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ABSTRACT

Context. The Vela supernova remnant (SNR), G263.9 — 3.3, and its pulsar wind nebula (PWN), Vela X, is one of the closest such
systems, and it has been studied using observations across the electromagnetic spectrum. The SNRs are known sources of gamma
rays with energies from the GeV to TeV range. In the GeV band, a cluster of catalogued unidentified Fermi-LAT point sources are
found across the large angular extension of the Vela SNR.

Aims. We aim to search for a high-energy signature associated with the SNR.

Methods. We applied two independent machine-learning algorithms to classify unidentified point sources in the Vela region by
comparing their properties to those of known populations of Fermi pulsars and active galactic nuclei. We analysed LAT data and
modelled the spectrum of any emission attributable to Vela using leptonic and hadronic processes typical of SNRs.

Results. We find that most of the ‘point sources’ catalogued within the extent of Vela do not share characteristics with those of the
two most common Fermi point-like source populations and that even after the emission attributed to these point sources is subtracted,
considerable residual emission is seen throughout Vela. Morphologically, most of the GeV emission is found within the shell of the
SNR. We conclude that the majority of the catalogued point sources are likely spurious, and the GeV gamma rays come from an
extended source, which we argue is the counterpart of the Vela SNR. Adopting a simple morphology given by a uniform disk for
the emission, the resulting extension is ~6.5°. The northeastern portion of G263.9 — 3.3, where the ambient density is thought to be
higher, is brighter in gamma rays than the southern and western regions. The spectrum of the emission is best fit with a hadronic

model. These facts make the hadronic origin of the gamma rays more likely.

Key words. pulsars: general — ISM: supernova remnants — gamma rays: general

1. Introduction

Supernova remnants (SNR) have been considered for many years
plausible sources of Galactic cosmic rays. Particles gain energy
and become relativistic in the shocks of SNRs, resulting in dis-
tinctive signatures such as synchrotron emission from radio to
X-rays and gamma-ray emission from inverse Compton scatter-
ing and non-thermal Bremsstrahlung (leptonic origin) or neu-
tral pion decay (hadronic origin). The Large Area Telescope
(LAT) onboard the Fermi satellite has been observing the sky
since 2008, detecting photons with energies from ~20MeV
to more than 300 GeV (Atwood et al. 2009). The LAT fourth
source catalogue (4FGL) contains 7194 gamma-ray sources
(Abdollahi et al. 2020; Ballet et al. 2023), including a growing
number of SNRs.

The Vela SNR, G263.9 — 3.3, 8° diameter, is one of the
most studied and closest SNRs to Earth. It is a typical exam-
ple of a middle-aged composite SNR, which harbours the Vela
X pulsar wind nebula (PWN) produced by the energetic Vela
pulsar, PSR B0833 — 45. This pulsar has a characteristic age
7¢ = 11 kyr, a spin period of P = 89 ms and a spin-down power
E = 6.9 x 10 erg s™!. Its distance, ~290 pc, has been measured
by parallax (Caraveo et al. 2001; Dodson et al. 2003). A shock
radius of 20 pc, shock velocities of 660 — 1020 km s~! and an
age of (7—12) kyr have also been estimated (Sushch & Hnatyk
2014).

* Corresponding author: miguel.araya@ucr.ac.cr

Radio observations of Vela reveal a prominent 2° X 3° region
in the centre, dubbed Vela X. This is a synchrotron nebula
likely produced by the pulsar (e.g. Frail et al. 1997). Another
radio region seen within Vela, originally designated as Vela Z,
is associated with a different SNR, Vela Junior (G266.2 —
1.2). Alvarez et al. (2001) measured the integrated flux densities
between 30 and 8400 MHz (S,) of these two regions, as well as
those of Vela Y, which corresponds to the northern shell of the
Vela SNR. The radio spectral index of Vela Y is @ ~ —-0.70
(S, o v*). Using HI observations, Dubner et al. (1998) esti-
mated an ambient atomic density of 1-2cm™ and an initial
explosion kinetic energy of (1-2.5) x 10°! erg for the Vela SNR.
They found evidence of atomic hydrogen located around the
SNR, with denser emission in the north and east. Sushch et al.
(2011) explained the observed NE-SW asymmetry of the SNR.
In their model, the wind from a nearby Wolf-Rayet star causes
the NE part of the SNR to expand into a medium with an aver-
age density of shock-evaporated clouds that is about four times
higher than that in the SW part (nucleon number densities 0.4
and 0.1cm~3, respectively). In this model, the required kinetic
energy in the supernova explosion is 0.14 x 10°! erg. Regarding
the high-energy particle content, Sushch & Hnatyk (2014) pro-
posed a scenario in which the multiple shocks seen inside the
remnant lead to a uniform distribution of relativistic particles in
the interior.

The Vela SNR is a bright source of X-rays (see
Lu & Aschenbach 2000, and references therein). The NE
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appears brighter and less extended than the SW part of the
SNR. Aschenbach et al. (1995) discovered several bow-shaped
X-ray features outside the blast-wave front with the ROSAT tele-
scope (the so-called Vela ‘shrapnels’), which are likely dense
ejecta fragments overtaking the main blast wave. Evidence for
expansion in a clumpy medium has also been found in the
NE, with clump densities of 0.5-1 cm™> (Bocchino et al. 1999).
Embedded within the radio PWN, an X-ray feature known as
the ‘cocoon’ is seen (Markwardt & Ogelman 1997), likely pro-
duced by high-energy electrons from the pulsar. This elongated
synchrotron structure has an extension of ~1.5°, with harder
emission concentrated near the pulsar (Slane et al. 2018). More
recently, Mayer et al. (2023) performed a detailed study of Vela
X-ray emission with the eROSITA telescope, revealing an SNR
with complex morphology and an extent of 10° x 8°. Interest-
ingly, they discovered an extended synchrotron nebula around
Vela X, elongated in the north-south direction with a diameter of
~5°. This nebula could be produced by relatively recent injec-
tion from the pulsar after the ‘crushing’ of the old nebula by the
reverse shock, or by efficient diffusion of high-energy particles
from Vela X. Vela could thus be an example of a system where
particles from the pulsar are trapped within the turbulent envi-
ronment of the SNR, a possible explanation for the so-called TeV
halos (Fang et al. 2019). Indeed, Huang et al. (2018) showed that
the diffusion of electrons that have escaped from Vela X has to be
suppressed given the flux of cosmic ray electrons seen on Earth.

