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Abstract

Cosmic rays are mostly composed of protons accelerated to relativistic speeds. When those protons encounter
interstellar material, they produce neutral pions, which in turn decay into gamma-rays. This offers a compelling
way to identify the acceleration sites of protons. A characteristic hadronic spectrum, with a low-energy break
around 200 MeV, was detected in the gamma-ray spectra of four supernova remnants (SNRs), IC 443, W44,
W49B, and W51C, with the Fermi Large Area Telescope. This detection provided direct evidence that cosmic-ray
protons are (re-)accelerated in SNRs. Here, we present a comprehensive search for low-energy spectral breaks
among 311 4FGL catalog sources located within 5° from the Galactic plane. Using 8 yr of data from the Fermi
Large Area Telescope between 50 MeV and 1 GeV, we find and present the spectral characteristics of 56 sources
with a spectral break confirmed by a thorough study of systematic uncertainty. Our population of sources includes
13 SNRs for which the proton—proton interaction is enhanced by the dense target material; the high-mass gamma-
ray binary LS I4-61 303; the colliding wind binary n Carinae; and the Cygnus star-forming region. This analysis
better constrains the origin of the gamma-ray emission and enlarges our view to potential new cosmic-ray
acceleration sites.

Unified Astronomy Thesaurus concepts: Gamma-ray sources (633); Supernova remnants (1667)
Supporting material: machine-readable table

1. Introduction Indeed, accelerated cosmic rays interact with surrounding
matter and produce 7 mesons, which usually quickly decay
into two gamma-rays, each having an energy of 67.5 MeV in
the rest frame of the neutral pion. In turn, the gamma-ray
number spectrum F(E) is symmetric at this same energy in log—
log representation (Stecker 1971), which then leads to a
gamma-ray spectrum in the usual E>F(E) representation rising
below 200MeV and approximately tracing the energy
distribution of parent protons at energies greater than a few

The acceleration site of protons, the main component of
cosmic rays, is one of the most fundamental topics of high-
energy astrophysics. The strong shocks associated with super-
nova remnants (SNRs) are widely believed to accelerate the
bulk of Galactic cosmic rays (E< 10" eV) through the
diffusive shock acceleration mechanism (e.g., Drury 1983).

@ @ Original content from this work may be used under the terms . | | Thi h .. 1 f fi

BY of the Creative Commons Attribution 4.0 licence. Any further gigaelectronvolts. . 15 characteristic .spectra. egture, often
distribution of this work must maintain attribution to the author(s) and the title referred to as the pion-decay bump, uniquely identifies proton
of the work, journal citation and DOIL. acceleration since leptonic gamma-ray production mechanisms
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such as bremsstrahlung and inverse Compton (IC) emission
require fine-tuning to produce a similar feature. Esposito et al.
(1996) explored this hypothesis by studying the gamma-ray
emission from SNRs, and potential associations of gamma-ray
sources with five radio-bright shell-type SNRs were reported
using data taken by the EGRET instrument onboard the
Compton Gamma Ray Observatory. More recently, this
signature of protons was detected in five SNRs interacting
with molecular clouds (MCs) and detected at gamma-ray
energies by Fermi-LAT: IC 443 and W44 (Giuliani et al. 2011;
Ackermann et al. 2013), W49B (H.E.S.S. Collaboration et al.
2018a), W51C (Jogler & Funk 2016), and HB 21 (Ambrogi
et al. 2019), although in this last source both the leptonic and
hadronic processes are able to reproduce the gamma-ray
emission. Finally, the young SNR Cassiopeia A was also
analyzed at low energy and Yuan et al. (2013) derived an
energy break at 1.72F}35 GeV, which is better reproduced by a
hadronic scenario. More details on this characteristic feature
observed in the gamma-ray emission are provided in
Appendix A, showing a stronger signature for a soft proton
injection index (I' =2.5) than for a hard index (I' = 1.5).
Electrons can also radiate at gamma-ray energies via the IC
scattering and bremsstrahlung processes. It has been demon-
strated, for the SNRs interacting with the molecular clouds
(MCs) cited above, that the large gamma-ray luminosity is
difficult to explain via IC scattering. In addition, the steep
gamma-ray spectrum detected at low energy requires additional
breaks in the electron spectrum if we consider a model in which
electron bremsstrahlung is dominant. Accurate estimation of
the spectral characteristics of a gamma-ray source at low
energy is therefore crucial since it probes the nature of the
particles (electrons or protons) emitting these gamma-rays.
However, the analysis of sources below 100 MeV is compli-
cated due to large uncertainties in the arrival directions of the
gamma-rays, which lead to confusion among point sources and
difficulties in separating point sources from diffuse emission.
Thus, catalogs released by the Fermi-LAT Collaboration have
focused on energies greater than 100 MeV until the 4FGL
catalog (Abdollahi et al. 2020) expanded the lower bound to
50MeV. This allows better constraint of low-energy spectra,
but since the 4FGL upper energy bound is 1 TeV, the spectral
model for most sources is dominated by data with energies
above a few hundred megaelectronvolts. In addition, the
spectral representation of sources in the 4FGL catalog
considered three spectral models: power law (PL), PL with
sub-exponential cutoff, and log-normal (or log parabola,
hereafter called LP). This means that any source presenting a
spectral break will be represented by a log-normal shape that
may not adequately represent the low-energy behavior.
Similarly, sources presenting two spectral breaks, as is the
case for W49B (H.E.S.S. Collaboration et al. 2018a) will be
represented with a log-normal shape that better describes the
high-energy interval due to the better angular resolution and
increased effective area at these high energies. This directly
implies that the description of the low-energy spectral
parameters of a source requires a dedicated spectral analysis.
In this paper, we use 8 yr of Pass 8 data to analyze 311
Galactic sources detected in the 4FGL catalog and search for
significant spectral breaks between 50 MeV and 1 GeV. The
paper is organized as follows: Section 2 describes the LAT and
the observations used, Section 3 presents our systematic
methods for analyzing LAT sources in the plane at low energy,
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Section 4 discusses the main results and a summary is provided
in Section 5.

2. Fermi-LAT Description and Observations
2.1. Fermi-LAT

Fermi-LAT is a gamma-ray telescope that detects photons
with energies from 20MeV to more than 500 GeV by
conversion into electron-positron pairs, as described in Atwood
et al. (2009). The LAT is composed of three primary detector
subsystems: a high-resolution converter/tracker (for measure-
ment of the direction of the incident gamma-rays), a CsI(TI)
crystal calorimeter (for energy measurement), and an antic-
oincidence detector to identify the background of charged
particles. Since the launch of the spacecraft in 2008 June, the
LAT event-level analysis has been upgraded several times to
take advantage of the increasing knowledge of how Fermi-LAT
functions as well as the environment in which it operates.
Following the Pass 7 data set, released in 2011 August, Pass 8
is the latest version of Fermi-LAT data. Its development is the
result of a long-term effort aimed at a comprehensive revision
of the entire event-level analysis and comes closer to realizing
the full scientific potential of the LAT (Atwood et al. 2013).
The current version of LAT data is Pass 8 PSR3 (Atwood et al.
2013; Bruel et al. 2018). It offers 20% more acceptance than
P7REP (Bregeon et al. 2013). We used the SOURCE class
event selection, with the instrument response functions (IRFs)
PS8R3_SOURCE_V3.

2.2. Data Selection and Reduction

We used exactly the same data set as that used to derive the
4FGL catalog of sources, namely, 8 yr (2008 August 4-2016
August 2) of Pass 8 SOURCE class photons. This means that
similarly to the 4FGL data set, our data were filtered removing
time periods when the rocking angle was greater than 90° and
intervals around solar flares and bright gamma-ray bursts
(GRBs) were excised.

Pass 8 introduced a new partition of the events, called PSF
event types, based on the quality of the angular reconstruction,
with approximately equal effective area in each event type at all
energies. Due to the very low signal-to-noise ratio at low
energy, the angular resolution is critical to distinguish point
sources from the background and we decided to use only PSF3
events (the best-quality events) below 100 MeV. We add PSF2
events between 100 MeV and 1 GeV. This high-energy bound
was selected since middle-aged SNRs commonly exhibit a
high-energy spectral break at around 1-10 GeV, which would
then bias our low-energy analysis (Uchiyama et al. 2010). For
both PSF3 and PSF2 events, we excised photons detected with
zenith angles larger than 80° to limit the contamination from
gamma-rays generated by cosmic-ray interactions in the upper
layers of the atmosphere. That procedure eliminates the need
for a specific Earth limb component in the model.

The data reduction and exposure calculations are performed
using the LAT fermitools version 1.2.23 and family (Wood
et al. 2017) v0.19.0. We used only binned likelihood analysis
because the unbinned mode is much more CPU intensive and
does not support energy dispersion.

We accounted for the effect of energy dispersion (recon-
structed event energy not equal to the true energy of the
incoming gamma-ray), which becomes significant at low
energies (see below). To do so, we used edisp_bins = —3,
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Figure 1. Effect of the number of energy bins and value of edisp_bins on the reconstructed values of the spectral index I'; (left), I, (middle) and the break energy
(right) of the broken PL model of IC 443. Four configurations are tested: 12 energy bins and edisp_bins = O (blue circle), 12 energy bins and edisp_bins = —1 (orange
triangle), 12 energy bins and edisp_bins = —3 (green diamond), and 10 energy bins and edisp_bins = —3 (red square).

which means that the energy dispersion correction operates on
the spectra with three extra bins below and above the threshold
of the analysis.”®

Our binned analysis includes three logarithmically spaced
energy bins between 50and 100 MeV, and 9 energy bins
between 100 MeV and 1 GeV. The Galactic diffuse emission
was modeled by the standard file gll_iem_vO07.fits and the
residual background and extragalactic radiation were described
by an isotropic component (depending on the point-spread
function (PSF) event type) with the spectral shape in the
tabulated model iso_P8R3_SOURCE_V3_PSF(3/2)_vl.txt.
The models are available from the Fermi Science Support
Center.” In the following, we fit the normalizations of the
Galactic diffuse and the isotropic components.

