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7
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A. RICO-RODRÍGUEZ ,2 M. SÁNCHEZ-CONDE ,32, 64 P. M. SAZ PARKINSON ,65 D. SERINI ,8 C. SGRÒ ,6 E. J. SISKIND ,66
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18Laboratoire Leprince-Ringuet, CNRS/IN2P3, École polytechnique, Institut Polytechnique de Paris, 91120 Palaiseau, France42

19Deutsches Elektronen Synchrotron DESY, D-15738 Zeuthen, Germany43

20Institut für Theoretische Physik and Astrophysik, Universität Würzburg, D-97074 Würzburg, Germany44

21Institute of Astrophysics, Foundation for Research and Technology-Hellas, Heraklion, GR-70013, Greece45

22INAF-Istituto di Astrofisica Spaziale e Fisica Cosmica Milano, via E. Bassini 15, I-20133 Milano, Italy46

23Istituto Nazionale di Fisica Nucleare, Sezione di Roma “Tor Vergata”, I-00133 Roma, Italy47

24Space Science Data Center - Agenzia Spaziale Italiana, Via del Politecnico, snc, I-00133, Roma, Italy48
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43Dipartimento di Fisica e Geologia, Università degli Studi di Perugia, via Pascoli snc, I-06123 Perugia, Italy68

44Department of Fundamental Physics, University of Salamanca, Plaza de la Merced s/n, E-37008 Salamanca, Spain69
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ABSTRACT

We used 14 years of Fermi-Large Area Telescope (LAT) data to derive a catalog of sources detected between102

20 MeV and 200 MeV. For each source we provide localization, spectral, and association information. The Sec-103

ond Catalog of Low-Energy Fermi-LAT sources (2FLE) contains 450 sources detected at TS > 25, with median104



2FLE 3

energy flux of F20−200 MeV = 1.9 × 10−11 erg cm−2 s−1. Using a Bayesian and likelihood-ratio method, we105

associate 377 2FLE sources with a known counterpart. Of the 325 objects associated with extragalactic sources,106

the dominant source class represented in the 2FLE are flat-spectrum radio quasars (FSRQ). Additionally, 52107

sources are associated with Galactic sources. Three associated sources have not been previously detected in any108

γ-ray catalog and represent new γ-ray sources of known origin. We find that 387 2FLE sources have a positional109

cross-match with the 4FGL-DR4 sources. For the sources with a 4FGL counterpart, we compare the spectrum110

of the 2FLE source to the 4FGL spectral energy distributions. Of the 73 2FLE sources without multi-wavelength111

associations, 13 have a 4FGL counterpart that lacks classification, while 60 are newly discovered γ-ray sources.112

Among these 60 sources, 51 are found at high latitudes (|b| > 10°), and 38 are detected at > 10σ. Additionally,113

we find that out of the 450 2FLE sources 45 are TeV emitters, and 6 are spatially coincident with a 1LHAASO114

source. The 2FLE helps us pave the way for reducing the “MeV gap”, and provides the most sensitive catalog115

