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ABSTRACT

We present an updated version catalogue of γ-ray source candidates, 12Y-MST, selected using the minimum spanning tree (MST)
algorithm on the 12-year Fermi-LAT sky (Pass 8) at energies higher than 10 GeV. The high-energy sky at absolute Galactic latitudes
above 20◦ has been investigated using rather restrictive selection criteria, resulting in a total sample of 1664 photon clusters, or
candidate sources. Of these, 230 are new detections, that is, candidate sources without any association in other γ-ray catalogues.
A large fraction of them have interesting counterparts, most likely blazars. We describe the main results on the catalogue selection
and search of counterparts. We also present an additional sample of 224 candidate sources (12Y-MSTw), which are clusters that we
extracted by applying weaker selection criteria: about 57% of them have not been reported in other catalogues.
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1. Introduction

In a previous paper (Campana et al. 2018a) we reported a com-
plete catalogue of γ-ray source candidates at Galactic latitudes
|b| > 20◦, selected by means of the minimum spanning tree
(MST) clustering algorithm, which was applied to extract sig-
nificant photon spatial over-densities in Fermi-Large Area Tele-
scope (LAT) mapping of the sky at energies higher than 10 GeV
(Campana et al. 2008, 2013). In that work we examined the data
accumulated on the full sky, over the nine-year time interval
from 2008 August 4 to 2017 August 4, excluding a 40◦ wide belt
around the Galactic Equator where the high-energy emission is
strongly affected by many sources and extended structures. This
9Y-MST catalogue (hereafter 9Y) contains 1342 γ-ray candidate
sources.

In several other papers, the MST cluster-finding algo-
rithm was applied to identify several new blazar candidates
(Bernieri et al. 2013; Campana et al. 2015, 2016a,b,c, 2017) and
also to study the field of the Large Magellanic Cloud (LMC),
allowing the first detection of high-energy emission from the
supernova remnants N 49B and N 63A (Campana et al. 2018b).
In general, it was shown that the advantage of MST is its capa-
bility of extracting ‘noise’ clusters from the background with
even a low number of photons, and thus to discover rather faint
high-energy sources.

In this paper we report an update of the 9Y-MST catalogue
that is based on a longer observational run covering three addi-
tional years of data. Using essentially the same approach, we
compiled a new catalogue of γ-ray sources and candidates (12Y-
MST) that includes 322 more entries than 9Y for a total of
1664 clusters. Throughout this paper, the term ‘photon cluster’,

? The catalogue is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/652/A6

or simply ‘cluster’, is used interchangeably to stand for γ-ray
source or candidate source.

In Sect. 2 we summarise the main parameters we used for
cluster selection. In Sect. 3 we describe the data reduction. The
MST analysis and the general properties of the 12Y-MST cat-
alogue are described in Sect. 5. We also present an additional
catalogue of 224 candidate sources, obtained by applying less
severe selection criteria (12Y-MSTw). This is useful to compare
our method with other source-detection tools. The content and
the characteristics of this sample are described in Sect. 6, and in
Sects. 7 and 8 we summarise and discuss our results.

2. MST cluster detection and main parameters

The MST (see e.g., Cormen et al. 2009 and also Campana et al.
2008, 2013) is a topometric tool that can be used to search
for spatial concentrations in a field of points. As previously
stated, we have applied this method to the γ-ray sky, and detailed
descriptions of the MST and of the selection criteria were pre-
sented elsewhere (e.g., in Campana et al. 2018a). We therefore
describe here only the meaning and the relevance of the main
parameters we used for the cluster selection that is reported in
the catalogue.

The MST creates the unique tree that connects all the points
in a two-dimensional metric space on the condition that the sum
of the (weighted) distances {λi} of all pairs of connected points
is minimum, provided that all distances are different. We consid-
ered the angular distances of the incoming direction of the pho-
tons. Clusters are obtained by eliminating all segments in the tree
with a length λ > Λcut. This so-called separation value, suitably
chosen, is defined in units of the mean edge length in the region
in which the tree is computed Λm = (Σiλi)/N, with N equal
to the total number of points. A set of disconnected sub-trees
is thus obtained; then, an elimination process removes all the
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Table 1. Sky regions used in the MST search for photon clusters.

Region Solid angle Photon number Λm Λcut Nps Ns Nw

sr N S N S N S N S N S N S

|b| > 78◦ 0.1373 5083 3154 9′.5 18′.7 5′.7 11′.2 46 48 33 41 37 44
64◦ < |b| < 81◦ A 0.2824 11729 6299 8′.7 14′.2 5′.2 8′.5 95 99 69 65 79 74
64◦ < |b| < 81◦ B 0.2855 10034 5875 10′.0 15′.0 6′.0 9′.0 93 99 68 57 77 71
49◦ < |b| < 66◦ A 0.5045 18939 14109 9′.8 12′.1 5′.9 7′.3 176 202 111 110 128 129
49◦ < |b| < 66◦ B 0.5101 16820 13423 10′.7 12′.6 6′.4 7′.5 176 191 104 122 123 138
34◦ < |b| < 51◦ A 0.6923 27127 24953 10′.1 11′.0 6′.1 6′.6 332 333 143 126 171 154
34◦ < |b| < 51◦ B 0.6999 23800 23396 11′.3 11′.2 6′.8 6′.7 402 333 150 141 169 164
18◦ < |b| < 36◦ C 0.1995 14277 12031 8′.1 8′.7 4′.8 5′.2 219 191 23 26 26 28
18◦ < |b| < 36◦ D 0.7931 31554 28206 9′.7 10′.5 5′.8 6′.3 388 389 122 107 134 121
18◦ < |b| < 36◦ E 0.7444 25816 30296 11′.3 10′.4 6′.8 6′.3 392 396 121 109 131 123
18◦ < |b| < 36◦ F 0.1606 11325 8536 7′.9 9′.1 4′.7 5′.4 134 107 30 19 34 24

