relatively few X-ray sources are known that have low-mass galaxies as hosts. This is an important restriction on studies of
active galactic nuclei (AGNs), hence black holes, and of X-ray binaries (XRBs) in low-mass galaxies; addressing it requires very
large samples of both galaxies and X-ray sources. Here, we have matched the X-ray point sources found in the XXL-N field
of the XXL survey (with an X-ray flux limit of ~6 x 107! erg s~! cm~? in the [0.5-2] keV band) to galaxies with redshifts
from the Galaxy And Mass Assembly (GAMA) GO2 survey field (down to a magnitude limit » = 19.8) in order to search for
AGNs and XRBs in GAMA galaxies, particularly those of low optical luminosity or stellar mass (fainter than M, = —19 or
M, < 10%5Mg). Out of a total of 1200 low-mass galaxies in the overlap region, we find a total of 28 potential X-ray source
hosts, though this includes possible background contaminants. From a combination of photometry (optical and infrared colours),
positional information, and optical spectra, we deduce that most of the ~20 X-ray sources genuinely in low-mass galaxies are
high-mass X-ray binaries in star-forming galaxies. None of the matched sources in a low-mass galaxy has a BPT classification
as an AGN, and even ignoring this requirement, none passes both criteria of close match between the X-ray source position and
optical galaxy centre (separation <3 arcsec) and high [O 111] line luminosity (above 10*3 ergs~).

Key words: galaxies: active — galaxies: star formation — X-rays: galaxies.

optically (e.g. Decarli et al. 2007; Reines, Greene & Geha 2013),

1 INTRODUCTION but an alternative is to search at X-ray wavelengths (Gallo et al.

Low optical luminosity galaxies known to contain active nuclei 2008; Seth et al. 2008), which will also find non-AGN (active
remain quite rare (Greene & Ho 2007; Gallo et al. 2008; Ho 2008; galactic nucleus) X-ray sources, again relatively rare in low-mass
Pardo et al. 2016; Baldassare et al. 2017; Mezcua et al. 2018, galaxies (e.g. Papadopoulou, Phillipps & Young 2016, and references
and references therein). Such active nuclei are often searched for therein). In order to explore this route, large X-ray surveys must be

matched to deep spectroscopic surveys, as redshifts remain the key
to determining the properties of the host galaxies.
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The XXL Survey (Pierre et al. 2016, hereafter XXL paper I) is
the largest survey carried out with XMM-Newton, covering some 50
deg?. One of the two XXL Survey fields, XXL-N, overlaps the field
GO02 of the Galaxy And Mass Assembly (GAMA) survey (Driver
et al. 2011; Liske et al. 2015; Baldry et al. 2018) that has near-
complete spectroscopic coverage of galaxies (including AGNs) in a
total of five fields down to a magnitude limit of » = 19.8.

In this paper, we combine the two surveys. Specifically, we
utilize the matched data for XXL point sources that have GAMA
counterparts. We are therefore able to explore a sample of the lowest
optical luminosity (hence mass) galaxies that are able to host X-
ray detectable AGNs, or other potential point sources such as X-ray
binaries (XRBs).

Section 2 describes the data used and details our sample selection
from matching XXL and GAMA [originally Sloan Digital Sky
Survey (SDSS)] objects. Section 3 then explores the properties of
the matched objects, in particular the low optical luminosity galaxies
with X-ray detections, and discusses whether the X-ray sources are
likely AGNSs or, instead, XRBs. Section 4 summarizes and discusses
the results.

All optical magnitudes used in this work are in the AB system.
In order to determine luminosity distances, and hence intrinsic
properties, we use the GAMA standard cosmology with Hy =
70 kms™! Mpc‘l, Qn=0.3,and 2, =0.7.

2 SAMPLE SELECTION

The GAMA survey is based on a highly complete galaxy redshift
survey (Baldry et al. 2010, 2018; Driver et al. 2011; Hopkins et al.
2013; Liske et al. 2015) covering approximately 280 deg? to a main
survey magnitude limit of » = 19.8. Galaxies were originally selected
from SDSS images (Adelman-McCarthy et al. 2008; Abazajian et al.
2009; Aihara et al. 2011). The GAMA survey area is split into three
equatorial (G09, G12, and G15) and two southern (G02 and G23)
regions. In this work, we use galaxies from field GO2, covering 55.7
deg?, centred at RA 2"20™, Dec. —7°. The input here came from
SDSS data release 8 (DR8; Aihara et al. 2011).

The spectroscopic survey was undertaken with the AAOmega
fibre-fed spectrograph (Saunders et al. 2004; Sharp et al. 2006)
allied to the Two-degree Field (2dF) fibre positioner on the Anglo-
Australian Telescope (Lewis et al. 2002). Across all the fields, it
obtained redshifts for ~300 000 targets covering 0 < z < 0.8 (with
a median redshift of z >~ 0.2) with generally extremely high spatial
completeness (Robotham et al. 2010). Baldry et al. (2018) summarize
GAMA s third data release (DR3'), which includes the spectroscopy
from the GO2 field. Although the later addition of the G02 area to
the survey meant that it is not as complete as the others, the 19.5
deg? subset, north of Dec. = —6° that overlaps with the XXL-N field
(see below) does have redshift completeness of 95.5 per cent to the
standard magnitude limit of » = 19.8 (21 000 objects).

XXL is the largest XXM—-Newton survey to date (XXL paper I).
It covered two 25 deg? areas over the energy range [0.5-10] keV.
The northern field, XXL-N, is mostly covered by GAMA GO02
data (see fig. 1 in Baldry et al. 2018). Observations were of 10 ks
duration and reached a point source sensitivity of approximately
6 x 107Perg s~ cm™? in the [0.5-2] keV (‘soft’) band. A ‘hard’
band was defined to be [2-10] keV. The main aim of XXL was
to survey galaxy clusters out to high redshift (Pacaud et al. 2016,
hereafter XXL paper II). Giles et al. (2021) and Crossett et al. (2021)

' www.gama-survey.org/dr3/
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have also used matched GAMA G02 and XXL data to explore the
X-ray emission from galaxy groups.