between 20-200 MeV to date.116

1. INTRODUCTION117

Space-borne gamma-ray astronomy began with the detec-118

tion of cosmic gamma rays at E > 50 MeV by Explorer119

11 after being launched in 1961 (W. L. Kraushaar & G. W.120

Clark 1962; W. Kraushaar et al. 1965). Over the 60 years121

since then, gamma-ray detections in the soft, MeV energy122

regime (E ∼ 0.1 − 100 MeV) have continued to advance.123

Shortly after Explorer 11, gamma-ray bursts were detected124

at E ∼ 1 MeV energies by using a constellation of Vela125

satellites (R. W. Klebesadel et al. 1973; T. L. Cline et al.126

1973). The MeV sky continued to be explored in the 1970s127

and 1980s by OSO-3 (E > 50MeV; W. L. Kraushaar et al.128

1972), SAS-B (E = 20MeV − 1GeV) aboard SAS-2 (S.129

Derdeyn et al. 1972), and Cos-B (E = 2 keV − 5GeV; K.130

Bennett 1990; H. A. Mayer-Hasselwander et al. 1982). Ob-131

servations of the MeV sky continued to be expanded by the132

launch of the SIGMA Telescope (E = 35 keV − 1.3MeV)133

whose mission lasted from 1989-1997 (J. Paul et al. 1991; L.134

Bouchet et al. 2001). Launched in 1991, the Imaging Comp-135

ton Telescope (COMPTEL) aboard the Compton Gamma-136

Ray Observatory (CGRO) could observe the 1 − 30 MeV137

sky and detected 32 steady state sources for the first time in138

gamma rays (V. Schonfelder et al. 1984; V. Schönfelder et al.139

2000). CGRO was followed by the 21st century missions of140

INTEGRAL (E = 15 keV − 10MeV; C. Winkler 1996), AG-141

ILE (E = 30MeV − 50GeV; M. Tavani et al. 2009) , and142

Fermi with both the Large Area Telescope (LAT, W. B. At-143

wood et al. 2009) and the Gamma-ray Burst Monitor (GBM,144

C. Meegan et al. 2009).145

Even with a rich historical record, the sensitivity limits146

in the MeV regime have left the MeV sky largely underex-147

plored compared to X-ray, GeV, and very-high-energy (VHE)148

gamma-ray regimes. Three major reasons for this are: 1)149

the dominant form of photon-matter interaction in this en-150

ergy regime is Compton scattering, which makes determin-151

ing the direction of the original photon challenging as well152

as restricting the effective area of instruments (A. De An-153

gelis et al. 2021; R. Caputo et al. 2022); 2) the instrumen-154

tal background is very high due to the activation of irradi-155

ated materials in space, which limits instrument sensitivity;156

and 3) technological constraints of silicon-pixel sensors have157

only recently started to be overcome (D. J. Thompson 2015;158

I. Brewer et al. 2021a,b).159

Currently, the most sensitive instrument in the MeV regime160

is Fermi-LAT (W. B. Atwood et al. 2009), which covers an161

energy range from 20 MeV − 2 TeV. The Fermi-LAT low162

energy catalog (1FLE; G. Principe et al. 2018) was the first163

Fermi catalog to report sources detected from E = 31.6MeV164

to E = 100MeV. Utilizing the background-independent165

wavelet transformation code, PGWave (F. Damiani et al.166

1997), the 1FLE detected 198 sources with a significance of167

> 3σ using 8.75 years of Fermi-LAT data (G. Principe et al.168

2018).169

Previous general LAT catalogs, such as the Fermi Large170

Area Telescope Fourth Source Catalog (4FGL, S. Abdollahi171

et al. 2020), are more representative of the GeV sky rather172

than the MeV one because the energy-dependent LAT point-173

spread function (PSF) and the effective area are optimal near174

1 GeV. Yet, Fermi-LAT extends down to 20 MeV and now175

has more than 14 years of observations. Hence, dedicated176

MeV Fermi-LAT catalogs are necessary to accurately study177

MeV-bright astrophysical objects.178

A vast number of important astrophysical phenomena are179

expected to be present in the MeV band (J. Tomsick et al.180

2019; A. De Angelis et al. 2021; R. Caputo et al. 2022).181

To date, we know of hundreds of both Galactic and extra-182

galactic sources which show a rising hard X-ray spectrum183

(photon index, ΓX < 1.5) and falling γ-ray one (Γγ > 2)184

(E. V. Gotthelf & S. Bogdanov 2017; G. Ghisellini et al.185

2019; S. Abdollahi et al. 2020). The majority (>80 %) of186

the 5835 sources reported in the 4FGL-DR4 catalog (S. Ab-187

dollahi et al. 2022; J. Ballet et al. 2023) have a power-law188

spectral index >2. It is thus clear that most LAT-detected189

γ-ray sources emit most of their energy in the MeV rather190

than the GeV band (E. V. Gotthelf & S. Bogdanov 2017; G.191

Ghisellini et al. 2019; S. Abdollahi et al. 2020).192

As for Galactic sources, there are three primary classes that193

are expected to be present in the MeV band: pulsars (PSRs),194
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pulsar wind nebulae (PWN), and supernova remnants (SNRs)195