2.3. Effect of the Energy Dispersion

A crucial point that needs to be considered when analyzing
LAT data at low energies is the effect of energy dispersion. For
Pass 8, the energy resolution is < 10% between 1 and 100 GeV
but it worsens below 1GeV. It is ~20% at 100 MeV and
~28% at 30 MeV. The combination of energy dispersion and
the rapidly changing effective area below 100 MeV could result
in biased measurements of flux and spectral index of the source
under study. In order to quantify the effects of energy
dispersion, 200 simulations of the spectrum of IC 443 as
published by Ackermann et al. (2013) were performed for an 8
yr observation time using the gtobssim tool included in the
LAT fermitools. For these simulations, we assumed a point-
source spatial model located at (R.A., decl. (J2000): 94°51,
22966) and a smooth broken PL spectral model of the form:

Z_]I\E] = No(E/Eo) (1 + (E/Ep) /oy~ W

where o =0.1, the break energy E, =245MeV, and the
spectral indices I'y =0.57, I';=1.95. These simulations
include the effect of energy dispersion. The analysis of these
simulations was performed with the exact same configuration
(region size, PSF components used, spatial bin size, energy
interval) as the one used for real data. The only two parameters
that have been varied in this study are the number of energy
intervals and the value of the parameter edisp_bins as discussed
in Section 2.2. For each combination of (energy bins,
edisp_bins), we analyzed the 200 simulations, plotted the

8 hitps: //fermi.gsfc.nasa.gov/ssc/data/analysis/documentation /Pass8_
edisp_usage.html
” http:/ /fermi.gsfc.nasa.gov/ssc/

distributions of the reconstructed values of the break energy, I'y
and I',, and fitted a Gaussian on each distribution.

The centroid of the Gaussian fit together with their size are
reported in Figure 1 for the four tests performed: (12 energy
bins, edisp_bins = 0), (12 energy bins, edisp_bins = —1), (12
energy bins, edisp_bins=—3), and (10 energy bins,
edisp_bins = —3). As can be seen in this figure, the main
effect is on I';, as expected. If the energy dispersion is not
taken into account (edisp_bins = 0), the spectrum falls less
steeply at low energy and the spectral index I'; is reconstructed
with a value 0.1 higher than the simulated value set in the
simulations. This is also true if the energy dispersion is taken
into account with only one extra bin (edisp_bins = —1), which
is not sufficient to properly take into account the effect of
energy dispersion at these low energies even if this configura-
tion has the advantage to reproduce slightly more accurately the
value of the break energy. Even with a configuration using
edisp_bins = —3, if the number of bins is too small, the
reconstructed value of I'; will be biased toward a lower value,
which will artificially create a stronger break at low energy.
This is directly due to the fact that the energy resolution varies
with energy. This requires choosing an energy binning that is
fine enough to capture this energy dependence. The best
compromise that was found between good reconstruction and
computation time (since higher values of edisp_bins or of the
number of energy bins increase the CPU time) was obtained for
a configuration using edisp_bins = —3 and 12 energy bins
between 50 MeV and 1 GeV. This configuration was used for
all results presented in the following.

3. Detection of Spectral Breaks
3.1. List of Candidates

This analysis intends to find new cosmic-ray acceleration
sites in our Galaxy. When cosmic-ray protons accelerated by a
source penetrate high-density clouds, the gamma-ray emission
is expected to be enhanced relative to the interstellar medium
because of the more frequent proton—proton interactions.
Targeting the presence of such clouds, we restricted our search
to sources within 5° from the Galactic plane. In addition, we
removed from our list all identified pulsars and active galactic
nuclei (AGNs). For AGNs, we removed all subclasses, namely,
flat-spectrum radio quasars, BL Lac-type objects, blazar
candidates of uncertain type, radio galaxies, narrow-line
Seyfert 1, steep spectrum radio quasars, Seyfert galaxies, or
simply AGNs. Finally, to ensure that the source is significant in
the low-energy domain covered by our analysis, we removed
all sources with a significance below 30 between 300 MeV and
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1 GeV as reported in the 4FGL catalog. In the end, these
selection criteria provide us with the list of 311 candidates
reported in Appendix B.

3.2. Input Source Model Construction

We perform an independent analysis of the 311 candidates
selected in Section 3.1. The procedure followed is inspired by
the Fermi High-Latitude Extended Sources Catalog (Ack-
ermann et al. 2018), which already used the functions provided
by fermipy.

For each source of interest, we define a 20° x 20° region and
include in our baseline model all 4FGL sources located in a
40° x 40° region centered on our source of interest (SOI). We
model each 4FGL source using the same spectral parameter-
ization as used in the 4FGL. For extended sources, we use the
spatial models from the 4FGL and keep them as fixed
parameters since the angular resolution between 50 MeV and
1 GeV does not allow us to perform a morphological analysis.
Similarly, the positions of all point sources are fixed at their
4FGL values.

Starting from the baseline model, we proceed to optimize the
model using the optimize function provided by fermipy. In this
optimization step, we first fit the spectral parameters of the
Galactic interstellar emission model and residual background
together with the normalization of the five brightest sources.

Then, we individually fit the normalizations of all sources
inside the region of interest (ROI) that were not included in the
first step in the order of their total predicted counts in the model
(Npred) down to Npred = 1. The optimization is concluded by
individually fitting the index and normalization parameters of
all sources with a test statistic (TS) value above 25 starting
from the highest TS sources. This TS value is determined from
the first two steps of the ROI optimization by
TS = 2(In £; — In L), where L, and £; are the likelihoods
of the background (null hypothesis) and the hypothesis being
tested (source plus background). This optimization is followed
by a second one where the number of bright sources fit together
with the diffuse backgrounds is increased to 10. This allows a
better convergence for complex regions containing a large
number of bright sources.

After optimizing the parameters of the baseline model
components, we then perform a fit of the region by leaving
free the normalization of all sources within 2° of the SOI, their
spectral shape if their TS value is above 16, the normalization of
all sources with TS > 100 in the ROI and the spectral shape of
all sources in the ROI with TS > 200. If the number of degrees
of freedom (Ndof) is above 100, we increase the two last TS
criteria by 100 until the Ndof becomes smaller than 100.

Once this complete fit of the ROI is performed, we further
refine the model by identifying and adding new point-source
candidates. We identify candidates by generating a TS map for
a point source that has a PL spectrum with an index of I' = 2.
When generating the TS map, we fix the parameters of the
background sources and fit only the amplitude of the test
source. We add a source at every peak in the TS map with
TS > 16 that is at least 2° from a peak with higher TS due to
the poor angular resolution at these low energies. New source
candidates are modeled with a PL whose normalization and
index are fit in this procedure. We then generate a new TS map
after adding the point sources to the model and repeat the
procedure until no candidates with TS > 16 are found. Though
we do not expect to find a large number of additional sources,
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this step is crucial since we are not using the weights, first
introduced for the 4FGL Catalog (Abdollahi et al. 2020).
Indeed, the generation of the candidate list for the catalog is
done above 100 MeV (instead of 50 MeV for our analysis) and
each candidate is kept if the TS value obtained via a weighted
maximum likelihood fit is above 25. These weights mitigate the
effect of systematic errors due to our imperfect knowledge of
the Galactic diffuse emission. As a consequence, the TS value
of soft sources decreases.

In the final pass of the analysis, a second general fit of the
ROI is performed using the same criteria as above to free the
spectral parameters of all sources. If sources added previously
by using the TS map fall below TS > 16, they are removed
from the model. If their TS value is above 16 and they are
located at a distance smaller than 5° from our SOI, we test
iteratively for each of them the improvement of the log-normal
representation with respect to the PL model. The LP model is
defined as

dN E 7(0“‘"610?; (E/Eyp))
= No( ) , (2)

dE "\ Ey

where N, is the overall normalization factor to scale the
observed brightness of a source, Ey is a fixed scale energy (kept
at 300 MeV in our analysis), and «, ( are left free, which adds
1 degree of freedom with respect to the PL representation. The
improvement of the LP model with respect to the PL one is
performed by determining TS;p = 2(In L1 p — In Lpp). If TSy p
is above 9 (which corresponds to a 3¢ improvement for one
additional degree of freedom), we switch to the log-normal
representation. The spectral parameters of all added sources
located within 5° of a candidate are reported in Table 1. As can
be seen, the curvature index (3 is hard to constrain for the
additional faint sources, even if the LP model significantly
improves the fit. It is also clear that several added sources are
located within the Vela and Cygnus regions for which the
morphological templates used for the Vela-X PWN or the
Cygnus Cocoon are not precise enough to properly characterize
the region. Because the 4FGL Catalog rejects most point
sources found inside extended sources, this leaves many
residuals that translate into sources.

3.3. Spectral Energy Breaks

Once the ROl is well characterized, we first test the TS value
of our SOl in our energy range (50 MeV—1 GeV). If it is below
25, we stop the analysis for this source since it is not
significantly detected in our pipeline. It is the case for 64
sources among the 311 selected and their TS values are
reported in Table B1. If the TS of the SOI is above 25, we
move on and we fix all sources located more than 5° from the
SOI and we test the spectral curvature of our SOL.

To ensure that the curvature is real and affects several energy
bins as would be the case for a pion-decay bump signature, we
first test a log-normal representation for the source as defined in
Equation (2). If TS p is below 9, we consider that no significant
curvature is detected by our pipeline, we report this value in
Table B1 and we stop the analysis of this source. This is the
case for 167 sources in our sample.