In addition, the overall survey has also detected more than 26 000
point sources (Chiappetti et al. 2018, hereafter XXL paper XX VII),
which are expected to be nearly all AGN, at redshifts out to z ~
4 (Fotopoulou et al. 2016b, XXL paper VI). (The AGN luminosity
function from XXL has been discussed by Koulouridis et al. 2018,
XXL paper XIX.) However, relatively few of the AGN are expected to
be at the low redshifts required in order to study any low-luminosity
hosts (see e.g. Fotopoulou et al. 2016a).

GO02 and XXL-N additionally overlap with the CFHT Legacy
Survey field CFHTLS-W1 (Gwyn 2012; Heymans et al. 2012). Links
to other multiwavelength and spectroscopic data for objects in the
XXL-N field are provided at the XXL website.

The point sources in the northern field have been spatially linked
to GAMA GO02 galaxies by the GAMA/XXL Matching Group.
The maximum allowable position difference between the X-ray and
optical centroids was 10 arcsec, as in the construction of the 3XLSS
source catalogue (XXL paper XXVII). This produced a sample of
1307 GAMA galaxies (GAMA internal catalogue XXLPointSource-
Catv01) that is the basic sample from which we work. This catalogue
contains the hard and soft band XXL flux measurements, derived
from the raw count rates via a standard model (see e.g. XXL paper
XXVII, section 2.1).

‘We matched this to the public GAMA file G02TilingCatv07 that
contains basic information on the GAMA galaxies in G02 for which
spectroscopy was attempted (including extinction corrected r-band
magnitudes down to r >~ 20 from SDSS and/or CFHTLS). We
extracted those with successful observations with GAMA redshift
quality nQ > 2 (i.e. ‘science quality’ redshifts; see Liske et al. 2015
for details). This gives 806 galaxies with secure redshifts and with
X-ray detections, about 4 per cent of the GAMA galaxies in the
overlap region, consistent with the fraction of AGN seen elsewhere
in GAMA (e.g. Yao et al. 2020). Restricting our sample to sources
with at least 10 counts in the soft X-ray band (0.5 to 2 keV), in order
to allow moderately good estimates of the X-ray fluxes, reduces this
to 712. Of these, 676 have ugriz photometry in the input catalogue
and emission line measurements from the GAMA spectra.

3 THE MATCHED GALAXIES

For orientation, Fig. 1 shows the distribution of the X-ray point
sources in terms of their redshifts z and host galaxy absolute r-
band optical magnitudes M,. Specifically, we utilize here the SDSS
ModelMag to obtain M,. Objects are detected to z =~ 0.8, but of course
low-luminosity galaxies have to be much closer. If we choose M, =
—19 as our ‘low luminosity’ limit, there are just 28 objects, with z <
0.14 (all bar one below z = 0.1; see bottom panel in the figure). Of
these, a small number of matches are likely to be chance alignments
of a low-luminosity galaxy and a distant AGN (as discussed in
Section 3.2.1, below), so 28 is likely to be an upper limit to genuine
matches. This is out of a total of about 1200 GAMA galaxies to this
absolute magnitude limit in the XXL-N overlap region, emphasizing
the low probability of finding sufficiently bright X-ray sources in
optically faint galaxies.

For simplicity, and to avoid confusion between low optical
luminosity and low X-ray luminosity, we refer to this sample of

2See xxImultiwave.pbworks.com/w/page/54609468/FrontPage
3We have removed a handful of objects that were fragments of larger galaxies
and therefore had spurious photometry.
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Figure 1. Plot of absolute r-band magnitude M, for the 676 GAMA/GO02
galaxies matched to XXL sources (with at least 10 soft band counts; see
text) against redshift z. Lower panel: Expanded version showing only the 28
GAMA galaxies fainter than M, = —19 (the ‘low-mass’ sample).

28 objects as ‘low-mass’ galaxies hereafter. At and below M, =
—19 most of the galaxies are relatively blue (Baldry et al. 2012)
so with a standard mass-to-light conversion (e.g. Bell et al. 2003;
Kauffmann et al. 2003a), we expect the galaxies with M, = —19 to
correspond approximately to a stellar mass of 10°> Mg, (with a scatter
of around £0.15 dex). Red galaxies will be slightly more massive
while, conversely, any galaxies with a significant contribution to the
(r-band) flux from an AGN may have lower stellar masses.

Fig. 2 similarly shows the soft-band X-ray luminosities of the
matched objects. Here, we have simply used the catalogued XXL
fluxes in each band and the luminosity distances to derive generic
luminosities which we refer to as Ly, (soft band) and Ly, (hard band).
We have not attempted to make any corrections to the X-ray data for
spectral shape or redshift. Nearby galaxies are detected down to
Ly, ~ 10¥-10* ergs~!, while the most luminous (more distant)
sources are at around 10**° erg s~!. The brightest source apparently
in a low-mass galaxy has Ly, ~ 10** ergs~! (but see Section 4).

Interestingly, from the lower panel, we can see that the X-ray
luminosities are essentially the same, at a given (low) z, in both the
brighter galaxies (M, < —19) and the low-mass sample. If we look at
this in another way, as in Fig. 3, this means that there is a very wide
range of optical luminosities at a given X-ray luminosity, particularly
in the range Ly, < 10% ergs™! that is sampled in our low mass, low
redshift sub-sample.
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Figure 2. Plot of soft-band X-ray luminosity Ly, against redshift z for the
same objects as in Fig. 1. Lower panel: Expanded version showing only
the galaxies at redshifts out to z = 0.145, approximately the limit for our
low-mass sample. The latter are shown as filled circles.
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Figure 3. Plot of soft-band X-ray luminosity Ly, against absolute r-band
magnitude M, for the same objects as in Fig. 2. Low-mass galaxies are again
the filled circles. The line indicates the approximate locus of AGN with an
Eddington ratio of 1072 (see text).
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Figure 4. As Fig. 2 but for the hard X-ray band detected objects.

Far fewer objects (320) meet the same criterion of at least 10
counts in the hard band, but for completeness, the available hard-
band luminosities Ly, are plotted against redshift in Fig. 4. We find
Lyy, of the order of 10> down to 10> erg s~! for the nearby sources
(bottom panel), while the brighter, more distant ones range up to
around 10* ergs™! (top panel). Unfortunately, only 10 of the low-
mass sample have hard X-ray counterparts with 10 or more counts,
but we can note that, as for the soft X-ray detections, they share the
same range of X-ray luminosities as the luminous optical galaxies at
the same redshifts.