Emission from Vela X has also been detected at gamma-
ray energies. The Fermi-LAT found the GeV counterpart to the
radio nebula (Abdo et al. 2010b; Grondin et al. 2013) and the
High Energy Stereoscopic System (H.E.S.S.) found TeV emis-
sion in a region that encompasses the X-ray cocoon, although
it is somewhat more extended (Aharonian et al. 2006). The Vela
pulsar itself is also a very bright GeV source (Abdo et al. 2010a).
Tibaldo et al. (2018) found that the LAT emission from Vela
X is made up of two components. Below 100 GeV the emis-
sion has a soft spectrum with spectral index ~2.2 and extends
over a region consistent with the radio nebula. Above 100 GeV
the spectral index is ~0.9 and this hard emission comes from a
smaller region coinciding with the X-ray cocoon. The spectrum
of the hard component connects smoothly to that measured by
H.E.S.S. at TeV energies. A more recent analysis by Lange et al.
(2025) including lower energy events and removing the pulsed
emission from PSR B0833 — 45 produced somewhat different
results compared to those of Tibaldo et al. (2018). They con-
cluded that two extended sources with similar spectral indices
of 2.33 constitute a more adequate description of Vela X. The
larger source encompasses most of the known radio emission
from Vela X and shows evidence of spectral hardening at the
highest energies (>100GeV) and the smaller source located to
the NW of Vela X is only detected below 100 GeV. Given their
similar spectral indices, the authors point out that the smaller
source could be related to the PWN; however, an origin in the
SNR or in an interaction of the PWN with SNR ejecta cannot be
ruled out.

Regarding other GeV sources in the Vela region, there
are 35 point sources without known association in the latest
4FGL catalogue (4FGL-DR4, Abdollahi et al. 2022; Ballet et al.
2023) located within 4.5° of the coordinates RA =129.6°,
Dec = —45.3° near the centre of the SNR. Most of these sources
are seen in the direction of the NE shell of Vela. We note that
within 8° of these coordinates, there are five additional unasso-
ciated sources along the Galactic plane ~3° from the SE shell
of Vela, and four more at a similar angular distance to the
south. A recent search for extended LAT sources in the Galactic
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plane found a candidate with a radius of 2.85° (68% contain-
ment assuming a 2D Gaussian morphology) and a centre located
within the extent of Vela X (Abdollahi et al. 2024). This source
was potentially associated with the Vela pulsar; however, a cau-
tious interpretation of this result was given in that work, as the
actual morphology of the source is likely not well represented
by the assumed 2D Gaussian model. Abdollahi et al. (2024) also
pointed out that a considerable 39% change in the TS source
extension (a measurement of the source significance; see below)
was observed when alternative models were adopted for the
interstellar diffuse emission.

Unidentified LAT point sources that are clustered together
could be related to a single object (Cozzolongo et al. 2025).
Further evidence to confirm this may come from detecting an
extended source, such as an SNR or a PWN in other bands of the
electromagnetic spectrum (e.g. Araya 2018, 2020). In this work
we analysed LAT data in Section 2 to search for an extended
GeV source in the region of Vela and to test its possible associa-
tion with the SNR and/or PWN system. We adopted a classifica-
tion procedure (explained in Section 2.2) to decide which of the
4FGL point sources of unknown nature could in fact be part of
Vela, and we present simple models that can explain the origin
of the gamma rays in the SNR in Section 3.

2. LAT data

We analysed publicly available LAT data' collected between
August 16, 2008 and June 20, 2025, corresponding to mis-
sion elapsed times (MET) 240623858s to 7721488105, in
a 20° x 20° region of interest (Rol) around the coordinates
RA, Dec = (129.6°, —45.3°) with the fermitools? version 2.5.1
through the fermipy package version 1.4.0 (Wood et al. 2017).
Since the Vela pulsar is a very bright source of gamma rays
we used an updated pulsar ephemeris solution® valid in the
same time range to assign pulse phases to the events using the
Tempo?2 software (Hobbs et al. 2006). We defined the intervals
of the off-pulse phase window 0—-0.1 and 0.7—1 and removed
events in the on-pulse window for the entire analysis. We set the
fermipy parameter expscale=0.4 which corrects the expo-
sure due to our phase selection. We selected events with ener-
gies above 1GeV for improved angular resolution to carry out
a morphological study and used the energy range 0.1-100 GeV
to extract the source spectrum. Since the PWN Vela X shows
an additional high-energy component that is detected with the
LAT above 100GeV, we set this value as the upper energy
range. For the spectral and morphological analyses we selected
front- and back-converted SOURCE class events (with the param-
eters evclass=128, evtype=3). To avoid contamination from
the Earth’s limb, the maximum zenith angle was set to 105°
for the morphological study using events with energies above
1 GeV, and to 90° for the spectral analysis including lower ener-
gies. We binned the data with a spatial scale of 0.05° per pixel
and ten bins per decade in energy for exposure calculations.
We used the appropriate response functions for this data set,
P8R3_SOURCE_V3, and applied the maximum likelihood tech-
nique (Mattox et al. 1996) to model the data. The model of a
source is convolved with the response functions to predict the
number of counts in the spatial and energy bins. A fit of the
free parameters maximizes the probability that the model will
explain the data in each bin. The detection significance of a new