If the value is above 9, we then test a smoothly broken PL
following Equation (1), where N, is the differential flux at
Ey=300MeV and a=0.1, as was done previously for the
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Table 1
Localization and TS Value of Added Sources Localized Within 5° of a Confirmed Candidate with a Significant Spectral Break (the Reference Energy E, is Fixed at
300 MeV in All Cases)

Name R.A., Decl. TS Value TS p Prefactor Index Jo]
©), (107" em %7 'MeV )

PS J0216.4+6213 34.12, 62.23 31 1 2.1+0.6 1.8+0.3

PS J0327.6+5329 51.92, 53.49 30 5 1.0+ 0.3 1.7+0.3

PS J0533.7+2501 83.45, 25.03 72 3 0.8+0.2 42402

PS J0845.8-4448 131.46, —44.81 30 4 3.0+0.7 23402

PS J0838.1-4212 129.55, —42.21 66 16 52409 20+0.3 1.0
PS J0856.8-4245 134.21, —42.76 59 5 2.6 +0.2 1.9 +0.1

PS J0900.7-4438 135.20, —44.64 92 5 2.8+0.2 1.5+0.1

PS J1558.2-5029 239.56, —50.50 51 28 55+0.7 2.7+0.2 1.0
PS J1603.6-4621 240.92, —46.35 35 10 25+04 20+0.2 1.0
PS J1632.5-4221 248.14, —42.35 39 7 1.7+£03 1.9 £0.1

PS J1642.0-4802 250.50, —48.05 32 2 3.6+09 22402

PS J1816.9-1619 274.23, —16.32 46 8 49+09 1.84+0.2

PS J2026.4+4004 306.62, 40.07 88 0 5.7+0.1 1.8+0.2

PS J2032.0+3935 308.02, 39.59 131 7 6.6 +£0.7 1.9+0.1

PS J2038.7+4114 309.70, 41.24 87 10 74+0.7 1.84+0.2 0.7+0.2
PS J2035.7+4242 308.94, 42.71 50 0 35+04 1.7 +0.1

PS J2018.8+4112 304.70, 41.20 74 12 89+1.0 3.0+£02 0.5+0.1
PS J2045.5+4205 311.38, 42.10 48 9 49+0.8 2.0+0.3 1.0
PS J2045.9+5044 311.48, 50.74 32 4 254+0.5 1.84+0.2

PS J2047.9+4456 311.99, 44.94 47 6 24+04 1.84+0.2

Note. Columns 2 and 3 provide the R.A., decl. of the added source, and its TS value. Column 4 provides the improvement of the log-normal representation with
respect to the PL. model TSy p as defined in Section 3.2. If TSy p > 9, a log-normal representation is favored and the index provided in Column 5 corresponds to the
spectral parameter « in Equation (2), while [ is indicated in Column 6 in such cases. No errors on 3 are reported when it hits the boundary of 1.0.

cases of IC 443 and W44 (Ackermann et al. 2013). This adds
two additional degrees of freedom with respect to the PL. model
(the break energy Ey. and a second spectral index I';). The
improvement with respect to the PL one is determined by
TSsppr. = 2(In Lsgpr. — In Lpp). Since this test requires the
addition of 2 degrees of freedom to the fit and diffusive shock
acceleration predicts I'; ~ 2, we also test the improvement of
the smooth broken PL with the second index fixed at 2 with
respect to the PL one TSsgpro = 2(In Lsgpro — In Lpp). We
require TSggpr, > 12 or TSgppro > 9 (implying a 30 improve-
ment for two and one additional degrees of freedom,
respectively) to keep the source in the significant energy break
list reported in Table 2. We switch to the SBPL parameteriza-
tion for all sources detected in this list. This means that, when a
source located within 5° shows a significant energy break, we
re-optimize the ROI and we redo the whole process as
illustrated in the flowchart in Figure 2. This procedure allowed
the detection of 77 sources presenting a significant energy
break in their low-energy spectrum. The values of TSpp,
TSsppL, and TSgppy » for each of them are reported in Table B1.

3.4. Diffuse and IRF Systematics

The primary source of systematic error in this low-energy
analysis is the Galactic interstellar emission model (IEM). Our
nominal Galactic IEM is the recommended one for PASS 8
source analysis. It represents the first major update to the LAT
Collaboration’s IEM since the model for the 3FGL catalog
analysis gll_iem_v05.fits, developed for Pass7 Source class,
and later rescaled for Pass 8 Source as gll_iem_v06.fits. The
development of the new model is described in more detail
(including illustrations of the templates and residuals) online.®

80 https: / /fermi.gsfc.nasa.gov/ssc/data/analysis /software /aux /4fgl/
Galactic_Diffuse_Emission_Model_for_the_4FGL_Catalog_Analysis.pdf

The new model has higher resolution and correspondingly
greater contrast but some shortcomings in the new Galactic
IEM have been recognized when producing the 4FGL catalog.

To quantify the impact of diffuse systematics, we repeated
our analysis for the 77 sources listed in Table 2 using the old
diffuse rescaled for Pass 8 Source gll_iem_v06.fits. This
alternative analysis means that the whole flowchart in Figure 2
was performed again, from the optimization of the ROI to the
source finding algorithm, up to the determination of the spectral
curvature. Performing the same complete analysis with the
eight alternate diffuse models from Acero et al. (2016) would
have become extremely CPU time-consuming and this is why
the old diffuse model is only tested. Here, since we already
know that the source presents a break with the new model, we
directly tested if TSggpr, > 12 or TSsgpro > 9. If it was not the
case, then this source was discarded from the final list of
sources presenting significant energy break.

The second source of systematic error in our analysis is the
instrument response functions (IRFs) and especially the
inaccuracies in the effective area. Following the standard
method (Ackermann et al. 2012), we estimated the systematic
error associated with the effective area by calculating
uncertainties in the IRFs, which symmetrically bracket the
standard effective area and flip from one extremum to the other
at the measured value of the break energy. Here we started
from the best-fit model obtained with the standard IRF, which
is optimized before running the final spectral fit of each
candidate with each of the two bracketing IRFs. The source
finding algorithm was not relaunched in this case since these
changes mainly affect the spectral parameters of the source and
will not produce extra sources in the field of view.

A third source of systematic error that can affect the presence
or absence of a spectral break for the SOI is related to the
inaccuracy of the emission models of nearby point sources.
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Table 2
Results of the Systematic Studies
4FGL Name TSsepL TSsgpL2 TSsepL TSsgpL2 TSspL TSsgpL2
diffuse diffuse Aeff min Aeff min Aeff max Aeff max

*4FGL J0222.44-6156¢ 24.3 16.5 34.9 27.5 35.1 27.7
*4FGL J0240.5+6113 170.7 143.5 127.5 123.9 124.0 123.2
*4FGL J0330.7+45845 13.8 7.7 15.8 12.5 16.0 12.5
*4FGL J0340.44-5302 81.6 67.5 147.0 143.5 140.1 138.5
*4FGL J0426.5+5434 13.0 6.9 26.3 21.0 25.6 20.4
*4FGL J0500.34+4639¢ 12.2 8.1 15.2 14.5 14.9 14.2
*4FGL J0540.34-2756¢ 12.7 8.0 10.8 10.6 10.7 10.6
*4FGL J0609.04+-2006 14.7 6.6 17.6 14.0 17.1 14.1
*4FGL J0617.2+2234e 103.7 81.1 96.5 79.3 95.2 79.5
4FGL J0618.7+1211 10.4 5.7 16.5 9.3 15.2 9.5
*4FGL J0620.4+1445 13.5 6.0 14.0 9.2 14.2 9.3
*4FGL J0634.24-0436¢ 26.3 21.3 17.6 17.6 10.5 10.6
*4FGL J0639.44-0655¢ 333 28.9 44.8 39.3 45.0 394
*4FGL J0709.1-1034 26.5 14.6 19.5 13.0 194 13.0
4FGL J0722.7-2309 11.1 5.5 21.5 10.6 21.6 10.7
4FGL J0731.5-1910 94 5.1 16.4 94 16.3 94
*4FGL J0844.1-4330 27.1 13.2 38.9 13.2 32.7 11.2
*4FGL J0850.8-4239 15.2 9.0 27.4 19.7 27.7 19.9
*4FGL J0904.7-4908¢ 15.8 9.4 11.8 9.7 12.5 10.0
4FGL J0911.6-4738 11.8 7.1 11.8 9.7 10.8 8.2
4FGL J0924.1-5202 11.9 6.6 16.8 9.2 18.5 9.3
*4FGL J1008.1-5706¢ 21.5 9.9 25.7 20.6 25.7 20.8
+4FGL J1018.9-5856 14.7 5.2 28.9 279 28.5 28.2
*4FGL J1045.1-5940 25.6 19.8 15.2 15.0 17.0 16.9
4FGL J1244.3-6233 114 8.0 30.9 10.8 31.2 11.1
*4FGL J1351.6-6142 13.6 5.7 15.7 14.1 17.9 16.2
*4FGL J1358.3-6026 21.7 6.1 22.1 12.8 22.5 13.1
*4FGL J1405.1-6119 23.6 16.2 25.1 20.1 25.1 20.1
4FGL J1408.9-5845 10.3 5.4 11.5 9.0 11.9 9.1
*4FGL J1442.2-6005 15.1 6.5 16.3 12.0 16.6 12.2
*4FGL J1447.4-5757 154 7.7 18.1 14.4 18.3 14.6
4FGL J1501.0-6310e 7.9 3.2 17.8 10.0 18.4 10.1
*4FGL J1514.2-5909¢ 14.0 11.3 34.1 27.8 329 29.1
*4FGL J1534.0-5232 12.2 53 13.6 8.5 13.9 8.4
*4FGL J1547.5-5130 17.0 12.9 32.8 16.3 30.8 18.3
*4FGL J1552.9-5607¢ 12.0 7.9 11.5 10.9 11.9 10.9
4FGL J1553.8-5325¢ 7.9 4.1 73.5 63.2 74.0 64.6
4FGL J1556.0-4713 9.8 5.8 11.4 4.8 10.2 4.6
*4FGL J1601.3-5224 34.2 21.9 42.9 36.9 44.6 36.5
*4FGL J1608.8-4803 20.4 13.7 30.8 13.2 30.7 13.4
*4FGL J1626.6-4251 20.8 13.9 18.2 8.7 15.2 8.8
*4FGL J1633.0-4746¢ 12.8 8.5 37.2 36.4 38.1 37.1
4FGL J1639.3-5146 7.2 4.0 17.2 6.4 18.1 7.1
4FGL J1645.8-4533 8.9 6.6 28.9 10.5 30.9 14.6
4FGL J1708.6-4312 10.4 6.8 19.6 9.2 19.9 9.4
4FGL J1730.1-3422 9.8 1.5 35.6 13.8 35.9 14.1
4FGL J1734.5-2818 8.7 4.0 29.9 14.7 35.9 14.1
*4FGL J1742.8-2246 18.3 6.8 15.2 8.4 19.5 10.1
4FGL J1743.4-2406 7.0 3.8 14.7 53 14.9 6.5
4FGL J1759.7-2141 10.2 6.0 17.7 6.9 18.0 7.1
*4FGL J1801.3-2326e 89.1 83.5 173.9 146.6 175.5 147.6
*4FGL J1808.2-1055 13.3 7.9 14.6 10.0 14.6 10.1
*4FGL J1812.2-0856 13.8 74 15.8 7.8 16.0 13.6
*4FGL J1813.1-1737¢ 17.7 129 25.0 18.4 27.5 14.9
*4FGL J1814.2-1012 17.7 7.8 20.2 11.1 17.4 11.0
*4FGL J1839.4-0553 14.0 9.7 22.2 20.4 22.6 20.9
*4FGL J1852.44+-0037¢ 14.1 4.5 20.3 19.4 22.1 19.9
*4FGL J1855.24-0456 20.8 9.7 31.7 12.2 31.9 12.0
*4FGL J1855.94+0121e 90.0 82.3 91.1 91.5 94.3 94.8
4FGL J1856.24+0749 8.5 4.5 21.1 19.5 19.3 14.8
*4FGL J1857.74+0246¢ 12.0 5.6 24.4 20.5 24.9 19.1
*4FGL J1906.94+-0712 11.3 10.9 28.1 18.7 28.0 19.8
*4FGL J1908.74+0812 15.8 10.3 62.3 41.8 62.9 42.1
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Table 2
(Continued)