The hard-band luminosity is plotted against the soft-band lumi-
nosity, for objects with at least 10 counts in both bands, in Fig. 5.
Though with significant scatter, typically Ly,/Ly, ~ 10%° for both
the low and high-optical luminosity galaxies, though this decreases
somewhat, to around 10°2, at high X-ray fluxes (sampled only by the
high-optical luminosity sources) as shown in the bottom panel. The
range of Ly, /Ly, seen is consistent with that observed for XXL point
sources in general (XXL paper XX VII).

3.1 The X-ray sources

From the previous figures, it is evident that the low-mass sample
galaxies contain relatively low X-ray luminosity XXL sources. This
could reasonably be because lower stellar mass galaxies contain
lower mass central supermassive black holes (SMBHs) and therefore
generate relatively low fluxes even when the BH is active. If we

MNRAS 502, 3101-3112 (2021)
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Figure 5. AsFig. 3 but for Ly, versus Lyj, for sources detected in both bands.
The bottom panel shows the ratio Lx;/Lyxs. Low-mass galaxies shown as filled
circles as before.

assume that our galaxies with —19 < M, < —13 (i.e. stellar mass
M, ~ 10°° to 10" M) follow the same type of Magorrian et al.
(1998) relation between galaxy stellar mass and SMBH mass My,
(e.g. Ferrarese et al. 2006a, b; Baldassare et al. 2020) as do larger
galaxies, then we can expect values of My, of the order of 10°% to
10** Mg (Gallo et al. 2008; Reines et al. 2013). Observations of a
small number of such objects (e.g. Dudik et al. 2005; Panessa et al.
2006) suggest that such low-mass SMBH should correspond, with a
large spread, to hard X-ray luminosities Ly, ~ 10** to 10%” ergs™'.
The upper end of this range is compatible with the values in our, also
rather limited, hard X-ray detected low-mass sample from Fig. 4
(filled circles): we would be unable to detect sources at the lower
end. In the better defined Fig. 2 (lower panel) for the soft X-ray
detected objects, the similar upper envelopes for the high and low-
mass objects may likely be a selection effect due to the decreasing
chance of finding higher X-ray luminosity sources in the rather small
volumes sampled at lower z.

If they are AGN, the similarity between the X-ray fluxes for the
sources in low-mass galaxies and those in more luminous galaxies
at the same redshift (which should have more massive SMBH)
would then be accounted for by differences in their Eddington ratios.
Given that M, = —19 corresponds to about My, ~ 10%® Mg, Lggq
~ 10% ergs™!. At this M,, Ly, is typically ~10*'3 ergs™" (and Ly,
~ 10" ergs7!), so allowing for a bolometric correction to Lyj, of a
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factor 30 as in Panessa et al. (2006), Ly ~ 10% ergs™!, i.e. Lyo/Liqq
~ 1072, In fact, looking at the whole data set in Fig. 3 for Lys, if
we assume that Lggq scales linearly with stellar luminosity, the bulk
of the data for both high and low-mass samples is roughly centred
on this typical Eddington ratio of around 1072, as shown by the
solid line. This is in agreement with the values found by Panessa
et al. (2006) for Seyfert galaxies with similar mass black holes
(see their fig. 7) and the peak of the Eddington ratio distribution
suggested by Alexander & Hickox (2012) for optically selected
AGN. The roughly diagonal upper and lower envelopes in Fig. 3 then
reflect the maximum and minimum Eddington ratios in the sample,
~10~" and ~107*, respectively, similar to the range in Panessa et al.
(2006) for Type 1 AGN. Panessa et al. and Ho (2008) also note
that low-luminosity AGN (LLAGN) mostly have Eddington ratios
<1072,

Thus, in terms of their luminosities, and the various correlations
shown, the X-ray sources we see in the low-mass galaxies could
be AGN powered by correspondingly low-mass BH. Such systems,
effectively intermediate mass black holes (cf. Koliopanos et al.
2017), are important for the clues they may provide to the seeding
mechanism of SMBH in the early Universe; see e.g. the reviews of
Mezcua (2017) and Woods et al. (2019).

However, we should also consider the alternative that the X-
ray sources seen at low redshift (in both optically bright and faint
galaxies) are not AGN but stellar sources, either high-mass X-ray
binaries (HMXB) or low-mass X-ray binaries (LMXB). HMXBs
come from short-lived stars and therefore reflect recent star formation
activity (Grimm, Gilfanov & Sunyaev 2003; Ranalli, Comastri &
Setti 2003; Mineo, Gilfanov & Sunyaev 2012). In the [2-10] keV hard
band, Ranalli et al., for instance, found the X-ray emission in star-
forming galaxies to follow Ly;, >~ SFR (in Mg yr™!) x 10**7 ergs™!.
LMXBs, on the other hand, are found in old stellar populations
(Boroson et al. 2011) and their combined X-ray luminosity reflects
the total stellar mass of their host galaxy: Gilfanov (2004) suggests
Ly >~ 10°M,/Mg ergs™'. In both cases, the brighter examples
exceed 10* ergs™! so can potentially be seen in our low z sample.
Papadopoulou et al. (2016) have previously found Chandra X-ray
sources at these luminosities both in dwarf elliptical galaxies in
the Virgo Cluster (presumed to be LMXBs) and in nearby star-
forming dwarf irregular galaxies (presumably HMXBs). At the
highest individual luminosities are the ultra-luminous X-ray (ULX)
sources (Grimm et al. 2003) that extend the HMXB range from
about 10%° to 10*! erg s~!. These are found in strongly star-forming
galaxies, including in some low-mass star-forming galaxies (Grisé
etal. 2011; Swartz et al. 2011). Sutton et al. (2012) discuss a number
of extreme sources above 10*! erg s~! that may have a different origin
to lower luminosity XRBs.

It should be noted, when considering the X-ray luminosities,
that there will be two regimes. In giant galaxies or strongly star-
forming galaxies, there may be many individual XRBs, but at the
resolution of our XXL observations, compared to the extent of our
faint galaxies, these will generally be observed as a single source
with the summed luminosity of all the XRBs therein. On the other
hand, in detectable dwarf galaxies of low stellar content and low star
formation rate we expect the X-ray flux to be (mostly) from a single
bright XRB.