I See https://fermi.gsfc.nasa.gov/ssc/data/
2 See https://github.com/fermi-lat/Fermitools-conda/
3 Kindly provided to us by M. Kerr.
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source that has one additional free parameter, for example, can
be calculated as the square root of the test statistic (TS), defined
as TS =-2log (Ly/ L), with L and L the maximum likelihood
functions for a model with the new source and for the model
without this additional source (the null hypothesis), respectively.
Our starting model for the gamma-ray emission in the region
included sources found in the 4FGL-DR4 catalogue. The diffuse
Galactic emission is described by the file gl1_iem_v07.fits
and the isotropic emission and the residual cosmic-ray back-
ground are given by iso_P8R3_SOURCE_V3_v1.txt, both pro-
vided with the fermitools. The energy dispersion correction
was applied to all sources except for the isotropic component.

2.1. Previously studied LAT sources in the region

From the unassociated sources in the region of Vela, we consid-
ered the source 4FGL J0822.8 — 4207 to be plausibly associated
with the SNR Puppis A (Araya et al. 2022; Giuffrida et al. 2025)
and replaced its point-like model with a small disk as found by
Giuffrida et al. (2025). The source PS J0824.0 — 4329, located to
the south of Puppis A and proposed by Giuffrida et al. (2025) to
better account for the emission in this region, was included in the
model. Furthermore, these authors used a different template to
describe the emission from Puppis A compared to the one in the
catalogue, which is not sufficient to explain the emission to the
west of Puppis A. Therefore, we included two additional point
sources in the model to account for this emission and optimized
their locations with our data, resulting in the coordinates (RA,
Dec) = (125.07°, —42.89°) and (RA, Dec) = (125.46°, —43.21°).
Additionally, we adopted the model obtained by Lange et al.
(2025) to describe the emission from Vela X with two geometri-
cal templates consisting of a Gaussian and a disk to replace the
source 4FGL J0834.3 — 4542e. Finally, according to Peron et al.
(2024), several stellar clusters in the Vela molecular cloud ridge
are sources of gamma rays. These sources correspond to the
unassociated sources 4FGL J0844.9 — 4117, 4FGL J0859.3 —
4342, 4FGL J0900.2 — 4608, 4FGL J0857.7 — 4256¢, which we
kept in the model. We also adopted their extended sources to
model the emission from RCW 27 (replacing the point source
4FGL J0838.4 — 3952, located ~5.4° away from the centre of the
Rol), RCW 38 (replacing 4FGL J0859.2—-4729, see also Ge et al.
2024) and an additional source, which they labeled ‘gas core’,
replacing 4FGL J0900.5 — 4434c and 4FGL J0901.1 — 4456c.
Since G264.681 + 00.272 and G264.220 + 00.216 are classified
as candidate HII regions (Anderson et al. 2014) we did not con-
sider their association to 4FGL J0853.1—-4407 to be firmly estab-
lished. This leaves 26 point sources of unknown nature within
4.5° from the centre of the analysis region, most of which are
located within the extent of the Vela SNR shell. We found that
even after subtracting the emission from these sources, consider-
able residual emission is seen across the shell of Vela, but a more
adequate study of the SNR features at GeV energies requires
deciding which unidentified point sources could be related to it.
In order to know which of these sources could potentially be
associated with independent objects and thus should be kept in
the model, we performed two classification schemes described
in the following section.

2.2. Source classification

In the original 4FGL release (Abdollahi et al. 2020) most of
the identified or associated point sources (~63%) correspond
to blazars, an extreme type of active galactic nuclei (AGN).
Based on their optical properties, these AGN can be classi-

fied into BL Lacertae objects (BLLs) and flat spectrum radio
quasars (FSRQs). The second most common class of identified
or associated point sources corresponds to pulsars. AGN and
pulsars show distinct spectral features in the 4FGL catalogue
(Abdollahi et al. 2020). Around 27% of the catalogued point
sources do not have a known counterpart at other wavelengths.

Machine learning provides adequate classification and char-
acterization of point-like LAT sources (see, e.g. Saz Parkinson
et al. 2016; Xiao et al. 2020; Chiaro et al. 2021; Finke et al.
2021; Bhat & Malyshev 2022; Zhu et al. 2023). We adopted
two pipelines to classify sources of unknown nature based on
their gamma-ray properties: (i) a multi-class neural network*
that decides whether a source is an AGN or not, and (ii) a cali-
brated support vector machine (SVM) ensemble that separates
pulsar-like from non-pulsar-like sources to flag pulsar candi-
dates. Both models were trained on the spectral and variability
parameters of the 4FGL-DR4 catalogue and return a probability
that a given source belongs to any of the classes. For training,
we used sources with a designation in the 4FGL CLASS1 column
(meaning that a source is identified or likely to belong to a cer-
tain class of objects). Unassociated 4FGL sources with an empty
CLASS1 entry were treated as unidentified objects to be classi-
fied and were not used as labelled training examples. Finally,
we cross-checked the results obtained in methods (i) and (ii) for
consistency.