4FGL Name TSsgpL TSsgpL2 TSsgpL TSsgpL2 TSsgpL TSsgpL2

diffuse diffuse Aeff min Aeff min Aeff max Aeff max
*4FGL J1911.04-0905 14.4 10.4 27.8 27.6 27.8 27.4
4FGL J1912.5+1320 79 4.0 21.2 14.0 21.8 14.1
*4FGL J1923.24-1408¢e 23.0 17.7 20.8 20.7 22.3 22.1
*4FGL J1931.14-1656 13.5 7.0 23.1 17.0 23.3 17.3
*4FGL J1934.341859 28.4 12.5 31.1 15.6 30.5 14.5
4FGL J1952.8+2924 8.0 4.0 20.6 124 21.0 12.6
4FGL J2002.3+3246 8.3 4.1 14.3 11.2 14.3 10.4
*4FGL J2021.04+4031e 31.6 14.6 25.6 10.2 25.8 10.2
*4FGL J2028.64+4110e 49.2 34.3 94.5 91.8 132.9 129.9
*4FGL J2032.644053 13.6 15.2 21.3 19.0 22.2 19.2
*4FGL J2038.4+4212 17.0 9.4 14.4 10.3 14.5 10.3
*4FGL J2045.24-5026¢ 24.6 154 374 25.7 37.3 26.0
*4FGL J2056.4+4351¢c 17.2 11.0 18.9 10.0 18.1 10.2
+4FGL J2108.045155 13.5 7.1 18.2 12.3 18.3 124

Note. Columns 2 and 3 are obtained with the Galactic diffuse background rescaled for Pass 8 Source (gll_iem_v06.fits) and provide values of the improvement of the
smooth broken PL representation with respect to the PL model TSggpr. and the improvement of the smooth broken PL representation when fixing I'; = 2 called
TSsgpro as defined in Section 3.2. Columns 4, 5, 6, and 7 provide the same values of TSsgpr, and TSsgp; » for the two bracketing IRFs. Stars x denote spectral breaks

that are robust to all tests. See Section 3.4 for more details.

Initialization of the ROI
Starting model:
20° x 20° ROI centered on
the SOI with 4FGL sources
within 40° x 40°

Fit the spectral parameters of
the diffuse background and the
normalization of the
five(1)/ten(2) brightest sources

Initialize the ROI by
individually fitting the
normalization of all
sources down to Npred=1

Individually fit the

shape of all sources

inside ROl down to
TS=25

Optimization of the ROI

Optimize spectral
parameters of new

sources higher TS

Add sources with TS > 16
and > 2° from peak with

2 iterations

Global fit of the
region

Generate TS map with

Peaks with test source I' =2

TS>167

Spectral analysis of the SOI
Test if SBPL or SBPL2
is preferred over the
PL (TSsgp, > 12 oOr
TSsepr2 > 9)

Test if LP is
preferred over
the PL (TS;p > 9)

No ? Discard source

No peaks with
TS>167?

Calculate TS of the
SOl and newly added
sources. Remove
those with TS < 16

Fix sources located

more than 6° from

SOI. Perform a last
fit of the region

TSs01>257?

No ? Discard source

Figure 2. Flowchart illustrating the individual analysis procedure of each SOI located in a 20° x 20° region of interest. See text for further details.

A thorough investigation of this effect is beyond the scope of
this paper but we included in Table 3, for each candidate, the
distance of the nearest source as well as the relative
contribution of photons from the neighboring sources and the
diffuse backgrounds. Those values show that the diffuse
background impacts the sources much more than their
neighbors, with the exception of 4FGL J2021.04+4031e around
the bright PSR J2021+-4026.

Opverall, 56 sources among the 77 sources detected with the
standard IEM and IRFs are confirmed by our systematic

studies. The 21 candidates rejected are all sources that do not
meet the TSgppr, or TSsppy . criteria when using the old diffuse
model, while the inaccuracy in the effective area has a minor
effect in our analysis as can be seen in Table 2. The spectral
parameters of the confirmed sources are listed in Table 4. As
can be seen in this table, even if the old diffuse background
detects a significant energy break, the energy of this break can
be significantly different than with the standard IEM, leading to
large systematics as well on I';. However, the value of I'; is
much more robust.
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Table 3
Fractions of Photons from Neighboring Sources and Diffuse Background
Affecting All Confirmed Sources Showing a Significant Break

4FGL Name Distance (°) Nsor/Naitr Nsor/Naes
4FGL J0222.4+6156e 0.76 0.85 3.61
4FGL J0240.5+6113 1.28 7.34 112.58
4FGL J0330.7+5845 2.51 0.14 22.24
4FGL J0340.4+5302 1.39 0.86 38.35
4FGL J0426.5+5434 0.99 0.68 311.20
4FGL J0500.3+4639%¢ 1.31 0.17 7.70
4FGL J0540.3+2756e 1.35 0.08 1.99
4FGL J0609.0+2006 0.48 0.20 1.78
4FGL J0617.2+2234e 0.40 5.40 28.79
4FGL J0620.4+1445 1.03 0.16 1.56
4FGL J0634.2+0436e 1.29 0.22 2.74
4FGL J0639.4+0655¢ 1.47 0.09 0.85
4FGL J0709.1-1034 1.42 0.25 10.44
4FGL J0844.1-4330 0.85 0.25 0.22
4FGL J0850.8-4239 0.68 0.29 0.80
4FGL J0904.7-4908¢ 0.66 0.18 1.60
4FGL J1008.1-5706¢ 0.59 0.19 2.76
4FGL J1018.9-5856 0.33 2.28 3.39
4FGL J1045.1-5940 0.52 1.39 2.76
4FGL J1351.6-6142 0.72 0.25 1.78
4FGL J1358.3-6026 0.48 0.27 1.32
4FGL J1405.1-6119 0.48 0.51 1.51
4FGL J1442.2-6005 0.24 0.17 0.95
4FGL J1447.4-5757 1.28 0.28 2.97
4FGL J1514.2-5909¢ 0.69 0.24 1.06
4FGL J1534.0-5232 1.23 0.12 2.98
4FGL J1547.5-5130 0.66 0.17 2.28
4FGL J1552.9-5607¢ 2.25 0.15 6.69
4FGL J1601.3-5224 1.46 0.14 3.64
4FGL J1608.8-4803 1.30 0.15 1.92
4FGL J1626.6-4251 0.75 0.12 1.33
4FGL J1633.0-4746e 0.28 0.32 2.44
4FGL J1742.8-2246 1.00 0.20 1.22
4FGL J1801.3-2326e 0.08 0.70 2.83
4FGL J1808.2-1055 1.14 0.17 1.38
4FGL J1812.2-0856 1.36 0.21 3.33
4FGL J1813.1-1737¢ 0.50 0.20 243
4FGL J1814.2-1012 1.29 0.16 1.20
4FGL J1839.4-0553 0.28 0.45 0.87
4FGL J1852.4+0037e 0.76 0.15 0.87
4FGL J1855.2+0456 1.25 0.16 2.01
4FGL J1855.9+0121e 0.44 1.25 5.17
4FGL J1857.7+0246e 0.45 0.22 1.34
4FGL J1906.9+0712 0.23 0.26 0.65
4FGL J1908.7+0812 0.94 0.20 1.54
4FGL J1911.0+0905 0.21 0.49 2.81
4FGL J1923.2+1408e 0.35 0.91 3.27
4FGL J1931.1+1656 0.74 0.22 1.92
4FGL J1934.3+1859 0.55 0.21 0.72
4FGL J2021.0+4031e 0.12 0.79 0.19
4FGL J2028.6+4110e 0.73 0.16 0.43
4FGL J2032.6+4053 0.57 0.22 0.46
4FGL J2038.4+4212 0.71 0.24 1.09
4FGL J2045.2+5026e 0.32 0.32 1.77
4FGL J2056.4+4351c 1.07 0.18 3.63
4FGL J2108.0+5155 1.14 0.19 15.44

Note. Column 1 indicates the distance (in degrees) of the nearest neighboring
source. Columns 2 and 3 list the ratio, in the pixel at the source position,
between the predicted number of photons from the SOI with respect to those of
the Galactic and isotropic diffuse background (Nsop/Ngis), and to those of all
neighboring sources Ngop/Nges, respectively.

Abdollahi et al.

In addition to performing a spectral fit over the entire energy
range, we computed an SED by fitting the flux of the source
independently in 10 energy bins spaced uniformly in log space
from 50 MeV-1 GeV. During this fit, we fixed the spectral
index of the source at 2 as well as the model of background
sources to the best fit obtained in the whole energy range
except the normalizations of the Galactic diffuse and isotropic
backgrounds. We determined the flux in an energy bin when
TS >1 and otherwise computed a 95% confidence level
Bayesian flux upper limit, assuming a uniform prior on flux
following Helene (1983). The systematic studies with the old
diffuse and bracketing IRFs were also computed on all spectral
energy distribution (SED) points for the 56 confirmed sources
and the two uncertainties were added in quadrature. When an
upper limit was derived, the maximal and minimal upper limits
derived in this energy interval are plotted to indicate the
systematics related to this data point.

4. Discussion
4.1. Population Study

We detected 56 4FGL gamma-ray sources showing a
significant energy break in their spectrum between 50 MeV
and 1 GeV confirmed by our studies of systematics. As can be
seen in Figure 3, the distribution of sources showing a
significant break in their low-energy spectrum is more uniform
in both latitude and longitude than the parent distribution even
if there remains a peak at latitude O and in the Galactic Ridge.