Notes. There is an overlap at each side of the regions. The total number of photons, the solid angle of the region for a single hemisphere, and the
mean angular separation lengths for the north and south Galactic regions are given; the clearly evident N–S asymmetry is mainly due to the different
exposures. In the last three columns we report the number of clusters found in each region with the primary selection and after the application of
the secondary standard and weak selections, as described in the text. The Galactic longitude intervals are A: 0◦ < l < 182◦, B: 178◦ < l < 362◦,
C: 0◦ < l < 41◦, D: 39◦ < l < 182◦, E: 178◦ < l < 331◦, and F: 329◦ < l < 362◦.

sub-trees with a number of nodes n ≤ Ncut, leaving only the clus-
ters that have a size higher than a fixed threshold. The remaining
set of sub-trees provides a first list of candidate clusters, and a
secondary selection is applied to extract the most robust candi-
dates as γ-ray sources. According to Campana et al. (2013), this
procedure is based on some useful parameters, such as the clus-
tering parameter,

gk = Λm/λm,k, (1)

with λm,k the mean distance of points in the kth cluster. Another
quantity that is very useful for assessing the significance of the
surviving clusters is the cluster magnitude,

Mk = nk gk, (2)

where nk is the number of nodes in the cluster k. The probability
of obtaining a given magnitude value combines that of selecting
a cluster with nk nodes together with its ‘clumpiness’, compared
to the mean separation in the field. It was found that

√
M is a

good estimator of statistical significance of MST clusters. In par-
ticular, a lower threshold value of M in the range 15–25 would
reject the large majority of spurious (low-significance) clusters.
For each cluster, the centroid coordinates are obtained by means
of a weighted average of the photon coordinates. Additionally,
the median radius Rm,k is defined as the radius of the circle cen-
tred at the centroid and containing nk/2 photons, and the maxi-
mum radius Rmax,k is equal to the angular distance between the
centroid and the farthest photon in the cluster. For clusters asso-
ciated with genuine point-like sources, Rm,k should be smaller
than or comparable to the 68% containment radius of instru-
mental point spread function (PSF, see Ackermann et al. 2013),
while the maximum radius gives information about the total
extension of the cluster. For more details, see Campana et al.
(2013) and the previous 9Y paper (Campana et al. 2018a).

3. Fermi-LAT dataset

The full Fermi-LAT dataset was downloaded in the form of
weekly files from the FSSC archive1. It includes events above

1 http://fermi.gsfc.nasa.gov/ssc/data/access/

10 GeV in the 12 years from 2008 August 4 to 2020 August
4 that were processed with the Pass 8, release 3 reconstruc-
tion algorithm and responses. The event lists were then fil-
tered by applying the standard selection criteria on data quality
and zenith angle (source class events, evclass= 128, front and
back converting, evtype= 3, up to a maximum zenith angle of
90◦). Events were then screened for standard good time interval
selection.

For the sake of consistency with the previous analysis, the
MST algorithm was applied to the data in the sky regions with
|b| > 18◦ because clusters in the Galactic belt with a small num-
ber of photons are not stable, that is, their number of photons and
other parameters change even for small variations in Λcut. The
final dataset contains 324 133 photons, about 53% and 47% of
which are in the north and south Galactic regions, respectively.
This difference is mainly due to the nonuniform spatial distribu-
tion of the exposure, as already noted for the 9Y-MST catalogue.
The detection of photon clusters by means of MST depends upon
the mean spatial density of events, which increases largely mov-
ing from the Galactic poles to the equator.

3.1. Primary selection

The division of the sky into several regions followed the same
procedure as in 9Y. All the regions were quite broad to reduce
the effect of very rich clusters on Λm, but the increase in photon
density due to the longer exposure required the use of the lower
separation distance Λcut = 0.6 Λm instead of 0.7 Λm that was
used in the 9Y, while Ncut remained equal to 3. The resulting
lists of clusters in the various regions were merged together and
a first preliminary set of 4841 clusters was obtained, including
double detections in the overlapping strips. The results of this
primary selection and the properties of the search regions are
summarised in Table 1.

To illustrate this primary selection, Fig. 1 shows an image of
the photon field around the north Galactic pole with the detected
clusters. There are two close large clusters, but many others have
far fewer photons.

The criteria adopted in the primary selection are generally
weak, and it cannot be excluded that a fraction of clusters with
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Fig. 1. Map of photons at energies higher than 10 GeV in a region cen-
tred at the north Galactic pole and with a radius of 12◦. Individual pho-
tons are represented by black points, and those in the clusters after the
primary selection are shown in red. The two close large clusters corre-
spond to the well-known BL Lac objects 5BZB J1217+3007 (ON 325)
and 5BZB J1221+3010 (1ES 1218+304).

a low number of photons originated from statistical fluctuations
of the background photon density or were caused by the occur-
rence of extended local enhancements, and therefore they cannot
be related to genuine γ-ray sources. The application of stronger
selection criteria is then necessary to reduce the number of these
spurious detections. Nevertheless, making this further selection
can exclude some true clusters (i.e., clusters that are really asso-
ciated with sources), and therefore a reasonable trade-off must
be taken into account.