(F. Timmes et al. 2019; A. Harding et al. 2019). Young ro-196

tation powered pulsars (RPPs) have been detected at hard X-197

ray energies. These young pulsars exhibit non-thermal emis-198

sion with hard spectra, which strongly indicates that their199

peak spectral power is in the MeV range (A. Harding et al.200

2019). These observations match current theories which pro-201

pose that the polar caps (or other regions) of young pulsars202

are the environments which cause electron-positron pair cas-203

cades which produce synchrotron radiation in the outer mag-204

netosphere. The highest energies the synchrotron radiation205

is anticipated to peak at is a few MeV (A. K. Harding &206

C. Kalapotharakos 2015). Additionally, middle-aged pul-207

sars can host synchrotron halos whose escaped electrons and208

positrons inverse Compton scatter (IC) off of the interstel-209

lar radiation field (ISRF) which are observable in the MeV210

band (M. Di Mauro et al. 2019), making them great objects to211

constrain the complex physics of pulsar environments. More-212

over, the relativistic pulsar wind can power PWNe (E. Amato213

2020), whose synchrotron radiation can extend to MeV en-214

ergies, such as seen for the famous Crab PWN. As for SNR,215

there is much interest in the MeV regime. This is due to their216

environments being potential sites of accelerators of cosmic217

ray protons (R. Caputo et al. 2022). The interaction of pro-218

tons with interstellar material (such as gas and dust) produces219

neutral pion decay (π0 → 2γ) with each photon having an220

energy of 67.5 MeV in the π0 rest frame.221

Beyond our Galaxy, accreting supermassive black holes222

known as active galactic nuclei (AGN), are predicted to be223

the dominant class of MeV detected sources. Blazars are224

a special type of AGN with a relativistic jet pointing along225

our line-of-sight, usually identified by their Doppler-boosted226

gamma-ray emission (C. M. Urry & P. Padovani 1995).227

Blazars have a characteristic two-hump spectrum, where228

the lower energy hump (radio to X-rays) originates from229

synchrotron radiation of electrons, while the higher energy230

hump (X-rays to gamma rays) originates from either inverse-231

Compton scattering of photons off of electrons or hadronic232

processes such as pion decay (G. Ghisellini & L. Maraschi233

1989; M. Böttcher et al. 2013; K. Murase et al. 2016; L.234

Costamante 2020). Based on previous gamma-ray and X-235

ray surveys, we anticipate that a MeV-dedicated catalog will236

contain a large number of blazars whose inverse-Compton237

emission is peaked in the MeV, primarily flat-spectrum radio238

quasars (FSRQs). These MeV blazars are the most power-239

ful of the blazar class and can be found when the Universe240

was barely 1-2 billion years old (M. Ajello et al. 2009; G.241

Ghisellini et al. 2010; L. Marcotulli et al. 2020, 2022). The242

MeV band is also of interest because one may detect extreme243

BL Lacs, whose synchrotron peak is in the hard X-ray/MeV244

band (L. Costamante et al. 2001).245

Furthermore, neutrinos may plausibly be produced from246

hadronic processes in the corona of the AGN, and such mech-247

anisms may lead to a high flux of MeV photons, resulting248

from electromagnetic cascades (K. Murase et al. 2020; N.249

Kurahashi et al. 2022; K. Murase 2022; M. Ajello et al.250

2023). Thus, MeV sources may be indicative of neutrino251

sites. The detection of MeV-bright sources could help in252

the investigation of neutrino sources, and advancing the rel-253

atively new field of multimessenger astronomy, where dif-254

ferent “messengers” (e.g. photons, cosmic rays, neutrinos,255

gravitational waves) are used in tandem to identify and char-256

acterize astrophysical sources (IceCube Collaboration et al.257

2018a,b; M. G. Aartsen et al. 2020; IceCube Collaboration258