It is of interest at this point to briefly consider the host galaxies
of the X-ray sources. Fig. 6 shows the k-corrected (g — r) versus M,
colour-magnitude diagram for the matched GAMA galaxies (again
using the SDSS ModelMags). Typical magnitude and colour errors
are 0.02 and 0.03 magnitudes, respectively. Excluding two faint
objects with apparently extremely red colours [off the scale at (g
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Figure 6. K-corrected (g — r) versus M, colour—magnitude diagram for all
sample galaxies. As in the previous figures, sources in the low-mass sample
are the filled circles.

— 1) > 1],* the distribution in the optical colour—magnitude diagram
of the current low-mass sample is consistent with that seen in GAMA
low redshift, low-luminosity galaxies as a whole (e.g. Baldry et al.
2012). A handful of the low-mass sample may possibly occupy the
low-luminosity tail of the red sequence at (g — r) >~ 0.6 — 0.7,
but the majority are evidently blue cloud galaxies, bluer than (g
— r) 2 0.5 [though we should caution that for the fainter galaxies
SDSS colour errors may be large enough (=~0.1) to somewhat blur
the division; in addition, we have not attempted any correction for
internal reddening]. If the X-ray sources are not AGN, then the host
galaxy colours suggest that they should be primarily HMXBs in star-
forming galaxies (though of course LMXBs may possibly occur in
the old stellar population in the bulges of such galaxies).

In terms of their environment, only one of the low-mass sample,
GAMA J022544.79-054106.2, is a member of what could be
considered a cluster (the X-ray cluster XLSSC 054; see XXL paper
II), with a GAMA friends-of-friends count Ny, of 54 neighbours
(Robotham et al. 2011). Even then, it is an outlying member, 14
arcmin (~0.9 Mpc) from the central galaxy. This object does not
stand out in any way compared to the other matched X-ray sources
in Table 1. A quarter (7/28) of the final matched low-mass sample
galaxies are members of groups with 3 < Ng¢ < 8, consistent with
the fraction (20 per cent) for all low-mass GAMA galaxies in G02,
and the rest are isolated or paired galaxies. Thus, environmentally
the host galaxies are again consistent with being typical low-mass
star-forming galaxies, which preferentially occupy small groups and
other sparse environments.

3.2 AGN or XRBs?

3.2.1 Positions

There are a number of ways in which we can hope to determine
which, if any, of our sources (apparently) in low-mass galaxies are
AGN. Perhaps the most obvious is to look at their positions within
the host galaxies. XXL positions, relative to SDSS, for convincing
matches should be good to about 5 arcsec (cf. Pineau et al. 2011,

4They have a measured g > 21 and neither actually makes our final sample
as they are close on the sky to unrelated AGN (see Section 4).

MNRAS 502, 3101-3112 (2021)
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Table 1. Low-mass galaxy X-ray detections.

GAMA ID 3XLSS ID z M, K r log(Lyxs) log(Lxn) log(Liom) log(Luo) Class
arcsec kpe erg s7! erg s7! erg s7! erg s~!
J021657.27-055740.4  J021657.9-055741 0.042 —17.6 9.9 8.2 40.3 - 39.9 40.2 SF/BQ
J021748.49-044410.1 J021748.3-044410 0.038 —17.2 2.8 2.1 39.7 - 40.1 40.1 SF
J021921.56-040222.3 J021921.8-042214 0.042 —17.2 8.6 7.1 40.0 - 39.1 39.6 -
J021007.68-050508.7  J021007.7-050500 0.060 —18.7 8.0 9.4 41.2 41.4 40.3 40.7 SF/BQ
J021122.14-044757.1 J021122.4-044756 0.088 —18.4 4.5 7.4 41.1 - 40.7 40.6 SF
J021142.86-044804.9  J021142.7-044812 0.070 —18.4 7.6 10.2 41.0 41.6 39.2: 40.1 —/BQ?
J020928.67-041616.6  J020929.2-041620 0.058 —17.6 8.7 9.7 40.9 41.2 39.9: 40.2 —/BQ
J020747.54-054805.7 J020747.3-054809 0.043 —17.5 4.7 4.0 39.9 - 39.4 39.7 -
J020800.90-054717.2  J020800.9-054708 0.044 —18.3 8.6 7.4 40.2 40.9 37.4: 39.5 -
J020356.03-053545.8 J020356.1-053545 0.019 —16.3 2.3 0.9 39.6 - 393 39.4 SF
J020427.48-045840.2  J020427.0-045845 0.013 —15.0 7.7 2.1 39.2 - 39.6 39.8 SF
J020301.04-045105.9  J020301.5-045104 0.135 —18.9 7.5 17.9 41.9 - 40.2 40.5 SF/BQ?
J022219.36-052043.2  J022219.2-052047 0.085 —18.6 4.7 7.5 40.8 - 39.4 40.5 SF
J022147.87-044613.3 J022147.9-044613 0.020 —17.9 1.3 0.5 39.4 - 40.8 40.8 SF
J022127.57-043403.3 J022127.9-043408 0.085 —17.5 8.0 12.7 40.8 - 39.7 40.0 SF/BG?
J022336.83-042834.0  J022337.0-042827 0.069 —18.9 7.4 9.8 40.3 - 40.1 40.6 SF
J022544.79-054106.2  J022544.8-054104 0.053 —17.7 1.7 1.8 40.3 - 39.1 - -
J022654.22-052555.3 J022654.4-052602 0.046 —15.7 8.0 7.2 40.2 - 39.5 39.4 SF
J022736.40-050815.1 J022736.6-050817 0.077 —18.9 4.2 6.2 40.5 41.2 40.6 40.9 SF
J022858.99-050447.6  J022858.9-050449 0.056 —17.9 1.8 1.9 40.2 - - — P
J021528.65-034932.1 J021529.1-034937 0.069 —18.7 8.9 11.8 41.0 41.7 40.1 40.4 -
J020922.52-051808.2  J020922.7-051813 0.091 —18.4 6.7 11.3 41.6 - 39.0: 40.4 —/BG?
J020455.30-040433.8 J020455.1-040426 0.053 —18.1 8.0 8.2 40.5 41.3 - 40.1 -
J020237.61-061434.4  ]020237.6-061435 0.005 —13.3 1.5 0.1 39.6 39.9 38.4 38.5 SF
J020414.13-050926.8 J020414.0-050935 0.086 —18.4 9.2 14.8 40.8 - 39.9 40.0 SF
J022109.87-044544.5 J022109.7-044544 0.098 —18.4 1.3 2.4 40.7 - 40.3 40.7 SF
J023129.75-044831.2  J023129.9-044824 0.081 —18.0 7.2 11.0 40.8 41.3 40.2 40.4 SF
J023425.55-041105.8 J023425.4-041113 0.057 —18.0 7.5 8.3 40.5 41.3 40.4 40.3 SF

Notes. In columns 5 and 6, s and r are the angular separation and projected linear separation between the GAMA and XXL positions. Galaxies marked with a
dash in the emission line columns have zero or negative fluxes and those values marked with a colon have large errors (S/N below 2). The remainder have errors
less than 0.1 dex. In the ‘Class’ column, a dash means no BPT classification (not all required lines measured), P is for a passive galaxy with no measured lines.
Qualifiers /BQ, /BQ?, /BG? indicate likely background contaminants, as described in the text.