Several types of spurious clusters are possible. Photon den-
sity fluctuations are more relevant for clusters with a low num-
ber of photons, for example, four or five, which is just above
the elimination threshold. These clusters can be found in the sur-
roundings of particularly rich clusters (typically with n above
a few hundred) associated with bright sources. As we discuss
in Sect. 4.1, these rich clusters have Rmax in the range between
∼20′ and ∼40′, and the possibility of finding one or two clus-
ters that are disconnected from the rich cluster by a single edge
with a length just above Λcut is not negligible. These structure
are called satellite clusters.

Other spurious features can be found in the regions in which
the local photon density is slightly higher than the mean density,
as is observed when the Galactic belt is approached. In these
regions some clusters with a low density (below the selection
threshold) might be connected by one or two background pho-
tons and thus build a structure with a number of photons ∼10
and g typically lower than 3 (in a few cases lower than 2), but
they produce a value of M above the threshold and have a spa-
tial extension higher than 10′. These bridged clusters (Sect. 4.3),
however, cannot simply be ruled out because they can include a

small sub-cluster that corresponds to a genuine source, and fur-
ther analyses are useful to determine their nature.

3.2. Secondary selections

As we did for the 9Y catalogue, stronger ‘superselection’ cri-
teria were applied for sorting clusters with high significance.
This procedure has been proved to be efficient in accounting
for the background non-uniformities, increasing the probability
of selecting clusters that correspond to genuine candidate γ-ray
sources. These criteria consist in different threshold values on
M and g, proportional to the mean photon density. The threshold
values were chosen the same for the 9Y, that is, for high latitudes
and poles, |b| > 50◦: M > 18 or g > 3.5; for middle latitudes,
30◦ < |b| < 50◦: M > 20 or g > 4.0; for the external peri-
Galactic belt, 20◦ < |b| < 30◦ with 0◦ < l < 330◦: M > 22 or
g > 4.2; for the central peri-Galactic belt, 20◦ < |b| < 30◦ with
−30◦ < l < 30◦: M > 24 or g > 5.0;

The alternative (or) above is intended in the Boolean sense,
that is, we selected clusters with either M > 18 or g > 3.5 for
the Galactic poles. For some clusters, a more detailed analysis is
necessary either to avoid spurious features or to resolve coupled
structures, as discussed in Sect. 4. A new final set of 1664 clus-
ters was thus obtained, which are all included in the 12Y-MST
catalogue. These are 322 clusters more than in 9Y.

The thresholds quoted above are rather severe and reject
the majority of spurious clusters, but they might also filter out
some real features related to genuine sources, particularly in sky
regions with low background. To obtain a more complete list-
ing of clusters, we performed another secondary selection with
slightly lower threshold values, except in the fourth region closer
to the Galactic centre. The parameters are: for the igh latitudes
and poles, |b| > 50◦: M > 15 or g > 3.0; for the middle lati-
tudes, 30◦ < |b| < 50◦: M > 18 or g > 3.5; ‘for the external
peri-Galactic belt, 20◦ < |b| < 30◦ with 0◦ < l < 330◦: M > 20
or g > 4.0; for the central peri-Galactic belt, 20◦ < |b| < 30◦
with −30◦ < l < 30◦: M > 24 or g > 5.0.

The application of these weak (w) selection criteria resulted
in an additional sample of 224 clusters (called 12Y-MSTw). This
increased the total number to 1888.

The numbers of candidate sources in each region resulting
from both the standard (s) and the weak (w) selection are also
given in Table 1.

4. Satellite and bridged clusters

As stated in Sect. 3.1, the two superselected catalogues contain
a small number of clusters with some anomalous values of the
parameters, which can be due to relatively rare occurrences, such
as that of a very rich cluster in the neighbourhood, or to an unre-
solved close pair of sources, and so on. A certain identification
of these clusters requires more specific analyses in smaller fields
with properly suited selection values. In the following subsec-
tions we discuss the main types of these peculiar clusters. They
are reported in the final catalogue accompanied by special notes.

4.1. Satellite clusters

Satellite clusters may be spurious features found in the surround-
ings of a rich broad cluster, that is, a large cluster with very many
photons, typically n & 50 and Rmax & 20′. The entire 12Y-
MST catalogue contains 110 sources with a maximum radius
above the latter threshold, that is, 6.6% of the entire catalogue.
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The possible satellite clusters are found to be individual minor
structures that are not joined to the main structure because sev-
eral photons may be at a distance just exceeding the separation
length.