2.2.1. AGN candidate selection

For the AGN classifier we only kept sources with CLASS1 = BLL
or FSRQ as positive examples, and we grouped all other known
classes that are not AGN (pulsars of any type, pulsar wind nebu-
lae, supernova remnants, globular clusters, star-forming regions,
X-ray and/or y-ray binaries, novae, normal or starburst galax-
ies) into a single nonAGN label. Blazar candidates of uncertain
type (BCU) and AGN subclasses that are neither BLL nor FSRQ
were excluded from the training set and were only used later as
independent test samples. The 4FGL AGN subclasses other than
BLL, FSRQ, and BCU constitute less than ~2% of AGN and
can be neglected. This choice follows common LAT source clas-
sification practice where blazars dominate the AGN population
and rare subclasses are not modelled as standalone classes (e.g.
Kovacevic et al. 2020; Cooper et al. 2023).

Our multi-class supervised neural classifier thus assigned
LAT point-like sources to the classes BLL, FSRQ, or nonAGN. We
handled class imbalance with SMOTENC. We labeled as AGN
those with high posterior probabilities P(BLL) and P(FSRQ).
We chose as training parameters 15 descriptors in the 4FGL
catalogue that encode spectral shape (i.e. describe the function
corresponding to the differential energy spectrum, %, where
E is the energy) and variability, such as spectral indices for
three common LAT spectral models, the power law (PL), the
log-parabola (LP), and the power law with exponential cut-
off (PLEC), together with the curvature parameters LP_Beta,
PLEC_ExpfactorsS, and PLEC_Exp_Index, which quantify the
deviation from a pure power-law, curvature significance (i.e.
LP_SigCurv, PLEC_SigCurv), flux density at the pivot energy
for each model, predicted photon yield (Npeq), and variabil-
ity indicators (the variability index and the fractional vari-
ability). To make the categorical field SpectrumType usable
by the classifier, we created three binary features associated
with the spectral shapes PL, LP, and PLEC, setting the one

4 Architecture and training follow standard deep-learning practice for
multi-class classification according to https://keras.io.
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that matches the source’s spectral model to 1 and the oth-
ers to 0. It is advantageous to expose the network to several
mathematically-related descriptors even if some of the param-
eters are strongly correlated. During exploratory data analy-
sis, we decided to remove catalogue entries associated with
the ‘peak energy’ (the energy for which Ez% shows a maxi-
mum), which had substantial missing entries, such as LP_EPeak,
PLEC_EPeak, and Flux_Peak. Retaining them would force
heavy imputation or shrink the effective sample size without
adding discriminative power beyond the curvature proxies we
kept (LP_SigCurv, PLEC_SigCurv). We also excluded sources
with undefined entries in the catalogue values.

We used 80% of the sample for training and a
Keras/TensorFlow multilayer perceptron (MLP, Abadi et al.
2016; Géron 2019) tuned with Optuna (Akibaetal. 2019).
Stratified shuffle 10-fold cross-validation®> (Kohavi 1995;
Pedregosa et al. 2011) yields an average accuracy of 85.4% =+
1.4% and a weighted F1 score (defined as the harmonic mean
of precision and recall, Sokolova & Lapalme 2009) of 0.854 +
0.014, with per-class AUCs>0.94. Our final model selected
from 100 independent trainings achieved 87.8% accuracy and
a weighted F1 score of 0.8775, indicating a stable generaliza-
tion across the three classes. As a side application, we used our
trained neural network to classify the 4FGL set of BCUs result-
ing as follows: 828 were assigned to the class BLL, 566 to FSRQ,
and 229 to our class nonAGN, out of a total of 1,623 BCUs. The
resulting fractions of BLL and FSRQs are comparable to those
found by Cooper et al. (2023), who tested several classification
algorithms.

2.2.2. Pulsar candidate selection

An SVM is a supervised method that learns a decision bound-
ary that best separates two classes by maximising the mar-
gin between them (Cortes & Vapnik 1995). We used the LIBSV
solver via Python interfaces in scikit-learn® and performed
an automated hyperparameter search with Optuna. LIBSVM is
an open-source library that is widely used and implements SVM
classification and regression with efficient, well-tested optimi-
sation routines and optional probability estimates (Chang & Lin
2011).

Preprocessing of the data was performed to select the optimal
subset of attributes that allows for accurate classification. First,
the proportion of missing data was studied in each attribute,
eliminating those with a very high percentage of missing val-
ues. To avoid the Hughes phenomenon (or curse of dimen-
sionality) during training, two feature selection techniques were
employed. First, a support vector machine- recursive feature
elimination (SVM-RFE)was applied to quantify the discrimi-
native importance of each attribute, based on the procedures
of Pal & Foody (2010), and then a selection based on Pearson
correlation was used to eliminate redundant attributes (pairs of
attributes with high correlation between them). In this way, com-
putational resources are optimised and the model’s discrimina-
tive capacity improved.

For training, we selected labelled examples from the LAT
catalogue: 4067 point sources with firm non-pulsar associa-
tions (negative class) and 320 identified pulsars (positive class).
Among the catalogue attributes, PLEC_SigCurv and the vari-
ability index were most informative, consistent with previous

3 Asimplemented in scikit-learn (e.g.
StratifiedShuffleSplit/StratifiedKFold).
6 Seehttps://scikit-learn.org/
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LAT results where pulsars show considerable spectral curva-
ture and low variability, while many non-pulsars (e.g. AGN) are
highly variable (Abdollahi et al. 2022).

We divided the dataset into training and test sets, with 80%
of the data allocated to training to ensure that the models learn
as much as possible from the available samples. Importantly, the
original proportion of pulsar and non-pulsar sources in the cat-
alogue was preserved in both the training and test sets. Because
pulsars are much rarer than non-pulsars (class imbalance), four
training variants were constructed using sampling techniques:
(i) the original set (unbalanced), (ii) oversampling (adds new
minority-class examples by interpolating near existing ones; this
densifies pulsar-like regions), (iii) undersampling and/or clean-
ing (removes ambiguous points where classes overlap, reducing
noise near the decision boundary), and (iv) a combined over-
sampling+cleaning variant. One SVM was trained on each vari-
ant and their outputs were combined into a weighted ensemble
(models with stronger validation performance received higher
weight). Model settings were tuned to prioritize accurate sep-
aration while controlling overfitting, using the pulsar class F1
score as the optimisation target (as indicated earlier, this is the
harmonic mean of precision and recall, where precision is the
fraction of predicted pulsars that are truly pulsars and recall, or
sensitivity, is the fraction of all true pulsars that are correctly
recovered). Thus, it summarises the trade-off between selecting
clean samples and finding as many true pulsars as possible when
the positive class is rare.