The sources that we detect significantly with our analysis
(TS > 25) follow the same trend except for the region at ~ 300°
longitude, which contains more faint sources than the other
regions of the plane. Figure 4 clearly shows that the sources
that we do not detect with TS >25 in our pipeline have
predominantly low significance in the 4FGL catalog in the 300
MeV-1 GeV energy band, which is reassuring. However, there
is no correlation between the significance value in the 4FGL
catalog and the detection of a break with our pipeline. It can be
seen in this same Figure since the distribution for the sources
presenting a significant break is uniform.

The association summary is given in Table 5 and is
illustrated by the pie charts in Figure 5. Out of 311 candidates,
210 are unidentified, representing 67.5% of the sources
analyzed. It is striking to see that only 26 UNIDs show a
spectral break confirmed by our systematic studies (which
represents 46.4% of the sources with significant breaks). The
30 remaining candidates out of 56 confirmed cases present an
association reported by the 4FGL Catalog listed in Table 6.

On the other hand, the fraction of sources associated with
SNRs increases from 7.4% (23 out of 311 sources) to 23.2%
(13 out of 56 sources). This makes SNRs the dominant class of
sources with significant low-energy spectral break. Similarly,
the fraction of sources associated with binaries increases from
1.6% (five out of 311) to 7.1% (four out of 56), showing that
almost all binaries except 4FGL J1826.2-1450 (also known as
LS 5039), show a significant spectral break. Despite their small
fractions, binaries could contribute significantly to our popula-
tion of sources with low-energy spectral breaks; however, it
should be noted here that the spectral analysis is performed
over 8 yr and these sources often present variable gamma-ray
emission. A more thorough analysis of these sources would
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Table 4
Spectral Parameters of All Confirmed Sources Showing a Significant Break
4FGL Name 1(50—1000) AI(SO—]OOO) Ebreak AEbreak F] AF] Fz AFZ

1075 (MeV cm? s 1) stat/syst (MeV) stat/syst stat/syst stat/syst
4FGL J0222.4+6156¢ 47.8 2.7/0.6 465 78/40 1.35 0.14/0.03 2.34 0.21/0.14
4FGL J0240.5+6113 237.6 1.9/6.6 142 10/74 1.63 0.03/0.36 2.10 0.02/0.10
4FGL J0330.7+5845 32 0.5/0.3 367 38/52 —0.68 0.75/0.81 3.42 0.64/0.21
4FGL J0340.4+5302 34.1 1.3/5.8 284 43/116 1.60 0.14/0.38 3.27 0.23/0.35
4FGL J0426.545434 15.1 0.8/0.9 338 47/80 1.25 0.16/0.35 2.50 0.18/0.07
4FGL J0500.3+4639¢ 11.6 1.0/1.6 252 43/107 0.14 0.61/1.06 2.17 0.19/0.08
4FGL J0540.3+2756¢ 14.8 1.5/4.8 493 82/146 0.90 0.25/0.54 2.64 0.52/0.37
4FGL J0609.04+-2006 4.7 0.7/0.8 499 134/59 0.11 0.67/0.56 3.52 0.66/0.35
4FGL J0617.2+42234e 1225 24/1.1 276 19/3 1.06 0.05/0.03 1.75 0.03/0.03
4FGL J0620.4+1445 32 0.6/0.4 355 36/55 0.26 0.44/0.36 4.03 0.71/0.63
4FGL J0634.2+0436¢ 24.1 1.4/15.5 243 41/121 1.07 0.13/0.50 2.00 0.13/0.26
4FGL J0639.4+0655¢ 36.6 3.3/19.2 233 31/167 —0.13 0.66/0.95 2.51 0.23/0.59
4FGL J0709.1-1034 5.1 0.8/2.2 351 57/23 0.06 0.90/0.25 3.40 0.56/0.36
4FGL J0844.1-4330 15.2 2.6/2.4 159 28/76 0.35 0.19/0.46 3.28 0.20/0.41
4FGL J0850.8-4239 10.8 1.4/1.7 424 83/26 1.24 0.12/0.11 3.71 0.30/0.03
4FGL J0904.7-4908c 10.6 0.7/1.4 402 12/173 1.10 0.07/1.19 2.99 0.16/0.71
4FGL J1008.1-5706¢ 12.3 1.6/5.1 409 76/37 0.96 0.43/0.55 3.40 0.64/0.33
4FGL J1018.9-5856 130.0 3.4/11.9 73 1/24 0.32 0.02/0.31 1.98 0.02/0.05
4FGL J1045.1-5940 49.8 2.3/6.0 525 26/178 1.12 0.05/0.17 2.12 0.11/0.14
4FGL J1351.6-6142 26.9 2.7/12.5 125 8/22 —0.87 0.17/0.59 2.37 0.12/0.30
4FGL J1358.3-6026 20.8 1.5/2.3 131 4/28 —0.63 0.05/0.52 2.55 0.07/0.13
4FGL J1405.1-6119 61.9 2.7/9.2 110 2/14 0.06 0.02/0.44 2.14 0.03/0.05
4FGL J1442.2-6005 21.3 1.7/6.9 126 2/21 —1.10 0.03/0.73 2.58 0.07/0.44
4FGL J1447.4-5757 12.2 1.4/9.1 303 42/164 0.72 0.27/0.71 2.56 0.24/0.41
4FGL J1514.2-5909¢ 38.4 3.2/104 116 9/27 1.08 0.10/0.69 2.92 0.10/0.05
4FGL J1534.0-5232 4.5 0.9/3.3 375 30/161 0.68 0.29/0.47 3.95 0.24/0.79
4FGL J1547.5-5130 12.8 2.8/1.1 349 331/47 1.31 0.09/0.49 4.68 0.14/0.18
4FGL J1552.9-5607¢ 8.9 0.8/8.9 386 38/87 0.04 0.09/1.15 2.15 0.26/0.09
4FGL J1601.3-5224 26.1 24/32 356 23/177 1.19 0.17/0.77 3.78 0.32/0.89
4FGL J1608.8-4803 11.3 4.0/1.3 346 112/188 1.51 0.95/2.20 3.36 0.22/0.52
4FGL J1626.6-4251 4.5 0.7/1.0 354 16/32 0.63 0.31/0.28 4.57 0.15/0.58
4FGL J1633.0-4746e 78.1 1.9/21.9 517 18/152 1.19 0.04/2.28 2.11 0.15/0.12
4FGL J1742.8-2246 5.7 0.7/0.8 364 22/44 0.28 0.17/0.32 3.40 0.15/0.30
4FGL J1801.3-2326e 135.2 11.8/2.6 401 138/150 1.33 0.06/0.40 2.14 0.79/0.28
4FGL J1808.2-1055 35 1.4/1.9 354 6/39 0.22 0.51/0.67 2.81 0.75/0.31
4FGL J1812.2-0856 8.2 0.7/0.8 284 7/107 0.55 0.05/0.88 3.11 0.11/0.30
4FGL J1813.1-1737¢ 56.0 3.1/124 154 3/84 0.22 0.41/0.25 2.17 0.03/0.42
4FGL J1814.2-1012 5.5 0.7/0.5 471 50/10 0.19 0.42/0.53 4.25 0.17/0.34
4FGL J1839.4-0553 62.4 3.8/84 86 3/30 —0.29 0.33/0.30 1.94 0.04/0.10
4FGL J1852.44-0037e 434 2.5/79 119 2/18 —1.19 0.51/0.91 2.41 0.05/0.33
4FGL J1855.2+0456 13.5 3.1/0.1 379 157/56 0.53 0.12/0.44 3.76 0.25/0.44
4FGL J1855.94+0121e 184.1 2.5/7.7 347 5/62 1.03 0.04/0.05 1.91 0.02/0.07
4FGL J1857.7+0246¢ 37.7 0.8/17.7 615 20/284 1.51 0.04/1.58 2.45 0.12/0.24
4FGL J1906.9+0712 28.6 2.0/8.2 134 3/21 —0.69 0.06/0.70 2.44 0.07/0.15
4FGL J1908.7+0812 30.6 1.1/17.5 137 3/170 —1.19 0.05/1.54 2.75 0.08/0.88
4FGL J1911.0+0905 38.8 1.9/12.0 364 11/73 0.51 0.16/0.19 2.01 0.06/0.17
4FGL J1923.2+1408¢ 93.6 2.1/39 381 14/131 1.39 0.01/0.51 2.11 0.04/0.11
4FGL J1931.1+1656 17.1 2.1/9.9 203 8/19 —0.60 0.10/0.59 2.64 0.10/0.04
4FGL J1934.34+1859 159 2.0/3.5 211 23/11 0.17 0.38/0.23 3.13 0.27/0.12
4FGL J2021.0+4031e 119.8 43/159 147 7/31 1.64 0.05/0.18 2.55 0.05/0.05
4FGL J2028.6+4110e 201.5 5.2/71.9 383 13/138 1.00 0.02/0.37 223 0.06/0.24
4FGL J2032.6+4053 22.6 4.9/0.9 561 217/21 1.90 0.16/0.07 448 0.47/0.23
4FGL J2038.4+4212 20.2 2.0/4.3 152 22/187 0.65 0.23/0.29 2.29 0.14/0.31
4FGL J2045.24+5026e 35.6 1.9/13.0 397 24/155 1.09 0.09/0.29 2.44 0.13/0.38
4FGL J2056.4+4351c 9.0 1.1/5.2 183 5/65 0.02 0.04/0.29 2.52 0.07/0.22
4FGL J2108.0+5155 9.8 1.7/0.4 451 77/247 1.09 0.30/0.18 2.68 0.68/0.70

Note. Results of the maximum likelihood spectral fits for sources showing significant breaks confirmed by the systematic studies. These results are obtained using a
smooth broken PL representation. Columns 2, 4, 6, and 8 list the integrated flux, the break energy and the photon indices I'; and I'; of the source fit in the energy range
from 50 MeV-1 GeV following Equation (1). Columns 3, 5, 7, and 9 list the statistic and systematic uncertainties on these spectral parameters.
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Figure 3. Latitude (top) and longitude (bottom) distributions of the 311 sources selected (black line), the 247 sources with TS > 25 in our pipeline (black dashed line),
the 77 sources with significant breaks (blue line) and the 56 confirmed cases by our studies of systematics (red line).
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Figure 4. Distribution of the 4FGL significance between 300 MeV and 1 GeV
for the 311 sources selected (black line), the 247 sources with TS > 25 in our
pipeline (black dashed line), the 77 sources with significant breaks (blue line)
and the 56 confirmed cases by our studies of systematics (red line).

need to be done. Finally, only one SFR is analyzed (and
confirmed) which prevents us from drawing a firm conclusion
on this source class.