XXL paper XXVII) while we have a maximum matching radius of
10 arcsec. Fig. 7, which plots the separation s between the XXL
and SDSS positions, bears out this expectation with a strong peak
between zero and 4 arcsec with a tail to 10 arcsec in the overall
distribution (grey histogram in the bottom panel). In both panels,
we see that the relatively low X-ray luminosity sources in the low-
mass galaxies are often in the 6 arcsec to 10 arcsec range, implying
that these are less likely to be nuclear sources. On the other hand, the
more distant, high X-ray luminosity sources (Ly, > 10> ergs™!) are
generally at low separations (<4 arcsec), indicating likely genuine
central sources, i.e. AGN as expected for these strong point sources.
However, 11 of the sources in low-mass galaxies do have sep-
arations less than 5 arcsec (7 less than 3 arcsec) so are spatially
compatible with being AGN. Physically, this rough dividing line at s
=5 arcsec corresponds to galactocentric distances r between 1 and
12 kpc for galaxies between z = 0.01 and 0.14 (see Fig. 8). The top
panel emphasizes that a significant fraction of the low-mass sample
lies close to the upper allowed galactocentric distance at any z.
Given this last point, we should check whether our sample may
be contaminated by unconnected (background) sources, particularly
at the larger radial separations between the GAMA galaxy and the
XXL source position. We can estimate that XXL has a surface density
of around 500 AGN per square degree (XXL paper XX VII), so the
expected number in a circle of radius 10 arcsec centred on a random
point will be about 0.01. We have 20 000 GAMA galaxies in the well
sampled overlap region, so we could generally expect around 200
interlopers in the 1307 GAMA matches, i.e. a contamination fraction

MNRAS 502, 3101-3112 (2021)

around 15 per cent. This would scale to 27 spurious matches in the
176 low-redshift objects plotted in the top panel of Fig. 8 at z < 0.145,
including about 4 in the low-mass sample. These would of course
be mostly at the larger separations: within the 5 arcsec radius we
tentatively proposed for plausible nuclear sources we would expect
only 4 per cent contamination, i.e. 4 spurious matches in a total of
105 low z galaxies with s < 5 arcsec. Thus, it seems that while a few
of the low-mass sample with large separations may not be genuine
associations, the large majority should be real. At low separations
essentially all the 11 low-mass matches should be real.

In fact, as we discuss in Section 4, three of the low-mass galaxies
with large separations from the XXL position do have known quasars
within 10 arcsec of the GAMA position. In two further cases, given
the relatively large uncertainty, the XXL position is also compatible
with that of a known QSO beyond the 10 arcsec circle from the
galaxy, suggesting that 4 or 5 is indeed a reasonable estimate for the
number of contaminants in the low-mass sample.

Another reality check can be obtained by looking at the typical
sizes of low-mass galaxies. From the GAMA survey itself (Lange
etal.2015,2016), low redshift, low-mass galaxies have effective radii
in a range up to ~7 kpc at stellar masses ~ 10°> M, corresponding
to M, = —19 (in agreement with the HST based study of van der Wel
et al. 2014), the upper limit decreasing to ~3 kpc at 108 Mg (M, ~
—15). Thus, if we take the overall size to be >~3r.g [which contains
~90-95 per cent of the light, hence stars, for any reasonable radial
profile (Graham & Driver 2005)], then this gives us galaxy radii
up to ~20 kpc for M, = —19 and 12 kpc for M, = —15, which are
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Figure 7. Distribution of angular separations s (in arcsec) between the
GAMA (SDSS) and XXL positions for the soft X-ray selected sample. As in
the previous figures, sources in low-mass galaxies are the filled circles. The
bottom panel shows the histogram of the separations for the whole sample
(grey) and the low-mass sample (black).

sufficient to contain the galactocentric separations seen in the bottom
panel of Fig. 8. Hence, again, it is entirely plausible that the majority
of the matches between low-mass galaxies and XXL sources are
genuine.

3.2.2 Spectral classification

As, by definition, our sample objects have spectra, we can search for
evidence of AGN via any detected spectral lines. The [O 111] 25007
line is often used as an indicator of optical AGN power (Heckman
etal. 2005), including specifically for GAMA galaxies (Gordon et al.
2017), and is also observed from the interstellar medium (ISM) of
star-forming galaxies (e.g. Kennicutt 1992; Kauffmann et al. 2003b).
First, in Fig. 9 (top panel), we plot the [O 111] A5007 line luminosities,
Lo, for the 494 objects from our complete sample (including 26
of the low-mass subset) that have detectable [O1II] emission line
fluxes, against their soft X-ray luminosities. We can see that there
is a general, though very broad, trend for high X-ray luminosity to
correlate with high [O 111] line luminosity (Mulchaey et al. 1994). This
is clearer above Loy =~ 10*'7 ergs~!, which Gordon et al. (2017)
classify as the regime of high-luminosity AGN (see also Panessa
et al. 2006).
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Figure 8. Top panel: Distribution of physical separations r (in kpc at the
galaxy redshift) between the GAMA (SDSS) and XXL positions for the soft
X-ray selected galaxies with z < 0.145. Sources in low-mass galaxies are
the filled circles. Bottom panel: Galactocentric distance r of the XXL source,
relative to the GAMA galaxy centroid, versus the host galaxy’s absolute
magnitude, for the low-mass sample.

The large majority of the low-mass galaxies, though, have Lo <
10" ergs™!, where there is no correlation. This might be expected
to be the case if the X-ray sources are individual HMXBs in star-
forming galaxies of varied SFRs and ISM conditions (and hence
emission line fluxes; Kennicutt 1992). This is supported by the more
luminous optical galaxies at low-redshift typically having similar
X-ray luminosities but higher [O 11I] luminosities than the low-mass
galaxies.

