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We report the results of a new search using a 15-year long (up to August, 4 2023) Fermi-LAT data
set at energies higher than 4 GeV for SNRs in the Large Magellanic Cloud applying two clustering
methods: the Minimum Spanning Tree (MST), and the combination of Density-Based Spatial
Clustering of Applications with Noise (DBSCAN) and DENsity-based CLUstEring (DENCLUE).
We found positive indications for 8 new clusters with a spatial correspondence with SNRs, and
increase the number of detected or candidate remnants in the high energy rays to 16 sources. These
findings confirm the capability of clustering algorithms to extract local photon concentrations even
in not uniform fields like the LMC and extend our knowledge on the relation between the X-ray
and gamma-ray SNRs at low luminosities.
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1. Introduction

The near irregular galaxy Large Magellanic Cloud (LMC) is particularly rich with supernova
remnants (SNRs), whose ages span from about 40 years to a few tens of thousands of years.

The first observation of the LMC at energies higher than 100 MeV was made by [1] who used
Compton Gamma Ray Observatory (CGRO) EGRET data. Abdo et al. (2010) [2] considered
data Fermi-Large Area Telescope (Fermi-LAT; [3]) and discovered a bright, extended high-energy
source related to the massive star-forming region 30 Doradus. A subsequent [4] analysis of the
LMC region of Fermi-LAT data that span the first 6 years of the mission detected four point-like
𝛾-ray sources. The DR4 (version v34) of the 4FGL catalog [5, 6] contains 18 sources detected in the
50 MeV – 1 TeV energy range, four of them reported as extended, and seven are in the 3FHL catalog
[7] above 10 GeV. Nine other 4FGL sources are background extragalactic counterparts (indicated
as unclassified blazar or BL Lac objects). The H.E.S.S. collaboration observed three sources up to
about 10 TeV in the LMC [8]: two of them associated with the SNRs N 157B [9] and N 132D. The
former contains the highest known spin-down luminosity pulsar, PSR J0537−6910 [10, 11], with a
period of 16 ms.

Campana et al. (2018) [12] (Paper I) used Fermi-LAT data collected in 9 years for a photon
cluster search above 10 GeV and discovered the high-energy emission from the two SNRs N 49B
and N 63A. Campana et al. (2022) [13] (Paper II), applied the cluster search to Fermi-LAT data over
12 years with energy higher than 6 and 10 GeV. Previous detections were confirmed, and a couple
of clusters associated with the SNRs N49 and N44 were found. Another cluster likely, associated
with N186D, was detected at energies higher than 6 GeV.

In the present contribution, we used a dataset of 15 years of Fermi-LAT observation and energies
higher than 4 GeV. As in Paper II, we apply the two cluster-finding methods density-based spatial
clustering of applications with noise (DBSCAN) [14], and the minimum spanning tree (MST; see
[15, 16]) to extract spatial concentrations of photons tracing genuine 𝛾-ray sources. In particular, the
DBSCAN algorithm has been coupled to the DENsity-based CLUstEring (DENCLUE) algorithm
[17], to improve the study of confused sources. The results of this new analysis confirm the previous
SNR detections with a higher significance, and sorted other photon clusters at positions very close
to SNRs not previously associated with 𝛾-ray emitters. A more detailed account can be found in
the recent paper [18]

2. Data selection in the LMC region

We analyzed Fermi-LAT data collected from August 4, 2008, to August 4, 2023, including
events above 4 GeV. The complete dataset was retrieved as weekly files from the Fermi Science
Support Center archive.1 The dataset was processed using the Pass 8, release 3, reconstruction
algorithm and includes the instrumental responses. The event lists were filtered 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. We selected a region 12◦ × 9◦ in Galactic coordinates
271◦ < 𝑙 < 287◦ and −38◦ < 𝑏 < −29◦, centered at the LMC and including the whole galaxy.

1http://fermi.gsfc.nasa.gov/ssc/data/access/
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Table 1: Supernova remnants already detected at energies higher than 4 and 10 GeV and confirmed by the
present analysis.