In the held-out test set, the ensemble achieved an F1 score of
0.89, improving over individual models and especially boosting
recall (sensitivity) to 0.91. As SVM algorithms are deterministic,
calibrated probabilities were obtained from the ensemble scores
via isotonic calibration (Zadrozny & Elkan 2015). Isotonic cal-
ibration is a non-parametric method that uses isotonic regres-
sion to fit a monotonically increasing piecewise constant func-
tion, mapping classifier scores to well-calibrated probabilities
without assuming a specific functional form; when calibration
is good, a predicted probability p can be interpreted as an empir-
ical frequency: among sources assigned probability p, roughly a
fraction ~p are expected to be true pulsars in data with similar
characteristics.

2.2.3. Results of the classification

A threshold of 80% on the ensemble score was used to decide
which sources are labelled as pulsar candidates, while a value of
70% was used for AGN candidates (meaning P(BLL) > 0.70 or
P(FSRQ) > 0.70). These choices are supported by the evaluation
metrics obtained when applying the trained models to the test
sets: the resulting performance, observed through metrics such
as precision, recall, and F1-score, confirms that these thresholds
provide a reliable separation between classes when compared
with the known classifications. Table 1 contains the results of the
classification. No sources were classified as belonging to both
the AGN and PSR groups, which shows consistency between the
independent algorithms. Only four sources were preliminarily
assigned to the pulsar type (the sources in bold text in the table),
while no sources were classified as AGN. Of the pulsar candi-
dates, 4FGL J0854.8 — 4504 showed a high pulsar probability
(0.97). Using machine learning techniques Saz Parkinson et al.
(2016) also classified this source as a pulsar; however, dedi-
cated X-ray observations by Chandra did not find a counterpart
(Rangelov et al. 2024). If a classified source showed TS <25 in
the analysis in Section 2.4, we removed it from the model (this
was the case for 4FGL J0843.9 — 4224c; see below).
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Table 1. Source classification probabilities.

Source ANN SVM ensemble
P(BLL)  P(FSRQ) P(PSR)

J0828.4 — 4444 0.00035  0.0022 0.74
J0830.5 — 4451 0.041 0.30 0.55
J0832.2 — 4322¢ 0.23 0.46 0.26
J0833.3 — 4342¢ 0.41 0.56 0.36
J0833.8 — 4400 0.018 0.083 0.46
J0837.8 — 4048c 0.013 0.089 0.64
J0840.5 — 4122¢ 0.005 0.24 0.70
J0843.9 — 4224¢ 5x 1073 0.055 0.80
J0844.1 — 4330 0.002 0.07 0.70
J0847.8 — 4138 0.0002 0.04 0.76
J0848.2 — 4527 0.59 0.11 0.12
J0848.8 — 4328 0.0013 0.055 0.77
J0849.2 — 4410c 0.024 0.044 0.34
J0850.3 — 4448 0.0064 0.095 0.66
J0850.8 — 4239 8x 107 0.072 0.75
JO851.2 — 4737 0.018 0.013 0.18
J0853.1 — 4407 0.0025 0.091 0.76
J0853.2 — 4218¢ 0.0006 0.038 0.73
J0853.6 — 4306 1x1073 0.02 0.85
J0854.8 — 4504 2x10% 1x10° 0.97
J0856.0 — 4724¢ 0.19 0.046 0.095
J0857.0 — 4353¢ 0.033 0.40 0.59
J0858.4 — 4615c¢ 0.0006 0.06 0.72
J0859.8 — 4530c 0.0002 0.005 0.54
J0900.1 — 4402¢ 8x 107° 0.01 0.82
J0902.8 — 4633 6x 107 0.006 0.61

Notes. Sources that were classified as either AGN or PSR (in our case
only pulsars), and their corresponding probabilities, are indicated by
bold text.

Table 2. Classification of sources seen along the Vela molecular ridge.

Source ANN SVM ensemble
P(BLL)  P(FSRQ) P(PSR)

J0844.9 — 4117 0.0007 0.03 0.72
J0846.6 — 4747 0.46 0.43 0.1
J0854.9 — 4426 0.39 0.34 0.1
J0857.7 — 4256¢ 0.001 0.014 0.58
J0859.2 — 4729 0.001 0.02 0.72
J0859.3 — 4342 0.001 0.04 0.75
J0900.2 — 4608 0.004 0.012 0.55
J0900.5 — 4434c 4 x 1073 0.03 0.69
J0901.1 — 4456¢  0.0002 0.0056 0.75

Notes. These sources were either kept in the models or replaced by
geometrical templates as explained in Section 2.1.

Table 2 shows the classification probabilities for the original
4FGL sources in the direction of the Vela molecular ridge (none
of which were classified as AGN or pulsar), which are possibly
associated with star-forming regions. Section 2.1 explains the
model that we adopted for this region.