et al. 2022; S. Cutini et al. 2023).259

In this paper, we present the Second Catalog of Low-260

Energy Fermi-LAT sources (2FLE). The manuscript is struc-261

tured as follows: Sections 1, 2, and 3 review our data selec-262

tion, analysis method, and a few important systematic tests263

that were performed. Section 4 discusses the method uti-264

lized for determining associations to 2FLE sources. Section265

5 describes the catalog and its major results while Section 6266

summarizes the main takeaways of this work.267

2. DATA ANALYSIS268

2.1. Data Selection and Software269

The data for this catalog includes source class photons270

from 20−200 MeV detected during the first 14 years of the271

Fermi-LAT mission (2008 August 04 15:43:36 UTC to 2022272

August 02 21:53:15 UTC). The minimum energy is set to273

20 MeV to benefit from the significant amount of effective274

area75 below the 1FLE threshold (30 MeV). The maxi-275

mum energy is selected so that we can cover one decade276

of energy. As a consequence, we benefit from a narrower277

PSF above 100 MeV. For the majority of this time interval,278

Fermi was operating in an all-sky survey mode. Interrup-279

tions included passing through the South Atlantic Anomaly280

(SAA), poor data quality, solar flares, bright GRBs, and a281

suspension of data acquisition due to a variety of anoma-282

lies76, including the failure of a solar panel rotation drive.283

We excise these events from our catalog’s data set, leaving284

∼ 10.3 years of analyzed data. An overview of the LAT’s285

performance after 10 years of observations is presented by286

M. Ajello et al. (2021).287

For our analysis we use Pass 8 (P8R3, the most up-to-date288

LAT data set available, W. Atwood et al. 2013; P. Bruel et al.289

2018) with the best quality of reconstructed photon direction290

event type (PSF3). The primary limitation in this analysis is291

the poor point spread function (PSF) at low energies, hence,292

75 See the Fermi-LAT performance page https://s3df.slac.stanford.edu/data/
fermi/groups/canda/lat Performance.htm

76 See https://fermi.gsfc.nasa.gov/ssc/library/history/

https://s3df.slac.stanford.edu/data/fermi/groups/canda/lat_Performance.htm
https://s3df.slac.stanford.edu/data/fermi/groups/canda/lat_Performance.htm
https://fermi.gsfc.nasa.gov/ssc/library/history/
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Figure 1. An all-sky Hammer-Aitoff projection in Galactic coordinates of all PSF3 events detected by Fermi-LAT over 14 years at E = 20−200
MeV. The map has been produced with the same data selection as in Section 2.1 with a 0.1° pixel size.

we select the best event type available. The 95% containment293

radius for the PSF3 event type is ∼ 20° for E = 20MeV,294

12° for E = 50MeV, 7° for E = 100MeV, and 4° for 200295

MeV 77. Figure 1 displays an all-sky counts map of photon296

events used in this analysis. The Instrument Response Func-297

tion (IRF) used is P8R3 SOURCE V3.298

Fermi-LAT’s energy resolution is reported to be ∼ 20%299

at 100 MeV and ∼ 28% at 30 MeV. We set the energy dis-300

persion parameter, edisp bins=-1, except for the extra-301

galactic isotropic diffuse emission model78. We tested dif-302

ferent values of edisp bins in the interval [-3,3] for303

our analysis, and found that edisp bins=-1 is sufficient304

and only introduces a 3% systematic on the spectral counts305

near 200 MeV. The binned maximum likelihood analysis de-306

ployed in this investigation implemented square pixels with307

a bin size of 0.1° throughout. In energy, we adopt 8 bins per308

decade. The bin centers are reported in Table 1.309

77 https://www.slac.stanford.edu/exp/glast/groups/canda/archive/
pass8r3v3/lat Performance files/gPsfAve95Energy P8R3 SOURCE
V3psf.png

78 https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/
Pass8 edisp usage.html