SNR RANGE TYPE D 𝐿𝑋 𝑆cls4 𝑆cls10 Δ 𝑁/𝑀 𝑁/𝑀
GeV ′ ′ 4 GeV 10 GeV

N 44 >4;10 – 4.3 0.90 4.8 3.3 3.7 26/48.1 13/28.7
N 132D >4;10 CC 2.1 315.04 6.6 4.6 1.8 27/55.6 21/57.6
N 49B >4*;10 CC 2.8 38.03 *5.6 *3.9 3.4 *23/46.3 6/20.0
N 49 >4*;10 CC-SGR 1.4 64.37 *5.6 *3.9 3.5 *23/46.3 9/18.4
B0528−692 >10 4.5 1.99 4.4 3.5 4.1 24/55.7 24/58.8
N 63A >4;10 CC 1.4 185.68 6.5 4.1 0.4 33/92.9 15/53.7
N 157B >4;10 CC-PWN 2.0 15.00 18.8 11.6 1.6 146/441.5 155/577.4
B0540−693 >10 CC-PSR 1.2 87.35 8.7 4.8 5.3 22/61.8 8/35.4

N 186D >4;6 1.9 1.09 — 3.7 9/17.1 7/19.0
Angular separations are from MST; X-ray luminosities is in units of 1035 erg/s. * : Unresolved cluster at
energies lower than 10 GeV; D: SNR diameter; Δ: Angular separation; 𝐿𝑋: X-ray luminosity in the band

0.3–8 keV from the Maggi et al. (2016) catalog; 𝑆cls: Significance of the DBSCAN clusters above 4 and 10
GeV; 𝑁; 𝑀: Number of photons in the clusters and magnitude from MST.

Given the condition of a high local diffuse emission in the LMC, the sorting of point-like
sources is a quite delicate work. Our basic choice was to search clusters above 10 GeV since the
diffuse component is rather weak in this band. Once a list of clusters was obtained, we searched
for correspondent features at lower energies, and if they were found, the cluster was considered to
be confirmed. We also used smaller fields not including the 30 Dor nebula because its relatively
high number of photons produces a too short mean angular separation. Analyses at lower energies
generally imply that the resulting “cluster parameters" are generally lower than above 10 GeV, and
the extraction of clusters is less stable, that is small changes in the selection parameters could yield
different structures. The catalog of Maggi et al. (2016) [19] reports 59 remnants. A new complete
catalog (hereafter ZMC24) has been recently published by [20]. It is based on the eROSITA X-ray
survey and includes 78 entries. We did not find any positional correspondence between clusters
and the new additions of ZMC24 to the list of Maggi et al.[19]. Therefore, we limited our analysis
to the latter sample, which contains all the brightest SNRs.

3. Clustering algorithms for photon cluster detection

We applied the DBSCAN-DENCLUE algorithm uses the local density of points to find clusters
in datasets affected by background noise (for a detailed description, see [14, 18]). The DBSCAN
builds the cluster by recursively connecting “density connected" points to each set of “core" points
found in a set of photons where each element is described by the sky coordinates. Each cluster
𝐶𝑚 is described by the position of the centroid (𝑥𝑐,𝑦𝑐), the ellipse of the cluster containment, the
number of photons in the cluster (𝑁𝑝), and the significance evaluated according to the signal-to-
noise likelihood ratio test (LRT) method [21]. To deblend two (or more) “confused" sources, we
used the DENCLUE algorithm [22, 23]. Notably, DENCLUE relies on kernel density estimation,
defining clusters according to the local maxima of an estimated density function (see Tramacere et
al. 2016 [17]).
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Table 2: New SNRs detected at energies higher than 4 GeV.