11

Table 5
Summary of Source Classes
Source Class Analyzed Confirmed
Supernova remnant (SNR) 23 13
Pulsar wind nebulae (PWNe) 4 2
Supernova remnant/pulsar wind nebula (SPP) 37 6
Star-forming region (SFR) 1 1
Unknown (UNK) 31 4
Binary /high-mass binary (BIN/HMB) 5 4
Unidentified (UNID) 210 26

Note. For the source classes SNR, PWNe, SPP, SFR, BIN, and HMB, we add
both the firm identifications reported in the 4FGL catalog as well as the
associations (capital and lower case letters as can be seen in Column 6 of
Table B1).

Figure 6 illustrates the distribution over the sky of the 56
4FGL gamma-ray sources showing a significant energy SFR
break. The lack of these sources at latitudes smaller than —2°
appears clearly. One can also note a large fraction of
unidentified sources at longitude comprised between —50°
and 50°. These sources are part of the large fraction of 4FGL
unassociated sources located less than 10° away from the
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Figure 5. Pie charts showing the classes of sources analyzed (Left) and those for which a significant break is detected (Right). The class names are those used in the
4FGL catalog: SNR stands for supernova remnant, PWNe for pulsar wind nebulae, SFR for star-forming region, BIN for binary, HMB for high-mass binary. The
designation SPP indicates potential association with SNR or PWNe. The UNK class includes low-latitude blazar candidates of uncertain type associated solely via the

likelihood-ratio method.

Table 6
Candidates with Firm Associations Reported in the 4FGL Catalog

4FGL Name Assocl Assoc2
4FGL J0222.44+6156¢ W3 HB 3 field
4FGL J0240.5+6113 LS I+61 303
4FGL J0500.34+4639¢ HB 9
4FGL J0540.342756¢ Sim 147
4FGL J0617.242234¢ IC 443
4FGL J0634.24-0436¢ Rosette Monoceros field
4FGL J0639.44+0655¢ Monoceros

4FGL J0904.7-4908
4FGL J1008.1-5706
4FGL J1018.9-5856
4FGL J1045.1-5940
4FGL J1442.2-6005
4FGL J1514.2-5909¢
4FGL J1552.9-5607¢
4FGL J1601.3-5224
4FGL J1633.0-4746e
4FGL J1801.3-2326e
4FGL J1813.1-1737¢
4FGL J1839.4-0553
4FGL J1852.4+0037¢
4FGL J1855.940121e
4FGL J1857.7+0246¢
4FGL J1911.04+-0905
4FGL J1923.2+1408e
4FGL J1934.34+-1859
4FGL J2021.0+4031e
4FGL J2028.6+4110e
4FGL J2032.6+-4053
4FGL J2045.24-5026¢
4FGL J2056.4+4351

IRXS J090505.3-490324
IRXS J100718.2-570335
1FGL J1018.6-5856

Eta Carinae

SNR G316.3-00.0

MSH 15-52

MSH 15-56

SNR G329.7400.4
HESS J1632-478

w28

HESS J1813-178

NVSS J183922-055321
Kes 79

w44

HESS J18574026
W49B

Ws1C

SNR G054.4-00.3
Gamma Cygni

Cygnus X Cocoon

Cyg X-3

HB 21

IRXS J205549.44-435216

FGES J1036.3-5833 field
FGES J1036.3-5833 field

HESS J1841-055 field

Cygnus Cocoon field

Cygnus Cocoon field

Note. Columns 2 and 3 are derived from the Assocl and Assoc2 columns of the 4FGL Catalog. The latter provides an alternate designation or an indicator as to

whether the source is inside an extended source.

Galactic plane with a wide latitude extension hard to reconcile

with those of known classes of Galactic gamma-ray sources.
Looking now at the spectral parameters of the 56 confirmed

sources, the distribution of the energy of the breaks detected by

12

our analysis is relatively uniform between 70 and 700 MeV,
with no breaks detected below and above this energy interval
(as a direct consequence of the energy interval analyzed here)
and a higher proportion of breaks at ~400 MeV as illustrated
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by Figure 7. Interestingly, no low-energy spectral breaks
(< 140 MeV) are detected for the 13 sources associated with
SNRs. As can be seen on the top panel of this figure, the large
error bars on this parameter prevent us from drawing any firm
conclusion or even rejecting any candidate by a comparison
with the standard value expected for proton—proton interaction
indicated by the green line. On the other hand, there is a trend
concerning the distributions of I'; with a peak at ~0.2 and
~1.0. The peak at 0.2 is expected by proton—proton interaction
(as indicated by the green line presenting the results of the
simulations carried out in Appendix A) but the peak at 1 is not
predicted, though it is present for a large number of SNRs
interacting with MCs. It might be due to some confusion by the
Galactic and isotropic diffuse background. A double-peaked
distribution is also visible in Figure 8 for I'; at ~2.1 and ~3.6.
For this parameter, the distribution restricted to SNRs contains
a single peak at ~2.1. Looking now at the distribution of
I'c—T'; in Figure 8 (right), a peak at ~0.9 is highly
pronounced for SNRs. This tends to show that the values
obtained on I'; and I'; — I'; could be used in the future to probe
the type of particles radiating in a gamma-ray source.

4.2. SNRs and MCs

The most famous sources with pion bump signature are the
middle-aged remnants IC 443 and W44. Figure 9 presents the
residual TS maps of the region of IC 443 (4FGL J0617.2
+2234e) and W44 (4FGL J1855.940121e) as well as their
SEDs, showing the overall agreement with the 4FGL SED
points superimposed. This figure also illustrates the advantages
of using a restricted energy range and different spectral shape
than the 4FGL to better reproduce the significant energy break
at low energy since we are not dominated here by photons at
high energies. The spectral parameters reported in Table 4 for
these two sources are in reasonable agreement with those
published by Ackermann et al. (2013), knowing that this first
analysis did not take into account the effect of energy
dispersion and no systematic uncertainties were evaluated at
that time.

Among the 56 sources with significant breaks, one can see
from the 4FGL Classification column listed in Table B1 that 10
sources are firm SNR identifications and three are associated

13

with SNRs. Among the three SNR associations, 4FGL J1911.0
40905 (Figure 17 top right) is associated with W49B and thus
can be safely identified as an SNR since it is one of the few
other sources for which a pion-decay bump signature was
published with W51C (4FGL J1923.2+1408e, Figure 17,
middle left) and HB 21 (4FGL J2045.2+5026e, Figure 18,
middle right). The only missing source for which a low-energy
break has been published is Cassiopeia A (4FGL J2323.4
+5849) but the break energy reported by Yuan et al. (2013) is
at 1.72%}33 GeV, which seems consistent with our non-
detection in the 50 MeV-1GeV energy interval. The five
sources confirmed by our analysis are all SNRs interacting with
MCs. These MCs are excellent targets for cosmic-ray
interactions and subsequent pion decay.

The hadronic scenario was also preferred for other LAT-
detected SNRs interacting with MCs, though their gamma-ray
analysis starting above a few hundred megaelectronvolts did
not allow rejection of a leptonic scenario: the SNR HB 3 and
the W3 H II complex (Katagiri et al. 2016a), S147 (Katsuta
et al. 2012), HB 9 (Araya 2014), the SNR G326.3-1.8 (Devin
et al. 2018) and the SNR W28 (Hanabata et al. 2014). Our low-
energy analysis presents a rapid turnover of the spectrum at low
energy, which confirms the conclusions of the previous
publications for 4FGL J0222.4+6156e (W3, see Figure 10,
top left), 4FGL J0500.34+4639¢ (HB 9, see Figure 10, bottom
right), 4FGL J0540.3+2756e (S147, Figure 11, top left)
4FGL J1552.9-5607e (G326.3-1.8, Figure 14, middle left)
and 4FGL J1801.3-2326e (W28, see Figure 15, middle left).
No significant curvature is detected for the SNR HB 3 but it
should be noted that its gamma-ray emission is much fainter
than the adjacent MC W3 (TS value of 75.9 with respect to
1307.1 for W3) and more data would be needed to constrain the
low-energy spectrum of the SNR. A hadronic scenario was also
invoked for the SNR Monoceros Loop (Katagiri et al. 2016b).
In this case, the brightest gamma-ray peak is spatially
correlated with the Rosette Nebula, a young stellar cluster
and MC complex located at the edge of the southern shell of the
SNR which has a role similar to W3 for the HB 3/W3
complex. The interaction between the SNR and the MC
provides the target to naturally produce gamma-rays via
proton—proton interaction and it is not a surprise that we
confirm a spectral break at low energy for the Monoceros SNR
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Figure 7. Break energy for the 56 sources confirmed by our studies of
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values; (Bottom) Corresponding histograms.

(4FGL J0639.44-0655¢, see Figure 11, bottom left) and for the
Rosette complex (4FGL J0634.24+-0436e, see Figure 11, middle
right). More recently, modeling of the nonthermal emission of
the gamma Cygni SNR (Fraijja & Araya 2016;

14
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Fleischhack 2019), associated with the source 4FGL J2021.0
+4031e, also suggested that the gamma-ray emission (analyzed
above 100 MeV) might be of hadronic nature with enhanced
gigaelectronvolt emission spatially coincident with the terae-
lectronvolt source VER J2019+4-407. Here again, our low-
energy analysis detects a low-energy break in the spectrum of
this SNR (see Figure 17, bottom right) but it should be noted
that the bright gamma-ray emission from the pulsar PSR J2021
44026, lying near the center of the remnant, is very difficult to
disentangle from the signal of the SNR at these low energies,
which could lead to some contamination in the SNR spectrum.
A follow-up study in the off pulse of the pulsar would therefore
be needed to confirm the results obtained with our pipeline.
This applies not only to supernova remnants but also to all
sources coincident with (or very close to) a bright gamma-ray
pulsar. It is even more clear for 4FGL J1514.2-5909¢
associated with the pulsar wind nebula MSH 15-52 and
coincident with the soft gamma-ray pulsar PSR B1509-58. The
very high low-energy flux visible in Figure 13 (bottom right) is
most likely to the associated pulsar PSR B1509-58, which is
not included in the 4FGL Catalog and would be hard to
disentangle from the PWNe at these energies.