A good example is shown in Fig. 2. The figure shows the
photon map in a small field around a rich cluster (n = 371),
corresponding to the blazar 5BZQ J1512-0905 (PKS 1502+106,
Abdo et al. 2010). Seven other clusters, indicated by letters from
A to G, are found by MST with the primary selection, but three
of them (D, E, and F) are ruled out in the secondary selec-
tion. Cluster B, with 9 photons and a low g, is relatively large
and lacks any concentration close to the centroid position, as
expected for point-like sources. It can be considered a satel-
lite cluster. On the other hand, clusters C and G, with 14 and
10 photons, respectively, are clearly separated from the rich cen-
tral cluster. Their M values are higher than the threshold, as is
typical of genuine sources. Cluster A has a more uncertain sta-
tus: it has only 6 photons, but a high g = 4.3, its distance from
the rich cluster is larger than that of satellite B, and it is therefore
likely to be a genuine cluster, even if the possibility of a localised
background fluctuation cannot be fully excluded.

More focused searches were performed to sort possible satel-
lites in the catalogue by applying a simple algorithm that selects
pairs of clusters with an angular separation within the sum of
their Rmax values increased by 10%. The structures of these pairs
were then analysed by applying different Λcut in small fields.
Generally, satellite clusters do not correspond to genuine γ-ray
sources, but they were not removed from the catalogue in any
case. They are identified by the note ‘sat’.

4.2. Halo clusters

Some small clusters are characterised by a median radius Rm that
is close to the average value, but a maximum radius that exceeds
the corresponding typical values by far. The simplest explana-
tion is that one or two photons are in the surrounding back-
ground, with a separation from the nearest photon of the cluster
just below Λcut. Therefore they are connected to the cluster itself.
In the regions in which the background density is higher than the
average, for instance close to the low Galactic latitude boundary,
these structures are more likely detected. They are individual
sources, but have an extended halo that is due to local back-
ground events. A method for verifying the nature of the so-called
halo clusters is to perform another primary selection with a lower
Λcut, comparing the parameters with the previous halo cluster
and verifying whether the values of Rmax decrease. In the 12Y
catalogue, clusters with a possible halo structure are indicated
with the note ‘Hc’, and their parameters are those obtained from
narrow-field analysis with a more correct Λcut.

4.3. Bridged clusters

Bridged clusters are clusters that lie at a short angular distance
and are connected in a unique structure by one or more back-
ground photons at angular distances smaller than the separation
length in the field. They are rarer than satellite clusters. The like-
lihood of finding such a structure is higher in dense fields, likely
those at low Galactic latitude. A simple criterion for identify-
ing candidate bridged clusters is based on the comparison of
Rm and Rmax: A good indicator is a value of Rmax much higher
than the typical value for clusters with a similar number of pho-
tons, together with a large Rm because the centroid position may
be located in the low-density gap between the two nearby fea-
tures. Another indication for the possible occurrence of a bridged
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Fig. 2. γ-ray field around the very rich cluster 12Y-MST J1512-0906
(red circles), showing the clusters found by MST after the primary
selection. Other coloured circles are the clusters in this region (also indi-
cated by a letter), black crosses are the positions in the 12Y catalogue,
large black squares are 4FGL sources, and green crosses correspond to
the position of blazar-like objects. Clusters D, E, and F are rejected in
the secondary selection.

structure are two nearby likely counterparts at an angular dis-
tance smaller than Rmax.

A rather simple method for verifying that two clusters are
really connected consists of performing another MST analysis
in a small field with a typical size of 10◦ × 10◦ or slightly larger,
that is selected to avoid nearby very rich clusters, which can
strongly reduce the mean distance between photons. When the
primary selection is iterated with a decreasing Λcut, the cluster is
divided into two close structures with values of g and M above
the threshold, and the bridged cluster can be considered to be
resolved into its components.

An example is the cluster 12Y-MST J0843+6706, which has
22 photons, Rm = 9′.8 and Rmax = 15′.2. As we discuss in Sect. 5,
only very few clusters have such a high Rm. A map of a small
sky region of only 1◦.5×1◦.5 centred at the position of this cluster
is shown in Fig. 3. The left panel shows the cluster detected with
the original separation length: There is no central concentra-
tion around the centroid (red cross), as expected for a point-like
source, and the two 4FGL counterparts are at a larger distance
than is generally measured for other associations. However, sev-
eral photons at l = 148◦ connect two smaller structures. The
right panel of Fig. 3 shows the clusters obtained by computing
the MST in a field that extends 20◦ in longitude and 10◦ in lat-
itude, with Λcut = 0.5. The two bridging photons are excluded,
and there are now two clusters of 10 photons each, whose cen-
troids are correctly located and nearly coincident with the 4FGL
positions.

In the 12Y catalogue, clusters with a possible bridge struc-
ture are indicated with the note ‘Bc’, followed by a letter to
relate the uncoupled clusters. Their reported properties refer to
the resolved components.

In some cases, however, only one of the resolved clusters
has parameters that are high enough to exceed the secondary
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Fig. 3. Photon map of the sky region around cluster 12Y-MST
J0843+6706. Left panel: black points are background photons, and red
points are photons in the cluster after the selection with Λcut = 0.6 Λm.
The red cross marks the centroid position, and the two green crosses are
the positions of 4FGL sources. Right panel: same field after the analysis
with Λcut = 0.5 Λm. The magenta and orange points are the photons of
the two resulting clusters.

selection thresholds. Only the good cluster is included in the
catalogue. In a few rare cases, a bridge or a halo pattern in a
cluster cannot be easily recognised unless the components are
separated by applying a very short Λcut. These cases are indi-
cated with the note ‘HBc’.