SNR 𝑙 𝑏 TYPE D 𝐿𝑋 𝑆cls4 Δ MST
deg deg ′ ′ 𝑁/𝑀

B0453−685 279.793 −35.765 CC 2.0 13.85 3.7 2.0 10/18.3
B0532−675 277.638 −32.346 4.7 2.48 3.1 5.8 7/23.5 e
[HP99]1139 281.589 −34.229 4.4 1.44 3.1 6.4 13/24.7 e
N 103B 279.624 −34.401 Ia 0.5 51.70 3.3 2.7 10/19.8
B0519−690 279.617 −33.323 Ia 0.6 34.94 4.2 5.0 13/26.6
DEM L316A/B 279.984 −30.859 Ia/CC 3.2 1.47/1.26 4.7 4.1 11/21.5 Nf

DEM L241 277.712 −32.150 5.3 3.84 5.2 1.2 35/79.6

Coordinates and angular separations are from MST; X-ray luminosities is in units of 1035 erg/s. e: MST
analysis at energies >6 GeV; Nf: M value obtained in a field with 𝑏 > −31◦; 𝑆cls: Significance of the
DBSCAN clusters above 4 GeV; 𝑁, 𝑀: Number of photons in the clusters and magnitude from MST.

The other method is based on the MST algorithm which searches spatial concentrations in a
field of points (see, for instance, [25] and also [15, 16]). The application of this method to the 𝛾-ray
sky and selection criteria have been presented elsewhere (e.g., in [12]). Once computed the graph
without closed loops connecting all the points with the minimum total distance, we selected clusters
by eliminating all the edges having a length higher than a threshold and a number of nodes higher
than a fixed minimum value. For each residual subset we evaluated a very useful parameter 𝑀 , the
cluster magnitude, defined as the product of the photon number and of the ratio between the mean
distance in the total tree divided by that in the cluster. The square root was found well correlated
with other statistical source significance parameters [16].

4. Results of cluster analysis at energies above 4 and 10 GeV

As reported in Table 1, all clusters in Paper II are safely confirmed by both methods, and the
DBSCAN/DENCLUE significance was higher than 3 standard deviations for all sources in the two
considered energy ranges, with the exception of the two very close and unresolved SNRs N 49 and
N 49B. The detection of the SNR N 186D is confirmed by DBSCAN/DENCLUE at energies higher
than 10 GeV, whereas MST gives a cluster with the same number of photons as in Paper II but a
slightly lower 𝑀 due to the higher mean photon density.

The search for photon clusters above 4 GeV is more difficult because of the large increase of
the background and a broader PSF both implying a consequent decrease in the density contrast. We
note that the values of the magnitude 𝑀 are generally higher than 20, the threshold adopted above
10 GeV. Only two clusters in Table 2 have a 𝑀 values lower than 20: one has 𝑀 = 19.8 and the
other has 18.3, which are slightly lower the threshold and marginally acceptable at these energies.

We also performed a new MST analysis in a region with the boundaries 𝑙 ∈ (274; 281) and 𝑏 ∈
(−40; −33), thus excluding the bright 30 Dor complex, that confirmed the clusters corresponding to
the powerful SNRs with the same numbers of photons but with slightly higher magnitudes, namely:
𝑀 = 20.2 for B0453−685, 𝑀 = 21.8 for N103B, and 𝑀 = 29.4 for B0519−690.
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Figure 1: Map of the region of the LMC reporting the known SNRs, 4FGL-DR4 sources, and the photon
clusters found in the present work. Solid squares identify SNRs from [19]. Green empty squares identify
SNRs from [20]. Blue diamonds are confirmed clusters form [24], and red and purple diamonds are clusters
detected in the present analysis for bright and faint SNRs, respectively. Yellow crosses mark 4FGL-DR4
point-like sources, dashed circles represent the approximate size of the extended 4FGL sources, the thick
circle is that containing the 30 Dor complex, and green stars mark their centers.

The cluster likely associated with [HP99]1139 was found above 6 GeV but not above 4 GeV,
and the one associated with the complex DEM L316A/B was not found in the very large field,
whereas a positive detection resulted in a narrow field excluding the bright region of 30 Dor. We
also searched in the primary selection list of clusters above 10 GeV for entries corresponding to
these remnants, and found only a low-significance cluster at the position of DEM L241, whose
photon number is the highest.