It is interesting that we found that the majority of the
sources do not belong to either of the two most common
classes of point-like LAT sources. We also note that the source
4FGL J0830.5 — 4451 is located within the 0.37°-radius source
found by Lange et al. (2025) to the NW of Vela X and very

-40°

-42°

-44°

-46°

Declination

-48°

-50°

135° 130° 125°
Right Ascension

Fig. 1. Locations of all the 4FGL sources in the region of Vela, whose
contours from a ROSAT observation are shown (Voges et al. 1999). The
extended sources are labelled (blue circles), as well as the Vela pulsar.
The squares represent the sources that we removed from the model (the
sources in Table 1 except for those classified as pulsars) while the green
triangles are the sources that were kept in the model (the sources clas-
sified as pulsars in Table 1 and those that might be associated with the
Vela molecular ridge, i.e., the sources in Table 2). The sources that we
kept in the model because they have known associations in the 4FGL
catalogue or lie outside our chosen region around Vela (large dashed
circle) are represented by magenta + symbols. The dashed red line rep-
resents the Galactic plane.

close to 4FGL J0828.4 —4444. We classified both of these 4FGL
sources as not belonging to the pulsar or AGN classes, and thus
they could be related to the PWN or the SNR, as speculated
by these authors. A map showing all the LAT sources with the
results of our classification and the Vela X-ray shell can be seen
in Fig. 1.

2.3. Extension of the GeV emission

To improve the background model outside the selected region in
Fig. 1, we applied the source-finding algorithm in fermipy that
requires a T'S > 16 and a separation of 0.2° from known sources,
followed by a fit of the spectral normalisations of sources located
within 10° of the ROI centre, the spectral parameters of the
sources described in Section 2.1, and the normalisations of the
diffuse components. We removed the 22 sources that were clas-
sified as nonAGN and nonPSR from the model (see Table 1). In
order to model the residual emission we adopted a simple mor-
phology given by a uniform disk, whose location and size were
varied to maximise its TS. During this procedure, we kept the
spectral parameters of all the sources located within 5° of the
ROI centre free. We used a simple power-law spectral function
for the disk, dN/dE = Nyo(E/Ey)", with free normalisation and
spectral index (Ny and I'). Ej is a fixed scale that we set at
the pivot energy, that is, the energy for which the propagated
uncertainty in dN/dE is minimized. The resulting centre loca-
tion and radius of the disk are (RA, Dec)=(131.08 + 0.03 +
0.4°,-44.32 + 0.05% °), r = 3.24 + 0.03*0°° (the first error
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is statistical while the second systematic), and Ey = 2242 MeV.
We estimated these systematic errors by repeating the analysis
for each of the eight alternative models for the diffuse emission
developed by Acero et al. (2016). In all these alternative models,
we consistently found a larger emission region that is displaced
to the south with respect to the disk found using the standard dif-
fuse emission model, and thus we report asymmetric errors for
Dec and r.

After adding the extended source and again fitting the spec-
tral normalisations for all sources found within 10° of the ROI
centre and the spectral indices of the sources located within 5°,
we found a TS value for the disk of 2051.5, corresponding to a
high detection significance of 45¢. The resulting spectral index
is I' ~ 2.5. The emission from the pulsar was effectively sup-
pressed, as the corresponding source, 4FGL J0835.3 — 4510,
shows a TS of 84. For comparison, we performed an analysis
without pulsar gating and obtained a value of the order of 10°
for the TS of the pulsar.

In order to visualise the emission we removed the disk
from the model and obtained a TS map by fitting the normal-
isation of a test point source at every pixel location assum-
ing a simple power-law spectrum with an index of 2.5. The
result is shown in Fig. 2. To assess the quality of the fit we
also calculated a p-value statistic map (PS, a data-model devi-
ation estimator) as defined by Bruel (2021). We optimised the
map for residuals with a spatial scale of 1°, and it is shown
in Fig. 2 in units of o. Positive deviations are seen within the
shell of the SNR in the southern and western portions, indicat-
ing that the uniform disk model adopted in this work is only an
approximation of the morphology of the emission. We adopted
this model for simplicity and left improvements for future
work.

We calculated the Akaike information criterion (AIC, Akaike
1974) to compare the quality of the model with the extended
source (AICext) and the original model with the 4FGL point
sources (AICps). We fit the spectral parameters of the point
sources and also considered the location, extension, and spectral
parameters of the extended source as free in the respective mod-
els. The resulting difference is AICps—AICext = 192, indicating
that the model with the extended source is highly preferred over
the alternative using point sources.

2.4. Gamma-ray spectrum

We repeated the analysis in the entire energy range 0.1-100 GeV
starting with the optimised model found in the previous section
and again applied the source-finding algorithm to improve the
background, as in Section 2.3. We fit the spectral normalisations
of the sources found within 10° and all the spectral parameters
of the sources within 5° of the Rol centre. When fitting a log-
parabola for our disk of the form dN/dE = Ny(E|Ey)~*#ME/E0)
(with Ny, @, and B as free parameters and Ey = 1GeV a
fixed scale), the TS improves by ~1400 with respect to the fit
using a simple power law. The source spectrum is significantly
curved and the resulting parameters are Ny = (7.76 + 0.006 +
4.0) x 107" MeV~'em™2s7!, @ = 2.15 + 0.0007 + 0.04, and
B = 0.23 £ 0.0004 + 0.08 (the first error is statistical while the
second is systematic). This can be seen in the spectral energy dis-
tribution (Ezf’i%’; SED:; see plots below). We divided the data into
11 energy bins to estimate the flux values in each bin. For each
energy bin, we fit the spectral parameters of the sources with
TS > 100 and set the parameter cov_scale=5 to minimise over-
fitting and constrain the large number of free parameters with
priors taken from the global fit. The resulting fluxes are shown
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Fig. 2. Top: TS map of the Vela region in the energy range 1-100 GeV
(note that the scale is not linear). Botfom: Residual PS map (see text).
For both maps the contours are the same as in Fig. 1 and the large circle
represents the disk found in this work.

in Table 3. We calculated flux upper limits at the 95% confidence
level if the TS of the source is below four in a bin.