The rich cluster 12Y-MST J0348-2750 with n = 353, Rm =
5′.22 and Rmax = 51′.54 is an interesting peculiar case. This maxi-
mum radius is the largest in the catalogue. Clusters that are even
richer, up to 1000 photons and more, have lower values of Rmax.
The median radius is instead comparable to those of similar clus-
ters. This anomaly suggests that it may be an unresolved system.
A MST search in a small field with Λcut reduced to 0.4 resolved
three clusters. The richest has 304 photons and Rmax = 22′.86,
which agrees very well with other typical values. The other two
have only 7 and 5 photons, but high g and magnitudes M that
exceed the secondary selection threshold. In particular, the clus-
ter with 7 photons corresponds to a 4FGL source and is nearly
coincident with a blazar counterpart. The third closer and poorer
cluster might indeed be a satellite.

5. 12Y-MST catalogue

5.1. General cluster properties

In the following we describe some general properties of the
selected clusters in the main 12Y catalogue and the distribution
of their parameters, while those of the 12Yw addendum are pre-
sented in Sect. 5.2. The first property is the number of photons
(Fig. 4). Because of the primary selection, this number is equal
to or greater than 4. The highest number of photons found in a
single cluster is 2503, and this corresponds to the well-known
BL Lac object Mk 421. However, the median of the distribution
is at nmd = 10, and only 25% of clusters have n > 20.

We showed that a useful parameter to describe the spatial
structure of clusters is Rmax. This radius is generally larger than
the instrumental PSF, and in a few very rich clusters can exceed
30′. The histogram of Rmax is reported in Fig. 5. As expected, the
large majority of clusters has a maximum radius smaller than
20′, and the median value of the distribution is 9′.6. As men-
tioned above, it is useful to perform a further analysis for the
largest clusters to verify whether they are bridged or halo clus-
ters, although it cannot be excluded that some of them corre-
spond to extended structures. Extended features are generally
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Fig. 4. Orange histogram: photon number in the clusters of the 12Y-
MST catalogue. Violet histogram: clusters without a corresponding
source in the 4FGL catalogue. The horizontal range is limited to 100
to clearly show the distribution for the clusters with low photon num-
bers. The vertical lines mark the median and the 75th percentile.
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Fig. 5. Histogram of the maximum radius of the clusters of the 12Y-
MSTs catalogue. The vertical lines mark the median and the 95th per-
centile.

found close to the Galactic equator, but a few of them are in
the LMC region.

The behaviour of Rm is different because it results from the
distributions shown in Fig. 6. For rich clusters, Rm approaches
a value equal to 4′.4, estimated by the mean for clusters with
n > 90, with a remarkably low dispersion. The maximum radius
increases slowly with n up to values higher than Rm by about
one order of magnitude. Some outlier points correspond to halo
clusters, as discussed above.

5.2. 12Y-MSTw sample

As discussed in Sect. 3.2, a different superselection that applied
weaker thresholds than were used for the standard ‘strong’ 12Y-
MST resulted in the additional 12Y-MSTw sample of 224 candi-
date sources. All these clusters have fewer than ten photons, and
only ten clusters have g values higher than 4 and none is higher
than 5. Therefore the possibility of including spurious clusters
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Fig. 6. Bivariate distributions of the photon number vs the radius delim-
iting the circle containing 50% of the photons, Rm (red triangles), and
maximum radius (black squares) of the clusters in the 12Y-MSTs cata-
logue. Clusters with large haloes and in those in the LMC region are
indicated. The horizontal line corresponds to the constant fit of the
median radius of clusters with a number higher than 90.

in this sample is expected to be higher than in the standard
catalogue. Furthermore, four possible weak satellites of three
rich clusters in the 12Y were found, indicated as usual by the
note ‘sat’. The search for correspondences with other catalogues
resulted in associations for about half of the sample. This con-
firms the usefulness of the weak selection.

6. Correspondences between 12Y-MST and other
catalogues

6.1. 3FHL

The third Fermi-LAT Catalogue of High-Energy Sources, 3FHL
(Ajello et al. 2017), contains 1556 entries corresponding to
sources detected at energies higher than 10 GeV, 986 of which
are at Galactic latitudes higher than 20◦. In this subset, four
sources are classified as extended: three of them are in the LMC
region, and the last is centred on the active galaxy Fornax A
(NGC 1316) and its surroundings. The observation time window
of this catalogue is limited to the first seven years of observa-
tion, and more recent versions are not yet available. A search for
correspondences with 12Y-MST clusters within an angular sep-
aration of 9′ gives 945 matches (95.8% of the 3FHL sample);
only one source is at an angular separation higher than 6′. Con-
sidering that the 12Y catalogue has several clusters in the LMC
region and another two in the Fornax A region (but their centroid
coordinates do not match those of the 3FHL catalogue within
the adopted distance), the number of effective correspondences
might be increased to 948.

Eleven more associations are found by searching for corre-
spondences between 3FHL and the 12-MSTw sample. A fur-
ther analysis of clusters found in the primary selection whose
parameters were below the secondary selection thresholds gave
16 more matches. As a conclusion, only 14 3FHL sources are
not detected by MST algorithm, which is about 1.5% of the full
catalogue.

This number of correspondences is only slightly higher than
the one found for the 9Y (Campana et al. 2018a), as expected
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Fig. 7. Histogram of the angular separation between 12Y clusters and
4FGL counterparts. The red vertical lines mark the median and the 75th
percentile.

from the longer exposure of the current version. However, ten of
the unassociated 3FHL sources are at Galactic latitudes lower
than 30◦, where the cluster search is less sensitive given the
higher local background.