4.3. Constraints on Other Identified Sources

As discussed in Section 4.2, gamma-ray observations are
suggestive of hadron acceleration in a number of SNRs: the
young SNRs Tycho and Cassiopeia A, and the middle-aged
remnants with pion-decay signature cited above. However,
definite proof of proton acceleration, especially at petaelectron-
volt energies, is still missing and alternative Galactic sources of
cosmic rays could play a significant role.

The shocks generated by the stellar winds of massive stars or
star-forming regions are among these cosmic-ray accelerators.
In this respect, the detection of gamma-rays of the Cygnus
region by the LAT (Ackermann et al. 2011) opened new
perspectives by revealing the presence of a cocoon of freshly
accelerated cosmic rays over a scale of ~50 pc. Our analysis
revealed a spectral break for the SFR analyzed, 4FGL J2028.6
+4110e (see Figure 18, top left), which is associated with the
cocoon. A very hard index I'; = 1.00 £ 0.02 £ 0.37y is
detected up to break energy at 383 & 13, & 138,y MeV,
followed by a spectral index I';=2.23 & 0.064 &= 0.24y,
similar to those observed for the population of identified SNRs
as can be seen in Figure 8. Complete modeling of the source at
gamma-ray energies is beyond the scope of this paper but our
results tend to favor the hadronic scenario, thus reinforcing the
long-standing hypothesis that massive SFRs house particle
accelerators.

Gamma-ray binaries, microquasars, and colliding wind
binaries could also contribute to the sea of Galactic cosmic
rays and at least contribute significantly to the population of
sources with significant breaks as reported in Section 4.1.
Spectral breaks have been detected for these three types of
sources with 4FGL J0240.5+6113 associated with the high-
mass gamma-ray binary (HMB) LS 1461 303 (Figure 10, top
right), the HMB 4FGL J1018.9—-5856 (Figure 12, bottom left),
4FGL J1045.1-5940 associated with the colliding wind binary
1 Carinae (Figure 12, bottom right) and 4FGL J2032.6+-4053
associated with the microquasar Cyg X-3 (Figure 18, top right).
However, this last source presents the highest value of spectral
index I'; (1.90 £ 0.164, &= 0.07y,) among the 56 candidates,
which does not really look like the standard pion bump
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signature observed for interacting SNRs. Finally, the source
4FGL J1405.1-6119 was recently identified as a high-mass
gamma-ray binary using Fermi-LAT observations (Corbet et al.
2019), and should therefore be added to the small set of
gamma-ray binaries detected in our analysis. Since significant
variability was detected by the LAT for these five gamma-ray
sources, an individual analysis taking into account their orbital
period would be needed to see if the spectral break detected is a
signature of proton—proton acceleration.

4.4. Interesting New Cases: Potential Proton Accelerators?

Among the sources for which a significant spectral break is
detected with our pipeline, several are classified as SPP, UNK,
or even unassociated as can be seen in Table 5. Among these
three source classes, SPP is the only one for which the fraction
of sources with significant break is similar to the analyzed
fraction (11.9% versus 10.7%), while UNK and UNIDs both
show a clear decrease between the analyzed fraction and the
confirmed one (see Figure 5). The SPP are sources of unknown
nature but overlapping with known SNRs or PWNe and thus
candidates to these classes, while UNK are sources associated
with counterparts of unknown nature. Unassociated, SPP and
UNK represent 29.7% of the 4FGL sources: revealing the
mystery of the nature of these unidentified gamma-ray sources
might shed new light on the problem of the origin of Galactic
cosmic rays. In this respect, three sources detected by our
pipeline are of special interest since they are coincident with
SNRs and/or dense molecular clouds.

This is the case for 4FGL J1601.3-5224 (Figure 14, middle
right) coincident with the SNR G329.7+00.4, which presents a
diffuse shell at radio energies (Whiteoak & Green 1996) but is
not detected at any other wavelength. Our analysis indicates a
soft spectrum I', =3.78 £ 0.32, = 0.89,yc with large sys-
tematics due to the diffuse background. The same systematics
affect the value of the energy break showing that our results
may suffer from contamination.

15

Similarly, the source 4FGL J1934.34+1859 (Figure 17,
bottom left) is coincident with SNR G054.4-00.3 detected as
a nearly circular shape and angular diameter of ~40’at radio
energies (Junkes et al. 1992) while Swift and Suzaku X-ray
observations allowed for the detection of the X-ray
counterpart (Karpova et al. 2017) of the gamma-ray pulsar
PSR J1932+1916 (Pletsch et al. 2013) located near the edge of
the SNR. Suzaku observations also revealed diffuse emission
with an extent of about 5’ whose spectral properties are
compatible with those of PSR+PWN systems. Interestingly,
large-scale CO structures across the SNR were observed,
indicating the SNR interaction with the ambient molecular gas,
which is an important ingredient to enhance the gamma-ray
emission due to proton—proton interaction. Our analysis reveals
a spectral index above the break energy I, =3.13+
0.27 g4a¢ = 0.12y, which may again indicate that the associa-
tion with an SNR is spurious or that our low-energy analysis
suffers from contamination from other neighboring sources in
this crowded region.

Finally, the unidentified source 4FGL J1931.141656
(Figure 17, middle right) is coincident with the SNR candidate
G52.37-0.70 detected in a recent THOR-+VGPS analysis
(Anderson et al. 2017). However, the spectral index of
a=0.310.3 using Very Large Array observations (Driessen
et al. 2018) seems to indicate that this candidate is unlikely to
be an SNR. The gamma-ray spectrum derived by our analysis
resembles that of other SNRs and is not affected by large
systematics especially the break energy 203 &8 £ 19 and the
spectral index above the break I', =2.64 £0.10 £ 0.04. It is
the best candidate for proton acceleration among these three
potential SNR associations.

These three regions are extremely complex and would
deserve a dedicated analysis at higher energy with Fermi to
constrain their location and their association with the corresp-
onding SNR, as well as a spectral analysis over a larger energy
interval to definitively constrain the type of radiating particles.
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Even more care should be taken for the extended sources
4FGL J1633.0-4746e (Figure 15, top left) and 4FGL J1813.1-
1737e (Figure 15, bottom right) since their disk radii of 061
and 0°6, respectively, in confused Galactic plane regions adds
to the complexity of such analysis at low energy. With its large
extension, 4FGL J1633.0-4746e overlaps with both the terae-
lectronvolt PWN candidate HESS J1632-478 and the uni-
dentified source HESS J1634-472, both detected at
gigaelectronvolt energies but not included in our list of selected
candidates due to their low significance at low energy. This
implies that the region contains three sources: a point-like
source coincident with HESS J1634-472, an extended source
coincident with HESS J1632-478 but with an extension of
0.256° almost twice as large as the teraelectronvolt size, and the
very extended source 4FGL J1633.0-4746e overlapping them
detected above 10GeV with a spectral index of
2.25 £ 0.0144 = 0.10y5c (Ackermann et al. 2017). Interest-
ingly, our spectral analysis indicates a break at 517 &
185tat £ 2525y« MeV followed by an index of I',=2.11+
0.1545¢ = 0.12 in agreement with the index detected above
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10 GeV (though with very large systematics on the break
energy due to the diffuse background). The break detected at
low energy by our analysis, the hard spectral index I',
consistent with the one detected at higher energy (which
seems to indicate a flat spectrum over a large energy range) and
the presence of dense clumps in this region traced NH;(1,1)
emission (de Wilt et al. 2017) make this source a very
interesting proton accelerator. A dedicated analysis would
therefore be very valuable in this case.

The disk radius of 0.60 £+ 0.06g, of the Fermi source
4FGL J1813.1-1737e, coincident with the compact teraelec-
tronvolt PWN candidate HESS J1813-178 (Gaussian size of
0.049 £ 0.04° in H.E.S.S. Collaboration et al. 2018b), was first
detected by Araya (2018). The authors reported a hard index of
2.07 £ 0.09,; above 500 MeV compatible with the teraelec-
tronvolt index. This spectrum is compatible with the spectral
index I', =2.17 & 0.034 = 0.42y derived in our analysis.
With such a large extension in the Galactic plane, several
sources could contribute to the gigaelectronvolt signal: the
PWN powered by PSR J1813-1749 thought to emit at
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Figure 10. LAT SEDs of 4FGL J0222.44-6156¢ (top left), 4FGL J0240.5+6113 (top right), 4FGL J0330.7+5845 (middle left), 4FGL J0340.4+5302 (middle right),
4FGL J0426.5+5434 (bottom left), and 4FGL J0500.3+4639¢ (bottom right) with the same conventions used in Figure 9.

teraelectronvolt energies as seen by H.E.S.S. and HAWC
(Abeysekara et al. 2017), the SNR G12.82-0.02 whose
contribution to the teraelectronvolt signal was explored by
Funk et al. (2007) and the giant SFR W33 that comprises a
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region of 15’ at a distance of 2.4 kpc (Immer et al. 2013). This
last hypothesis was considered by Araya (2018), showing that
the energetics, extended morphology, and spectrum of the
gigaelectronvolt emission are similar to those of the other
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Figure 11. LAT SEDs of 4FGL J0540.34-2756¢ (top left), 4FGL J0609.0+-2006 (top right), 4FGL J0620.4+ 1445 (middle left), 4FGL J0634.24-0436e (middle right),
4FGL J0639.44-0655¢ (bottom left), and 4FGL J0709.1—1034 (bottom right) with the same conventions used in Figure 9.

gamma-ray detected SFR, the Cygnus Cocoon. To firmly and a spectral analysis over a larger energy range to model the
establish the presence of protons radiating at gamma-ray broadband emission.

energies, such a complex region definitively is worth an Finally, several sources detected by our analysis are
individual analysis above 1 GeV to constrain the morphology completely unassociated and follow-up observations at

18
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teraelectronvolt energies and X-rays would be needed to
constrain their nature. They all present values of I', much
softer than those of the identified SNRs discussed in
Section 4.2. Similarly, the values of I', —I'; obtained in
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our analysis are much larger (>2.96) than those of the
identified SNRs and dense MC regions. This tends to indicate
that these sources are not associated with SNR shock
acceleration.
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Figure 13. LAT SEDs of 4FGL J1351.6-6142 (top left), 4FGL J1358.3-6026 (top right), 4FGL J1405.1-6119 (middle left), 4FGL J1442.2-6005 (middle right), 4FGL
J1447.4-5757 (bottom left), and 4FGL J1514.2-5909¢ (bottom right) with the same conventions used in Figure 9.