In Figure 1, a map of the LMC is shown with the locations of the clusters. The new ones are
outside the very bright region of 30 Dor, and the four clusters associated with faint SNRs are at
distances greater than 1 degree from the external boundary. The other three clusters in Table 2 (i.e.,
B0453−685, N 103B, and B0519−690) are in the subsample of bright X-ray emitters undetected in
Paper II, and therefore they could be considered as best candidates. The first of them was already
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detected by [26], while the other two are new findings.
The peculiar object DEM L316A/B, appears to be composed of two overlapping remnants

(indicated by the letters A and B) and was investigated in the radio and optical by [27]. However,
the possibility that the two remnants are actually interacting has not been confirmed by X-ray data
analyses [28, 29]. The two remnants are different in size, but both have rather large diameters (2′and
3′, corresponding to about 30 and 40 pc) and are relatively evolved, with estimated ages of 27 kyr
and 39 kyr. The centroid coordinates of the cluster given in Table 2 are closer to the remnant A,
but both these objects can contribute to the photon cluster because its maximum radius is equal to
6.′7 and the angular distance between the centers of the remnants is around only 2.′4, lower than the
instrumental PSF at 4 GeV.

The source P3 in [4] was unassociated since DEM L241 and other possible counterparts, were
distant from the best-fit position. Its spectrum was found to be quite soft, with an estimated photon
index equal to 2.8. The corresponding source 4FGL J0535.2-6736, is at a distance of about 5′ from
the remnant, and the counterpart is a HMXB because its 𝛾-ray flux exhibits a modulation with a
period of 10.3 days, the same as the HMXB [30].

At energies higher than 4 GeV, the present analysis provides a very significant cluster either
with DBSCAN or DENCLUE and with MST (25 photons, 𝑀 = 56.67) at a position fully consistent
with the known source and the SNR, while MST selection sample above 10 GeV gives a poorly
significant cluster at (83.8996, −67.5959) with five photons and 𝑀 = 9.6, which could be consistent
with a soft spectral distribution. If high-energy photons are mostly emitted by the HMXB rather
than the remnantthis source cannot be included in the sample of genuine 𝛾-ray loud SNR.

5. Conclusions

This analysis exploiting 15 years of Fermi-LAT observations confirms that the LMC region
exhibits a significant clumpy structure in the 𝛾-ray emission and has several photon clusters closely
associated with SNRs. The number of 𝛾-ray-detected SNRs in the LMC above 4 GeV is now
increased to 15 and represents approximately 25% of the Maggi et al. sample, or 19% of the
ZMC24 catalog. The results of our cluster analyses of the photon field of the LMC region can be
summarized as follows:

• We detected photon clusters whose centroids are at angular separations of only a few arcmin-
utes from 15 SNRs. More specifically, eight SNRs were found above 10 GeV and one above
6 GeV. The other six remnants are above 4 GeV.

• One of these clusters corresponds to a very close pair of SNRs (DEM L316A and DEM
L316B) that have a separation smaller than the PSF diameter, and therefore their 𝛾-ray
emission cannot be resolved.

• There is robust evidence for a cluster corresponding to the SNR DEM L241, a source already
detected and exhibiting a clear modulation with the period of an X-ray binary inside the
remnant.

• We also searched for clusters close to the position of the very young SNR 1987A but did not
find any significant feature. This source, however, is close to the bright region of 30 Dor, and
the local high spatial density of photons makes cluster extraction quite difficult.

6
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• The remnants previously reported in Paper II were all of the CC type, while in the present
analysis we also found two Ia SNRs, although only at energies higher than 4 GeV. Their
emission, therefore, appears generally softer than CC remnants.

However, some challenges remain: (𝑖) Three SNRs in the bright subsample (B0509−67.5,
DEM L71, and N 23) are not associated with significant 𝛾-ray clusters despite expectations of
detectable emission; (𝑖𝑖) Six low-luminosity SNRs are detected in 𝛾-rays with different degrees
of significance, while several other sources of comparable luminosity remain undetected. Given
the proximity, the low metallicity and intense star formation history, the LMC provides a unique
laboratory with conditions similar to those of primeval galaxies in the early Universe. Our findings
are therefore useful to refine the understanding of young SNR evolution, particle acceleration, and
progenitor-type differences.
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