6.2. 4FGL-DR2 and other catalogues

The 4FGL-DR2 catalogue is the most recent version of the all
sky γ-ray sources in the energy range from 50 MeV to 1 TeV
released by the Fermi-LAT collaboration (Abdollahi et al. 2020;
Ballet et al. 2020). The DR2 version is the most recent version
on the Fermi-LAT website. It is based on data acquired in ten
years of activity and has 5788 entries, 3237 of which are at |b| >
20◦. A search for positional correspondences between our cata-
logues and 4FGL within an angular separation ∆ ≤ 9′ resulted in
1430 associations (86%) for the 12Y-MST sample, with a mean
angular distance between the centroid coordinates of the clus-
ters and the 4FGL source position of ∆m = 1′.5. The histogram
of angular distances of these associations is reported in Fig. 7.
Only 13 associations are at values of ∆ higher than 6′ (only 6 of
them above 7′). Their nature is discussed in Sect. 6.2.1.

The number of chance random associations can be evaluated
by considering the ratio of the solid angles covered by all the
clusters in 12Y, assuming for each of them an angular radius
equal to the radius used in the matching, and the solid angle of
the whole explored sky. This ratio is equal to 4.328 × 10−3, and
thus the expected number of random associations is 14. This is
lower than what we found by two orders of magnitude and there-
fore confirms that almost all of the associations can be consid-
ered genuine.

The 12Y-MSTw and the 4FGL-DR2 contain 96 associations
(about 43% of this sample) within the same matching distance.
Only 6 sources lie above 6′. This notable number of further cor-
respondences confirms the validity of the cluster detection. The
∆m value is equal to 2′.6, which is far lower than the instrumen-
tal PSF. This implies a good accuracy of the MST positional
estimates.

The remaining set of 234 12Y-MST clusters that are not asso-
ciated with 4FGL-DR2 sources was analysed. We found 3 other
counterparts with the 3FGL catalogue (Acero et al. 2015).
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Several candidate sources in this sample are in the LMC
region where the local photon density is much higher than in
the typical high-latitude sky. They might correspond to extended
structures. One of them corresponds to a 3FGL source, while
another two clusters confirm with a high significance the detec-
tion of the two supernovae remnants (SNRs) N 49B and N 63A
(Campana et al. 2018b) found in the analysis of the nine-year
LAT sky. A full analysis of the complex LMC region is beyond
the scope of this paper and will be presented in a forthcoming
paper.

Excluding these sources, we find that all the 12Y candidate
sources with n > 18 are associated with 4FGL-DR2 sources.
Only 26 of the 588 clusters with 9 ≤ n ≤ 18 do not have such
correspondence.

Pulsars are another relevant class of high-energy sources, but
only a small fraction of them is at high Galactic latitude. There-
fore only few pulsars are expected to be in our catalogue. Only
the millisecond pulsar PSR J0843+67 was reported in the 9Y-
MST, and it is confirmed in 12Y. Moreover, PSR J2234+0944 is
associated with a cluster in the 12Y-MSTw sample. Both sources
are in the 4FGL-DR2 and in previous reports of the Fermi-
LAT collaboration.

6.2.1. Associations at ∆ > 6′

The histogram in Fig. 7 shows a quite small subset of 12Y-MST
clusters that match 4FGL sources with an angular separation in
the range 6′ ≤ ∆ ≤ 9′. This subset contains 13 clusters, that
is, only 1% of the associated clusters, and therefore it cannot be
excluded that they are the result of possible random proximity.
The number of random associations with an angular distance in
the previous range can be evaluated by means of the correspond-
ing solid angle. We obtain an estimate of 8, which is significantly
smaller than the associations we found.

Moreover, the source coordinates in the 4FGL catalogue are
obtained from the analysis in a much broader energy band that
extends to about 50 MeV. It is therefore possible that positional
discrepancies higher than expected are found for a few sources.

The nature of the sources in this subset was accurately inves-
tigated, in particular for the search of possible counterparts. We
found that ten of these clusters are associated with known blazars
or candidates. Another cluster is at a distance of 1′.8 from the
position of a 3FGL source, while the others, all at large distances,
are without counterpart.

6.3. TeV catalogues

The comparison of 12Y with available catalogues of sources
detected at TeV energies requires particular attention because the
sky coverage in this very high energy band is scarcely uniform.
A catalogue of sources detected by many TeV observatories is
available at the website of the University of Chicago2. A nearly
complete list of known TeV sources, referred to as TeGeVcat
(Carosi et al. 2015), is available at the ASI-SSDC website3. This
catalogue is updated up to December 2018, and therefore some
other recently reported (Acciari et al. 2020) were added. Another
list (compiled by M. Mori) is available at the Ritsumeikan
University4.

2 Version 3.400 at http://tevcat.uchicago.edu/
3 https://www.ssdc.asi.it/tgevcat/
4 http://www.ritsumei.ac.jp/~morim/TeV-catalog/index.
html

By combining the information provided by these catalogues,
a list containing 79 entries at |b| > 20◦ was obtained, including
some GRBs. When GRBs not detected by LAT above 10 GeV or
outside the field of view are excluded, the useful sample for the
comparison with 12Y is reduced to 75. Four sources lie in the
LMC region.