5. Summary

Using 8 yr of Pass 8§ LAT data between 50 MeV and 1 GeV,
we have analyzed 311 4FGL sources located within 5° from the
Galactic plane and detected 77 sources with significant spectral

breaks.

We carried out a thorough study of the systematics

associated with the diffuse Galactic background and with the
effective area for each of them and we confirmed the spectral
break for 56 of them. With 13 SNRs identified within this
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Figure 14. LAT SEDs of 4FGL J1534.0-5232 (top left), 4FGL J1547.5-5130 (top right), 4FGL J1552.9-5607e (middle left), 4FGL J1601.3-5224 (middle right),
4FGL J1608.8-4803 (bottom left), and 4FGL J1626.6-4251 (bottom right) with the same conventions used in Figure 9.

sample of 56 sources, SNRs are the dominant class of sources indicate that binaries could also have a significant contribution.
showing significant breaks at low energy. Only five binaries are The spectral characteristics were also evaluated for these 56
included in the sample of 311 sources analyzed but four of sources. The break energy of the sources ranges uniformly
them show a significant break at low energies. This seems to between 100 MeV and 550 MeV. However, a clear pattern is
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Figure 15. LAT SEDs of 4FGL J1633.0-4746 (top left), 4FGL J1742.8-2246 (top right), 4FGL J1801.3-2326e (middle left), 4FGL J1808.2-1055 (middle right),
4FGL J1812.2-0856 (bottom left), and 4FGL J1813.1-1737e (bottom right) with the same conventions used in Figure 9.

detected in the spectral index I', of the sources, which tends to provides three interesting new proton accelerator candidates:
center at 2.3 for the population of 13 identified SNRs. 4FGL J1931.14+1656 is coincident with the SNR candidate
Similarly, the value of I'; — I'; tends to center at ~1 for the G52.37-0.70 detected in a recent THOR+VGPS analysis, the
same population of sources. This provides an interesting way to extended source 4FGL J1633.0-4746e overlapping the terae-
constrain the nature of the radiating particles. Our analysis also lectronvolt PWN candidate HESS J1632-478 and the
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Figure 16. LAT SEDs of 4FGL J1814.2-1012 (top left), 4FGL J1839.4-0553 (top right), 4FGL J1852.4+0037¢ (middle left), 4FGL J1855.2+0456 (middle right),
4FGL J1857.740246e (bottom left), and 4FGL J1906.9+0712 (bottom right) with the same conventions used in Figure 9.

unidentified source HESS J1634-472, and the extended source providing excellent targets of proton acceleration for current
4FGL J1813.1-1737e coincident with the compact teraelectron- and future Cherenkov telescopes such as CTA.

volt PWN candidate HESS J1813-178 and the SFR W33. The
current and future observations of the LAT are thus crucial to
probe the spectral characteristics of a source at low energy,

The Fermi-LAT Collaboration acknowledges generous
ongoing support from a number of agencies and institutes that
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Figure 17. LAT SEDs of 4FGL J1908.7+0812 (top left), 4FGL J1911.04+0905 (top right), 4FGL J1923.2+1408e (middle left), 4FGL J1931.1+1656 (middle right),
4FGL J1934.34+1859 (bottom left), and 4FGL J2021.04+4031e (bottom right) with the same conventions used in Figure 9.
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Appendix A
The Pion-decay Bump Signature

As already discussed in the main text, when accelerated
protons interact with the interstellar matter, they produce
neutral pions which in turn decay into gamma-rays. This will
create a characteristic signature at low energy in the gamma-ray
spectrum called the pion-decay bump signature. To better
understand how this signature is characterized in our energy
interval of interest (50 MeV—1 GeV), we have used the
python package naima (Zabalza 2015) to derive the gamma-ray
emission produced by proton—proton interaction. To do so,
naima uses an implementation of the analytical parameteriza-
tions of the energy spectra and production rates of gamma-rays
from Kafexhiu et al. (2014), which is accurate within 20%. The
inclusive 7° production cross section is included as a
combination of the experimental data cross sections at low
energies, the Geant 4.10.0 cross section at intermediate
energies and at higher energies the hadronic model Pythia
8.18 as the default. We applied naima to three different PL
distributions of protons with spectral index I'; varying between
1.5 and 2.5. The results presented in Figure Al (left) are in
perfect agreement with those published in Ackermann et al.
(2013) and show that a very steep spectrum is expected below
the break energy at ~200 MeV. This figure also highlights that
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the pion-decay bump signature might be more difficult to detect
for a hard proton distribution (red curve) than for steep
injection spectra. This might in turn increase the systematic
errors on the derived break energy. Finally, this figure
demonstrates that the restricted energy interval of our analysis
does not allow constraining the spectral index of the parent
distribution since the gamma-ray spectra trace the energy
distribution of parent protons at energies greater than 1 GeV.
The upper bound of our energy interval was chosen since
middle-aged SNRs commonly exhibit a high-energy spectral
break at around 1-10 GeV (see the case of W28 with a break at
1 GeV reported by Abdo et al. 2010) and a simple broken PL
model would not apply anymore above 1 GeV. To test for this
effect, we applied naima to the same PL distributions of
protons adding a break at 1 GeV in their distributions. We
assumed that I'y =T" + 1. Figure Al (right) demonstrates that
the break energy of the gamma-ray emission detected in our
energy interval is not affected. However, this break signifi-
cantly impacts the spectral index derived assuming a simple
broken PL model. In a second step, we used the gamma-ray
emission obtained with naima assuming a PL distribution of
protons with I'; =2.0 and 2.5 to produce 200 Fermi simulated
data files for each index over 8 yr using the grobssim tool
included in the LAT fermitools. We then analyzed these
simulations using fermitools following the same procedure as
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Figure Al. Left: gamma-ray spectra produced by a PL distribution of protons with spectral indices of 1.5 (red), 2.0 (black), and 2.5 (blue) as predicted by naima
(Zabalza 2015). Right: same figure assuming that an energy break is present in the particle distribution at 1 GeV. The energy interval analyzed in this work is defined

by the green area.
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Figure A2. Left: gamma-ray spectrum derived using our analysis pipeline from one simulation of a PL distribution of protons with a spectral index of 2.0 predicted by
naima (Zabalza 2015). The fit assuming a smooth broken PL model (see Equation (1)) with & = 0.1 is represented by the blue curve. The fit assuming a = 0.5 is
represented by the red curve. The best fit of a similar simulation assuming a proton injection index of 2.5 is represented by the green line. Right: Distribution of the
200 values of energy break fitted for a proton injection spectral index of 2.0. The black line represents our best Gaussian fit.

Table A1
Results of The Gaussian Fits of the 200 naima Simulations Assuming Proton
Injection Spectral Indices of 2.0 and 2.5

Proton Index = 2.0 Proton Index = 2.5

Energy break 209/18 212/15
I 0.24/0.09 0.29/0.09
I, 1.43/0.04 1.74/0.04

Note. The first column indicates the parameter fitted (energy break, I'; and I'),
the second and third columns present the mean and sigma of the distribution
obtained for a proton injection of 2.0 and 2.5, respectively.

with the real data, assuming a smooth broken PL spectral
model with o« =0.1 (see Equation (1)), except that the SED
was produced for 12 energy bins instead of 6 to reflect the high
statistics of our simulations (which mimics the flux of IC 443).
We did not introduce any diffuse background in our
simulations to clearly show how a proton spectrum will be
reconstructed at low energies with the LAT in the absence of
systematic errors. Figure A2 presents the gamma-ray spectrum
derived for one of these simulations demonstrating that the
spectral index derived above the break does not trace the parent
proton distribution. The error bars are extremely small due to
the high flux of the simulated source and the absence of diffuse
background. This figure also shows that the smooth broken PL
model used in our analysis with a=0.1 reproduces the
gamma-ray spectrum well. A smoothness parameter o = 0.5
was also tested but it does not significantly improve the
likelihood of the fit. Finally, one can see that the injection
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spectral index does not seem to impact the break energy and the
index I'; of our smooth broken PL fit. The only parameter
affected is the index I',. To confirm this trend, we plotted the
distributions of the 200 reconstructed values of the break
energy, I'; and I'; for each injection spectral index, and fitted a
Gaussian on each distribution as can be seen in Figure A2
(right) for the case of the break energy. The results are
presented in Table Al confirming that the only parameter
affected by the different injection spectral indices is I',. This
study demonstrates that no steep spectrum is predicted for a
standard injection spectral index. The only way to produce the
steep spectra observed for some of the candidates detected in
our analysis would be to include an energy break at (or below)
1 GeV in the injection proton spectrum as shown in Figure Al
(right).

Appendix B
List of the 311 Galactic Plane Sources Analyzed

Table Bl provides the list of all candidates analyzed.
Columns 2 and 3 provide the Galactic longitude and latitude of
the 311 candidates. Columns 4, 5, and 6 provide the curvature
significance, the significance between 300 MeV and 1 GeV and
the source class reported in the 4FGL catalog. Columns 7-10
provide the values obtained in our analysis concerning the TS
of each source, the improvement of the log-normal representa-
tion with respect to the PL model TS p as defined in
Section 3.2, the improvement of the smooth broken PL
representation with respect to the PL. model TSgpp;. and the
improvement of the smooth broken PL representation when
fixing I'; =2 called TSsgpr 2.
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Table B1
List of Selected Galactic Plane Candidates
4FGL Name GLON GLAT 4FGL SigCurv 4FGL JTS 4FGL Class TS TSip TSsppL TSsgpr2
@) @) (0.3-1 GeV)
4FGL J0034.64+6438 121.13 1.83 2.6 39 7.6
4FGL J0039.1+6257 121.54 0.12 7.0 52 43.8 7.0
4FGL J0129.0+6312 127.16 0.65 3.1 5.7 spp 55.9 5.1
4FGL J0142.54+6650 127.93 4.46 34 3.6 6.4
4FGL J0144.3+5959 129.51 —2.20 0.6 34 49
4FGL J0211.54+6219 132.09 0.89 1.1 3.5 0.3
4FGL J0221.4+6241e 133.05 1.60 5.7 8.8 SNR 75.9 0.5
*4FGL J0222.44+-6156¢ 133.42 0.94 14.3 30.7 snr 1307.1 27.2 34.8 324
4FGL J0235.34+5650 136.82 -3.19 4.1 7.6 77.1 3.7
*4FGL J0240.54+-6113 135.68 1.09 28.2 107.3 HMB 39495.7 127.8 127.3 100.9

Note. Table B1 is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)
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