The source 4FGL J0843.9 — 4224c¢, which we classified as a
pulsar candidate in Section 2.2, is not significantly detected with
TS ~ 6 and therefore we removed it from the model. Regard-
ing the other sources that we classified as pulsar candidates,
we obtained TS values of 568 (4FGL J0854.8 — 4504), 233
(4FGL J0853.6 — 4306), and 138 (4FGL J0900.1 — 4402c).

The integrated energy flux in the 1-100GeV range is
~1.9 x 10 ergem=2s7!, corresponding to a luminosity of
1.9 x 103 ergs~'. For comparison, we estimate the GeV lumi-
nosity of Vela X as ~1.4 x 1033 erg s™! in the same energy range.

In order to calculate the systematic errors, we first consid-
ered uncertainties in the LAT’s effective area. We propagated the
corresponding uncertainty in the spectral parameters by repeat-
ing the analysis using a set of bracketing response functions
as in Ackermann et al. (2012). We also considered the effect of
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Table 3. SED fluxes.

Energy range (GeV) Ez% (107" ergecm=2s71)
0.1 -0.17 6.3*
0.17-0.30 10.2 £0.40 + 6.0
0.30 - 0.52 11.8+£0.33+6.1
0.52-0.91 11.7+£042 + 6.2
091-1.6 106 £ 036 +5.4
1.6 -2.8 8.59+0.42+4.3
2.8-48 594 +0.55+3.1
4.8-83 3.68+045+1.4
83-14.4 357+059+1.0
14.4-379 1.4*

37.9 -100 1.5*

Notes. The first error on the fluxes is statistical and the second system-
atic. Flux upper limits are indicated by *.

the choice of the eight alternative models for diffuse emission
(Acero et al. 2016), as explained earlier. We repeated the analy-
sis for each alternative diffuse emission model and obtained the
corresponding SED fluxes. We added the uncertainties of the two
effects described in quadrature, and the results are included in
Table 3. Using the nominal Galactic diffuse emission model we
did not detect the source in the last energy bin, 37.9—-100 GeV.
Using the alternative diffuse emission models, the source was
not detected in the energy bin 14.4-37.9 GeV, or in the first
bin, 0.1-0.17 GeV, for three out of the eight alternative mod-
els. We conservatively report upper limits for these three bins
obtained with the likelihood profile using the nominal Galactic
background model.

As noted by Acero et al. (2016), this approach yields a lim-
ited estimate of the systematic uncertainty rather than a complete
determination. Even though there might be additional system-
atic effects due to the diffuse emission modelling that we did not
account for, we believe that the significant detection of GeV pho-
tons across the shell of the SNR is strong evidence for its associ-
ation with this object. We hereafter assume that the gamma rays
are produced by Vela and we explore several models for their
origin in the following section.

3. Discussion
3.1. SNR emission

It has been proposed that there is a uniform distribution
of relativistic particles in the interior of the Vela SNR
(Sushch & Hnatyk 2014). We used a one-zone model to fit
the non-thermal emission from Vela with the naima package
(Zabalza 2015) in two different scenarios. In the leptonic sce-
nario the emission is caused by relativistic electrons. They inter-
act with a magnetic field producing synchrotron emission, and
inverse Compton (IC) scatter low energy photons to produce
gamma rays. We took the synchrotron fluxes from the north-
ern shell of the SNR (Vela Y, from Alvarez et al. 2001) as an
approximation to the radio spectrum. We used the two pho-
ton fields from Tibaldo et al. (2018) to approximate the local
interstellar radiation, given by greybody spectra with tempera-
tures of 30K (FIR) and 3000 K (NIR), and energy densities of
0.2eVem™2 and 0.3eVem™3, respectively, as well as the cosmic
microwave background (CMB). The IC calculation is adopted
from Khangulyan et al. (2014) and the synchrotron emissivity is
taken from Aharonian et al. (2010). We also considered the aver-

age magnetic field as a free parameter. In the hadronic scenario,
the gamma rays are produced in inelastic scatterings of cos-
mic ray protons off ambient protons. The parametrisation of the
gamma-ray production cross-section from Kafexhiu et al. (2014)
is implemented in the calculation.

To fit the SED fluxes, we used a differential particle distri-
bution that follows a power law in momentum, p, of the form
Z—; oc p~*, with s the spectral index. We also tested a power law
with an exponential cutoff, j—; o p~* e P/Pc having an additional
free parameter, p.. For the GeV data points we summed the sta-
tistical and systematic errors in quadrature to obtain the total
error. We compared the fit results using the Bayesian informa-
tion criterion (BIC) implemented within naima. The model with
the lower BIC is favoured.

In the hadronic scenario, the power-law particle distribution
gives an adequate fit (BIC =5.9) and the cutoff is not required
(BIC=7.9). The data and the model are shown in Fig. 3. The

spectral index is s = 2.97f8;}g and the total energy content in

the hadrons is (3.5 = 1.0) x 10* x (IC:’H,3 ) ~'erg, where 7 is the

average number density of the ambient material. This amount of
energy could be provided by an SNR shock with a typical kinetic
energy of the order of 10°! erg.

In the leptonic scenario, it is not possible to simultaneously
fit the radio and GeV fluxes with a simple power law for the par-
ticle distribution because it considerably over-predicts the GeV
fluxes. Thus we used a power law with exponential cutoff. The

resulting spectral index and cutoff momentum are s = 2.47f8:§%

and p. = 224*)% GeV/c (with c the speed of light), respectively.