The middle panel of Fig. 9 shows the corresponding plot for the H «
line luminosity,’ a standard proxy for star formation rate (Kennicutt
1994). At low Ly, there is little correlation of Ly, with Ly,, again
suggesting that at low Ly, we see individual HMXB luminosities
(in particular in the low-mass galaxies) while the H @ measures the
integrated SFR. For the more powerful sources (at Ly, > 10*!), the
weak correlation seen presumably arises because Ly, now measures
the integrated luminosity of multiple HMXBs in the galaxies with
high star formation rates (e.g. Grimm et al. 2003).

5The GAMA spectroscopic resolution of ~1600 in the red (Hopkins et al.
2013) is sufficient to separate H o from the N II lines.
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Figure 9. Top: Comparison of soft X-ray and [O 111] A5007 line luminosities
for the 494 galaxies in our overall sample with detectable [O111] emission.
The 26 low-mass galaxies with [O11] line measurements are shown by
filled circles. Middle: Same except for Ha luminosity (440 objects, again
including 26 low-mass galaxies). Bottom: Standard BPT diagram for the
346 emission line galaxies in our sample that have all four required lines
measured, including 20 from the low-mass sample. The lines are the Kewley
(thick, upper) and Kauffmann (thin, lower) demarcation lines between AGN
and star-forming galaxies. The area between the lines is commonly assumed
to be occupied by composite systems.
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Only one low-mass galaxy in our sample has neither measurable
H o nor [O 111] emission lines, implying at most one passive low-mass
system hosting an X-ray source, potentially an LMXB).

The bottom panel of Fig. 9 then shows a standard BPT diagram
(Baldwin, Phillips & Terlevich 1981), used to distinguish star-
forming galaxies from AGN. Here we are, of course, limited to
galaxies with detections in each of the four required lines Ho,
Hp, [O1] 25007 and [N 1] A6583 (346 objects, 18 in the low-
mass sample). We have made the standard GAMA correction to the
Balmer line fluxes for underlying absorption in the stellar continuum
(as in Hopkins et al. 2013; Gordon et al. 2017), by multiplying by a
factor (EW+2.5)/EW, where EW is the line equivalent width in A.
Full details of the emission-line measurement process in GAMA are
given in Hopkins et al. (2013).

It is evident that while high-mass galaxies extend well into the
AGN area as defined by Kewley et al. (2001) above the thick line
(as expected by comparison with the GAMA data of Gordon et al.
2017, their fig. 4), this is not the case for the low-mass sample (filled
circles).

The region between the Kewley line (higher curve) and the
corresponding (lower, thin) line according to Kauffmann et al.
(2003b) is usually assigned to composite objects with both an AGN
and star formation, and we can see that no low-mass galaxies lie in
this area, either.

The 18 BPT-classified low-mass galaxies are thus all in the star-
forming region, with nine other objects not having all the required
lines measured, though they do have measurable H «, or in one case
justthe [O111] line (Fig. 9, top and middle panels). We might therefore
presume that the extra nine sources are also star-forming galaxies.
Thus from the spectral line information, we could have up to 27 star-
forming galaxies, although up to nine of these could still be AGN
with relatively weak or poorly measured lines (cf. Miller et al. 2003;
Agostino & Salim 2019), though see the next subsection for evidence
against this. We also have one likely passive galaxy. We revisit these
numbers in the light of possible contaminants in Section 4.

3.2.3 Mid-infrared colours

Another useful discriminant between AGN and star-forming galaxies
is the mid-infrared colour. Specifically looking at the WISE 3.4 mi-
cron (W1) and 4.6 micron (W2) bands, Stern et al. (2012) suggest
a simple division at W1-W2 = 0.8,° with ~80 per cent of AGN
having redder colours (see also Jarrett et al. 2011; Yao et al. 2020),
though see the caveat in Hainline et al. (2016) regarding dwarf galaxy
colours. Passive galaxies typically have 0 S W1-W2 < 0.3 and star-
forming galaxies 0 £ W1-W2 < 0.6 (Cluver et al. 2014). None of the
low-mass sample galaxies has W1-W2 > 0.8. One, with photometry
possibly affected by a nearby quasar (see below), has W1-W2 ~
0.7, while the passive galaxy has W1-W2 =~ 0.6 (though with an
error ~0.2). The rest have W1-W2 < 0.3. Thus again, we have no
significant evidence for any AGN in the low-mass sample.

4 DISCUSSION AND SUMMARY

From our initial sample of matched XXL point sources and GAMA
galaxies, 28 were classed as ‘low mass’; though strictly this sample
was limited by r-band absolute magnitude, at M = —19, this
translates approximately to a stellar mass limit of 10°° M. Because
of the depth of the GAMA spectroscopic survey, these all lie at

®Note that WISE magnitudes are on the Vega not AB system.
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redshifts below z = 0.145 (and all except one are at z < 0.1). These
28 sources are listed in Table 1 with their key X-ray and optical
properties.

In terms of the host galaxies, from the optical colour—-magnitude
diagram, there are possibly a handful of fairly ‘red’ galaxies, but
the large majority of X-ray sources in low-mass hosts are clearly
associated with ‘blue cloud’ galaxies. Only one of the low-mass
galaxies lies in arich group or small cluster, the remainder are isolated
or in small groups with no more than eight members.

The matched low-mass objects have an apparent range of X-ray
luminosities from 10* to 10*? ergs™', similar to those of sources
in higher optical luminosity galaxies at the same redshifts and
compatible with any of the likely sources, viz. (lowish mass) SMBH,
HMXB, or LMXB, except that we do not expect HMXBs or LMXBs
to extend to the highest X-ray luminosities that we find (though ULXs
do). Of course, it is possible that the highest luminosity sources
contain more than one bright HMXB, say, though the probability
of this is low in a low mass, low star formation rate system (see
below).

Positionally, the maximum matching radius is 10 arcsec, while
the XXL position uncertainty is expected to range up to around 5
arcsec. On these grounds, 11 of the low-mass sample could well
host central sources (position mismatch <5 arcsec). However, this
uncertainty corresponds to between about 1 and 10 kpc at the dis-
tances of the galaxies, so non-central sources are certainly plausible,
too.