We found 65 correspondences in the 12Y catalogue. Thirty-
eight of these clusters have more than 50 photons and 51 clusters
have more than 30 photons, but there is also a cluster with only
6 photons. The 12Y catalogue therefore includes a very large
fraction of the TeV sources detected in the sky with |b| > 20◦,
and therefore it may be profitably used to select several possible
targets for future pointed TeV observations.

6.4. 9Y-MST

The comparison of the new 12Y-MST and the previous 9Y-MST
catalogue is useful to evaluate the efficiency of the MST algo-
rithm in detecting low-significance features and in determin-
ing their stability. We therefore searched for the correspondence
of cluster centroid coordinates in the two catalogues within an
angular distance of 10′ and found that 1206 of the 1342 9Y cat-
alogue sources correspond to 12Y clusters (the mean distance
is 0′.8, the maximum distance is 8′, but only 3 clusters have a
distance higher than 6′). The remaining 137 sources are with-
out correspondence. Many of these unassociated 9Y clusters
were rejected by the severe thresholds of the secondary selec-
tion on the 12Y dataset, however. Twenty-four of them are in
fact included in the catalogue of the weak selection. Another
49 clusters were found in the primary selection, but their param-
eters were too low to exceed any threshold, and 3 clusters are in
the LMC region, where a safe correspondence is biased by the
high photon density. This means that the number of 9Y clusters
that are ‘lost’ is 61, corresponding to 4.6% of the total sources
in this catalogue. This value can be compared with the percent-
age of 3FGL sources that are not included in the 4FGL within
a radius of 15′, which is about 13%. Forty of the 9Y-lost clus-
ters have 4 or 5 photons, and the 6 clusters with n > 9 have g
values lower than 2.6, and in one case, as low as 1.8. Therefore
the parameters of these clusters were generally just above the
selection thresholds.

7. New high-energy detections of blazars and blazar
candidates

It is well established that the large majority of extragalactic γ-ray
sources are active galactic nuclei of blazar type (Massaro et al.
2015a). We therefore searched for a possible blazar associa-
tion in the subsample of newly detected candidate sources in
the 12Y and 12Yw catalogues using the 5BZCAT catalogue
(Massaro et al. 2014, 2015b, the most complete available blazar
sample, although not updated with recent findings). This search
resulted in 833 associations with 12Y clusters within a distance
of 6′, and other 8 associations within 8′. There are therefore
107 (or 113 within the latter distance) new blazar counterparts,
17 of which do not have a corresponding source in the 4FGL
or in the 9Y catalogues. These are therefore new detections.
The same search for the 128 unassociated clusters in the 12Yw
resulted in 7 more new associations with 5BZCAT objects. In
total, 24 new detections of blazars above 10 GeV are reported,
and their 5BZCAT identifications are given in the notes.

In the past years, several papers have reported lists of blazar
candidates that were identified by applying different selection
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criteria based on the occurrence of some of their typical prop-
erties. We investigated whether some of these objects might
be associated with 12Y clusters without correspondences in
the 4FGL catalogue because possible known counterparts are
already reported there. This search in the sample of 234 clus-
ters provided 34 possible associations with candidate blazars.
The breakdown is as follows: 5 in KDEBLLACS5, 2 with
WIBRaLS26, one from ROXA7, 16 in 2WHSP8, and 10 (one
cluster with a double association in the Fornax region) in
CRATES9. A similar analysis of the additional 12Yw list resulted
in 8 more associations (2 in KDEBLLACS, 3 in 2WHSP, and 3 in
CRATES). The total number of detections of confirmed blazars
and candidates thus increases to 42. Again, all these possible
counterparts are reported in the catalogues as notes.

As an example, Table A.1 reports the first 30 12Y catalogue
entries without association to 4FGL sources, ordered by right
ascension. The full catalogue is provided in electronic format
through the CDS.

8. Summary and discussion

The 9Y-MST catalogue of γ-ray candidate sources, based on
the first nine years of Fermi-LAT data, has been extended to
include three more years of observations, thus producing the
new 12Y-MST catalogue. Pass 8 events were selected at energies
higher than 10 GeV and Galactic latitude |b| > 20◦, and the MST
algorithm was applied to detect photon clusters. As for the 9Y,
after the primary selection, severe threshold values were adopted
to reduce the possibility of spurious detections due to local
background fluctuations. A new catalogue of 1664 candidate
sources was obtained. These are 322 (24%) more than in the 9Y
catalogue.

By applying weaker selection criteria, an additional sample
of clusters was selected, with a lower significance, but useful to
achieve a richer sample of possible high-energy sources. This
12Y-MSTw catalogue consists of 224 additional clusters to the
12Y for a total of 1888 candidate sources. This total number is
about twice those reported in the 3FHL catalogue in same sky
regions and energy band.

About 80% of the 12Y clusters have a very good positional
correspondence with sources reported in the recent 4FGL-DR2
catalogue of the Fermi-LAT collaboration. The remaining 20%,
or at least a significant fraction of them, are expected to be the
high-energy counterpart of blazar-like AGNs. Moreover, almost
all the confirmed TeV sources in the investigated regions of the
sky are included in the 12Y. As a consequence, the catalogue
can be used to derive a sample of possible targets for current and
future very high energy observatories.