The magnetic field is 1.9f%;0 uG and the total particle energy con-

tent is (5.63%) x 10* erg (integrated for particles with energies
above 1 GeV). Since it is possible that the radio and GeV fluxes
are produced by different leptonic populations, we performed fits
to the GeV fluxes only, resulting in a BIC value of 15.1, which
indicates that the hadronic model is highly preferred compared
to the leptonic fit.

In the plot with the leptonic fit in Fig. 3 the approximate non-
thermal flux of the X-ray nebula discovered by eROSITA (taken
from Mayer et al. 2023, and thought to be produced by the pul-
sar) is shown for comparison in the 1-5keV energy range. We
estimated this non-thermal X-ray SED from their reported inte-
grated flux assuming a spectrum that follows a simple power law
with an index of three (Mayer et al. 2023). However, the spectral
index of the nebula varies with location, and thus our estimate is
only an approximation to the spectrum.

The estimated gamma-ray luminosity in the range
1-100GeV of ~3 x 103 erg is relatively low compared to
those of SNRs that interact with molecular clouds (Acero et al.
2016), but very similar to the luminosity of the Cygnus Loop
(Katagiri et al. 2011) and of other relatively faint SNRs detected
by the LAT (e.g. Araya 2013; Burger-Scheidlin et al. 2024,
Araya 2024). As shown in Fig. 2, the GeV emission is prominent
in the NE of the SNR. This is the region where the ambient
density is higher and it could be interpreted as supporting the
hadronic scenario. Dubner et al. (1998) showed evidence for
the presence of an HI shell on the border of the Vela SNR,
suggesting an association with the remnant. This emission
seems more prominent in the N and NE of Vela; thus, the GeV
emission seen in the NE outside the shell of the SNR could be
produced by cosmic rays escaping from the object and reaching
any atomic gas present. However, several star-forming regions
are also seen in the direction outside the NE shell of the SNR
located along the Vela molecular ridge, a cloud complex found
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Fig. 3. Top: Gamma-ray fluxes and the hadronic model. The hadronic
distribution used is a simple power law in momentum. Bottom: Lep-
tonic model for the radio and gamma-ray emission from Vela for a par-
ticle momentum distribution, which is a power law with an exponential
cutoff (the non-thermal X-ray flux measured by eROSITA is shown for
comparison).

further than the Vela SNR. More detailed work is needed to
disentangle any contributions to the GeV emission from the
SNR and these star-forming regions.

3.2. PWN emission

Mayer et al. (2023) recently discovered an X-ray synchrotron
nebula that extends for several degrees beyond the known TeV
emission region associated with the PWN. High-energy parti-
cles could have escaped Vela X in the past and produce GeV
emission extending through the Vela SNR. From the point of
view of the energetics, the total spin-down energy injected by
the pulsar over its lifetime is more than sufficient to account for a
particle content of ~10* erg (Abdo et al. 2010b), as required by
the simple leptonic estimate in the previous section. The emis-
sion found in this work has a GeV spectrum that is softer than
that reported for Vela X in the catalogue and comparable lumi-
nosity. First of all, the one-zone leptonic scenario presented in
the previous section provides a relatively poor fit to the data.
Furthermore, Hinton et al. (2011) have shown that the particles
escaping from Vela X should produce GeV emission with a spec-
trum that is much harder and with considerably higher luminos-
ity than what we found in the Vela SNR. Although our leptonic
fit in the previous section is poor, it implies a particle cutoff
energy of ~300 GeV, while the highest energies of the escaping
particles in their model are in the TeV range. Although a suffi-
ciently high magnetic field could produce the spectral turnover,
a magnetic field value of only a few uG is required to explain
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the extended X-ray nebula (Mayer et al. 2023). Detailed mod-
elling is needed to explain the role, if any, that Vela’s pulsar
could play in producing the GeV emission. However, the GeV
emission found in this work cannot be produced by the same
electrons responsible for the extended X-ray nebula. The typi-
cal energies of electrons that emit X-ray synchrotron emission
in a magnetic field of a few puG are well into the TeV regime. A
considerably extended TeV counterpart of the X-ray nebula will
likely be revealed with future observations (for example by the
SWGO experiment, SWGO Collaboration 2025).

4. Conclusions

GeV emission is seen across the shell of the Vela SNR after sub-
tracting the contributions from the sources in the 4FGL LAT
catalogue in the region. In addition to this emission, a cluster
of unidentified point sources located mainly across the NE shell
of the Vela SNR is found in the catalogue. This may indicate
that the point sources are actually part of the SNR. We applied
machine learning classification schemes to this set of sources
and found that the majority do not share spectral features with
those of known populations of GeV-emitting AGNs and pulsars,
the most common types of point source in the LAT catalogues.
We thus proposed that these point-like sources are part of the
extended SNR. We modelled the emission with a simple geomet-
rical template whose best-fit size is close to that of the Vela SNR,
although it is displaced to the NE. The emission shows a high
detection significance (~450-, 1-100 GeV). The GeV luminosity
is similar to that of other SNRs. The spectrum of the gamma-ray
emission and its spatial coincidence with regions of enhanced
ambient density point to a hadronic origin, while a one-zone
leptonic model provides the worst fit to the GeV fluxes. A con-
tribution from the PWN Vela X is problematic due to the soft
GeV spectrum of the observed emission, its relatively low lumi-
nosity compared to predictions from the population of leptons
escaping from Vela X, and the difficulties in fitting the spectral
shape with a leptonic model. More detailed models for the evo-
lution of the system must be carried out in order to assess the
role that Vela X could have played in producing the GeV pho-
tons. Future studies to characterise the gamma-ray emission on
smaller angular scales throughout Vela are possible. In addition,
the source classification scheme carried out in this work con-
stitutes a curated analysis-ready corpus for Fermi-LAT sources
in general, which may prove valuable for reproducibility of this
work and for future independent studies of any sky region with
the LAT.
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