Statistically, contamination from non-associated background
AGN may account for 4 or 5 of the 28 low-mass galaxy matches
out to 10 arcsec, but probably none of the 11 closest matches at
<5 arcsec. We can explore this further by making an object-by-
object search through other catalogues,” with outcomes as noted
below.

In order to attempt to separate the likely AGN, the HMXBs (which
will be in star-forming galaxies) and the LMXBs (in passive old
galaxies), we use the individual GAMA spectra. In total, 27 of the 28
low-mass galaxies have spectra from which spectral (emission) line
fits have been obtained. The remaining object (GAMA J022858.99—
050447.6, with M, = —17.9) does not have measurable Ha or
[O1I] A5007 emission lines, so could be assigned to be passive,
or at least quiescent (denoted P in Table 1). Its X-ray source would
then likely be an LMXB (cf. Papadopoulou et al. 2016). The X-ray
luminosity is 10*? ergs™!, though, which may seem unlikely for
an LMXB, as Gilfanov (2004) suggests an upper cut-off at about
10*3 ergs~!. Intriguingly, the quoted X-ray source position is only
1.8 arcsec from the centre of the GAMA galaxy, which would be
unlikely for an unassociated background contaminant, but certainly
compatible with a nuclear source, while the galaxy’s mid-infrared
W1-W2 colour is relatively red, so we should perhaps not rule out a
low luminosity AGN (cf. Dickey et al. 2019).

Extending the classifications via the emission-line plots, it appears
that among the emission-line galaxies we have no clear cases of AGN
and up to 27 likely star-forming galaxies (if we include the nine
galaxies with Ho and/or [O111] lines, but no BPT classification).
The X-ray sources in these would be expected to be HMXBs. Of
course, the objects with no BPT classification could alternatively
still be weak-lined AGN (see e.g. Agostino & Salim 2019), though
the mid-infrared galaxy colours do not support this.

Searching around the 28 objects, we find that in three cases
there are known QSOs within 10 arcsec of the GAMA galaxy

7From ned.ipac.caltech.edu, skyserver.sdss.org/dr7/, and SIMBAD.
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(and at positions consistent with the XXL source), so these can
be discounted as background contaminants (labelled BQ in the
classification column in Table 1). In addition, in two cases there
are QSOs further than 10 arcsec from the GAMA position, but still
within the error circle for the matched XXL source, which could
therefore be consistent with matching either the GAMA galaxy or
the QSO. We consider these, too, to be likely contaminants (BQ? in
the table). All these have quite large separations between the GAMA
and XXL positions (s > 7.5 arcsec), and the number found is clearly
consistent with the earlier statistical estimate of AGN contaminants
(around 4). In addition, two of the GAMA galaxies are close (less
than 10 arcsec on the sky) to more luminous z 2~ 0.15 galaxies, so
the XXL sources might be linked to those galaxies, not the lower
z ones in our low-mass sample (see XXL paper XXVII). We label
these two as BG? in the table. Removing all seven likely or possible
contaminants,® all of which have s > 5 arcsec, then leaves us with
20 likely genuine matched low-mass emission-line objects (though
alternate matches may still exist for a few of them, cf. XXL paper
XXVID).

The X-ray sources matched to these 20 emission-line galaxies
lie in the range Ly, = 10%? to 10*! ergs™'. The highest X-ray
luminosities appear to (just) fit in the expected range, which cuts off
at ~10* ergs~! (e.g. Mineo et al. 2012) if the extension of HMXBs
into ULXs is included.

In total, then, a reasonable number, ~20, likely XRBs have been
found, probably mostly HMXBs in low-mass star-forming galaxies.
For these, there is no correlation between X-ray luminosity and
emission-line luminosity, which can easily be explained if the X-rays
are from individual single HMXBs while the line emission reflects
the ISM conditions and star formation in the galaxy.

It is difficult to relate our present results to those in the literature
on the prevalence of HMXBs in brighter/more massive star-forming
galaxies, for a number of reasons. In particular, we are able to detect
only the brightest X-ray sources and have a flux limited rather
than volume limited sample. Our nearest and faintest source is at
10%*2 erg s~! while at the redshift of our most distant matched low-
mass galaxy (z 2~ 0.1) the detection limit is approaching 10*! ergs™"'.

This can be contrasted with, for example, the general study of local
star-forming galaxies by Mineo et al. (2012) who found about one
HMXB for every 0.3 Mg yr~! of star formation, but with a detection
limit 10 erg s~!, considerably below our accessible limits. Using a
reasonable slope of the HMXB luminosity function (e.g. Grimm et al.
2003), we would need to correct the numbers detected in even nearby
redshift bins (say at z =~ 0.03, where the effective limit is around
10°*3 erg s~!') by an order of magnitude, and in our more distant bins
we are in the tail of the LF, near the upper cut-off, requiring very large
(around two orders of magnitude) and very uncertain corrections. The
best we can probably say is that, given our 20 actual detections, we
would expect perhaps of order 500 detections if we had a similar
X-ray limit to Mineo et al.

In addition, the intercomparison of SFRs is problematic: translat-
ing Ho luminosities to total SFRs (e.g. Kennicutt 1994) involves
numerous uncertain steps (e.g. use of a particular initial mass
function) and Mineo et al. (2012) use a completely different method
based on infrared and ultraviolet luminosities. If, for a concrete
example, we simply translate H o luminosity to an ‘indicative’ SFR
via Kennicutt (1983)’s relation SFR =~ Ly;,/(10* ergs™') Mg yr~!,

8The mismatch between a BPT classification as SF and an association with
a QSO/AGN is not relevant regarding the contaminants, as in each case the
QSO/AGN is outside the area of the fibre used for the GAMA spectroscopy.

MNRAS 502, 3101-3112 (2021)
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ignoring any systematics in this translation,” then the total indicative
SFR summed over our 21 low-mass host galaxies (we exclude those
where the X-ray source is probably associated with a background
AGN or a different galaxy) is about 4 Mg, yr~! (see the middle panel
of Fig. 9).