5 Kernel Density Estimation BL Lacs, D’Abrusco et al. (2019).
6 WISE Blazar-like Radio-Loud Sources, D’Abrusco et al. (2019).
7 Radio-Optical-X-ray catalog, Turriziani et al. (2007).
8 WISE High Synchroton Peaked blazars, Chang et al. (2017).
9 Combined Radio All-Sky Targeted Eight GHz Survey, Healey et al.
(2007).

A search for new possible blazar candidates was carried out
within a region centred at the 12Y or 12Yw cluster centroid coor-
dinates. The region had a radius of 6′. The search was based
on possible optical or IR counterparts of radio sources, when
present, or of quasars or candidates reported in large databases.
As a result, 24 new detections of blazars that were reported in
the 5BZCAT were obtained and another 42 possible associations
with blazar candidates. Moreover, possible interesting radio and
IR sources are located within a few arcminutes from the posi-
tions of severa cluster centroids. Further observational studies
are required to confirm them as reliable counterparts.
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Appendix A: Additional table

Table A.1. First 30 entries in the 12Y-MST catalogue not associated with any 4FGL Fermi-LAT source.

Name RA (J2000) Dec (J2000) l b N g M Rm Rmax Notes
◦ ◦ ◦ ◦ ′ ′

12Y-MST J0000−0216 0.104 −2.272 94.596 −62.303 4 4.292 17.168 2.82 5.94
12Y-MST J0003−0705 0.825 −7.093 91.053 −66.936 4 3.601 14.405 2.10 7.50
12Y-MST J0009+3655 2.411 36.918 113.710 −25.204 4 4.291 17.163 0.72 6.06
12Y-MST J0009+2810 2.438 28.167 111.868 −33.808 6 3.408 20.446 4.74 7.74 KDEBLLACS
12Y-MST J0010+2422 2.599 24.378 111.124 −37.550 4 5.906 23.622 1.38 2.70
12Y-MST J0014−3223 3.573 −32.393 357.540 −80.378 4 4.676 18.706 4.44 6.84
12Y-MST J0019−0922 4.840 −9.369 98.329 −70.692 6 3.066 18.397 5.04 12.42
12Y-MST J0021−2340 5.463 −23.682 58.593 −82.485 4 5.852 23.409 1.68 6.48
12Y-MST J0026−2003 6.612 −20.051 82.661 −80.900 7 2.733 19.134 6.36 13.38
12Y-MST J0030−4959 7.537 −49.992 311.631 −66.776 4 3.799 15.196 3.36 4.80
12Y-MST J0032−1908 8.167 −19.145 93.580 −80.927 6 3.200 19.201 5.22 8.16 sat[12Y-MST J0032−1908]
12Y-MST J0032−4723 8.174 −47.390 311.979 −69.407 7 2.859 20.011 7.50 16.44 2WHSP J003222.5−47253
12Y-MST J0035−2638 8.846 −26.646 39.700 −86.388 5 4.340 21.698 2.94 8.28
12Y-MST J0044+1212 11.194 12.210 120.365 −50.628 6 3.073 18.440 3.24 7.20 sat[12Y-MST J0045+1217]
12Y-MST J0046+2147 11.608 21.798 121.391 −41.058 4 4.048 16.192 2.28 3.30
12Y-MST J0058−1433 14.562 −14.55 130.459 −77.322 4 4.533 18.131 0.90 8.04 2WHSP J005813.7−14292
12Y-MST J0111−4902 17.877 −49.034 294.220 −67.753 4 4.770 19.082 1.92 5.46
12Y-MST J0119−1714 19.775 −17.234 157.221 −78.220 4 4.143 16.571 3.36 7.86
12Y-MST J0119−2738 19.961 −27.640 219.196 −83.674 7 2.701 18.910 10.92 19.62
12Y-MST J0121−7216 20.309 −72.270 299.749 −44.674 6 5.091 30.549 2.82 3.60
12Y-MST J0121+3807 20.451 38.123 129.483 −24.362 4 6.579 26.318 1.68 2.52
12Y-MST J0125−2723 21.279 −27.395 216.898 −82.512 4 3.913 15.653 4.02 5.94
12Y-MST J0127+1737 21.984 17.627 135.140 −44.378 4 6.204 24.815 1.38 3.30 KDEBLLACS
12Y-MST J0135+3834 23.911 38.573 132.337 −23.490 7 3.243 22.703 4.32 13.32
12Y-MST J0140+0721 25.182 7.362 143.778 −53.503 4 5.124 20.495 2.10 3.72
12Y-MST J0145+1000 26.386 10.007 144.218 −50.616 4 4.079 16.314 1.80 5.34
12Y-MST J0146−0244 26.512 −2.745 153.449 −62.336 4 3.822 15.286 1.62 7.26 2WHSP J014620.2−02425
12Y-MST J0153−1107 28.264 −11.127 168.047 −68.417 5 4.055 20.277 3.06 7.80 2WHSP J015313.1−11062
12Y-MST J0154−6605 28.681 −66.092 293.074 −49.807 4 4.599 18.397 1.56 4.14
12Y-MST J0157−3236 29.252 −32.604 237.965 −74.788 4 4.185 16.741 3.24 4.62 2WHSP J015700.6−32352

Notes. Column N lists the number of photons in the MST cluster, g its clustering degree, and M = Ng its magnitude. See main text for details and
for the meaning notes. The full table is available at the CDS.
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