However, our final low-mass matched sample of objects is only
about 2 per cent of the total number of GAMA galaxies fainter than
Mp = —19 in the XXL overlap region; as expected the very large
majority of nearby low-mass galaxies have no detectable HMXBs
down to our (rather high) X-ray luminosity limits (cf. Gilfanov,
Grimm & Sunyaev 2004). Calculating the SFR in the same way for
the whole set of low luminosity GAMA galaxies, we obtain about 220
Mo yr~!, i.e. approximately 1 detection per 10 Mg, yr~! of indicative
SFR. (Note that the average SFRs in the X-ray detected and non-
X-ray detected low-mass galaxies are very similar, ~0.2 Mg yr~'.)
With our above very rough estimate of 500 putative detections if
we could observe uniformly down to 10°®ergs™!, we nominally
obtain one ‘detection’ per 0.4Mg yr~!, i.e. of the same order of
magnitude as that (really) seen in bright galaxies. Of course, here
we are implicitly assuming that the HMXB LF is similar in high-
mass and low-mass galaxies and that we can ignore any systematic
corrections to our derived H« based SFRs.

One might think that a way to avoid the latter systematics
would be to make an internal comparison to our brighter, more
massive, GAMA galaxies, using the same SFR recipe. However,
these galaxies have typical SFR ~ 1 Mg yr~!, so on the Mineo
et al. scale should generally have multiple HMXBs, which would
most likely be recorded as a single, potentially much brighter,
source at the spatial resolution of the XXL survey. Hence, we
could seriously undercount sources originating in the high-mass
galaxies.

Nevertheless, in the spirit of our order of magnitude calculations,
we can reverse the above argument and estimate that for luminosity
limits of 10%* to 10*' ergs™!, as appropriate to our sample, Mineo
et al. would have seen about 0.1 to 0.01 (rather than 1) sources
per 0.3 Mg yr~!, depending on the source distance. Looking at the
sample of 1200 z < 0.1 optically bright (‘high mass’) galaxies, with
Mp < —19, in our GAMA/XXL overlap region, 965 have measurable
lines with a total indicative SFR of 1150 M, yr~'. This would imply
somewhere of order 100 detectably bright sources. In fact, 148
of the low-redshift galaxies are sufficiently bright in X-rays to be
detected in our sample (see Fig. 3), presumably including some low-z
AGN.

Finally, if we simply compare the total X-ray luminosity from our
low-mass sample, roughly 7 x 10*! erg s~!, to the total star formation
rate from all the low-mass galaxies in our area, 220 Mg yr~!, we
get a ratio of around 3 x 10¥ergs™ per 1 Mg yr~!. This is in
reasonable agreement with the ratio 5 x 10*° given by Ranalli et al.
(2003) for more massive galaxies, given that we have necessarily
underestimated the total X-ray flux from the full set of low-mass
galaxies (non-detections may have low-level flux).

From all these arguments, we therefore conclude that there is
no strong evidence that the number of bright HMXBs per unit
of star formation is substantially different in low-mass galaxies
compared to high-mass galaxies (cf. Papadopoulou et al. 2016).
Equally, of course, we can make no strong claims that it is indeed the
same.

Such as the fraction of He flux missed from outside the aperture of the
GAMA spectra.
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If we take the BPT classifications at face value, then we have no
definite AGN. If, instead, we argue, for instance, that the signature
of low-mass SMBH can be drowned by that of coexisting star
formation (e.g. Baldassare, Geha & Greene 2018), so that we should
not rely too much on the BPT plot (and since not all our objects
have BPT classifications), we could consider sources apparently
at small galactocentric distances and/or with particularly high Ly,
as potential AGNs. We already noted the one passive galaxy in
the sample in this regard. Among the emission-line objects, 10
have s < 5 arcsec, 6 of them with positional separations less
than 3 arcsec. Five of the latter are classified star-forming (SF in
Table 1) and one has no classification. All six have low [O 1]
luminosities for an AGN, none exceeding 10%*3 ergs~! (cf. Gordon
et al. 2017). There are two sources with X-ray luminosities Ly, >
10*' ergs~!, considered high for an HMXB. One is at a separation
of 4.5 arcsec and is classed as SF and one, at s = 8.9 arcsec, is
unclassified.

We could then have as many as nine candidate AGNs from sources
that are either close to the centre of the galaxy (including the passive
galaxy) or of higher than expected X-ray luminosity for an XRB.
However, the failure of the reverse criteria in each case (not bright
enough or not central enough, except possibly in one case) renders
these unlikely AGNs even without the BPT results and the galaxy-
like mid-infrared colours.

Thus, in agreement with previous work, (X-ray) AGNs in low-
mass galaxies remain difficult to detect, even when we have complete
samples of tens of thousands of both X-ray sources (from XXL) and
galaxies (from GAMA), albeit flux-limited samples in each case,
rather than volume-limited samples. Regardless of that caveat, we
find no convincing AGN in the 1200 low-mass galaxies sampled in
the overlap region.

To see how many we might have expected, we can make a very
simple argument. If the X-ray luminosity is proportional to the black
hole mass and that in turn is a given fraction of the host galaxy
stellar mass, then the X-ray luminosity should be proportional to
the optical luminosity. Thus, the ratio of the X-ray flux to optical
flux should not depend on the optical luminosity. In other words,
a 19" galaxy, for instance, should have the same X-ray flux, and
therefore be equally detectable, regardless of whether it is a nearby
dwarf or a distant giant. As we detect about 800 GAMA galaxies in
X-rays, or 4 per cent of the 20000 galaxies in the overlap region,
then all other things being equal, and assuming most of the sources in
massive galaxies are AGNs (Yao et al. 2020), we should also expect
4 per cent of the 1200 low-mass galaxies to be X-ray detectable
AGN:s, i.e. about 50.

Clearly this is not the case, so we can conclude that our simple
model breaks down; that is, one or more of the proportionalities
assumed are different for low-mass and high-mass galaxies. For
instance, if the black hole mass is in fact proportional to the
bulge, rather than total, mass (Ferrarese et al. 2006a) and low-
mass galaxies are mostly disc-dominated systems with small (or
even negligible) bulge fractions (e.g. Moffett et al. 2016), then
we might expect lower black hole masses compared to the case
of simply scaling down giant galaxies (see also Koliopanos et al.
2017; Baldassare et al. 2018; Davis, Graham & Cameron 2018).
Alternatively (or additionally), it may be that the distribution of
Eddington ratios is different (on average lower) for low-mass galaxies
that will typically have lower central densities (Fang et al. 2013),
perhaps reducing mass infall into the black hole. Finally, it may
be that the black hole occupation fraction is low in these galaxies
(for a summary of observed occupation fractions, see Mezcua
2017).
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