Moreover, since Fermi-LAT’s low energy regime has310

uncertainties dominated by systematics, we implement a311

weighted likelihood analysis79, similar to the 4FGL (setting312

the level of systematic error ϵ = 3%; see Section 3.2 and313

Appendix B of S. Abdollahi et al. 2020), which reduces the314

statistical influence of low-energy events (E < 100MeV)315

hence accounting for systematics both on the Galactic dif-316

fuse model and on the sources’ PSF calibration and imper-317

fect spectral representation. This is especially relevant in re-318

gions such as the Galactic Ridge. For all energies E < 50319

MeV, the weight is < 0.2 for all locations in the sky, while at320

E ∼ 200MeV, the weights can reach values > 0.8 (see Fig-321

ure 2). To limit contamination from gamma rays produced322

from cosmic rays interacting with the Earth’s atmosphere, we323

implement a zenith angle cut of 80°.324

For this analysis we employ pyLikelihood and fermipy325

(v0.19.0; M. Wood et al. 2017) based on fermitools (v1.2.23)326

which are standard LAT Science Tools.327

79 https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/weighted like.pdf

https://www.slac.stanford.edu/exp/glast/groups/canda/archive/pass8r3v3/lat_Performance_files/gPsfAve95Energy_P8R3_SOURCE_V3psf.png
https://www.slac.stanford.edu/exp/glast/groups/canda/archive/pass8r3v3/lat_Performance_files/gPsfAve95Energy_P8R3_SOURCE_V3psf.png
https://www.slac.stanford.edu/exp/glast/groups/canda/archive/pass8r3v3/lat_Performance_files/gPsfAve95Energy_P8R3_SOURCE_V3psf.png
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8_edisp_usage.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Pass8_edisp_usage.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/weighted_like.pdf
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Table 1. Energy bin centers and contribution to a Γ = 2 simulated
source

Central Energy (MeV) Percent Contribution to Total Integrated Counts

23 3.7%

31 7.5%

42 11.5%

55 14.2%

74 15.8%

98 16.3%

131 16.1%

175 14.9%

2.2. Diffuse, Solar, and Lunar Templates328

We include the same Galactic diffuse (gll iem v07.fits)329

and extragalactic isotropic diffuse emission330

(iso P8R3 SOURCE V3 PSF3 v1.txt) templates used331

in the 4FGL catalog80 (S. Abdollahi et al. 2020). The332

isotropic and galactic diffuse models are defined, respec-333

tively, down to 30 MeV and 50 MeV and need to be extrapo-334

lated to 20 MeV for this analysis. For the Galactic emission335

we rely on the power-law extrapolation automatically per-336

formed by the Fermitools down to 20 MeV from the first two337

energy bins (50 and 65 MeV) of the model. For the isotropic338

model, we introduce a broken power law with a break at 30339

MeV, with an index below 30 MeV that has been optimized340

for every ROI to reduce the energy residuals. No changes341

Figure 2. Log-likelihood weights as a function of latitude at 25
MeV, 50 MeV, 100 MeV, and 200 MeV (the Galactic Center is at 0°
latitude).

80 Provided by the Fermi Science Support Center here: https://fermi.gsfc.
nasa.gov/ssc/data/access/lat/BackgroundModels.html

were made to the morphology of the diffuse models. The342

only sources we use a priori in our catalog are the extended343

sources reported in the 4FGL Data Release 4 (4FGL-DR4; J.344

Ballet et al. 2023), whose spectral parameters are kept frozen345

to the 4FGL ones throughout the analysis.346

Since they are bright in gamma rays, we model the Sun and347

Moon (as described in G. Johannesson & E. Orlando 2013).348

Using gtsuntemp, we model the contribution of these two349

components with two templates: a solar inverse-Compton350

emission model (pixel size 0.25°), and a solar and lunar disc351

model (pixel size 0.125°). The first template is solely the352

inverse Compton emission of solar photons with cosmic-ray353

positrons and electrons, resulting in an extended halo from354

the Sun (K. C. Y. Ng et al. 2016). The solar and lunar disc355

model is representative of the interaction of hadronic cosmic356

rays with the Sun and Moon. For the Moon, bombardment of357

cosmic rays on the Moon’s surface initiates particle cascades358

that lead to the decay of secondary neutral pions and kaons359

into gamma rays (A. A. Abdo et al. 2012; M. Ackermann360

et al. 2016). For the Sun, the hadronic interactions occur in361

the Sun’s corona (A. Acharyya et al. 2025). These phenom-362

ena persist for the Sun and Moon as they move across the363

sky, strongly emitting MeV-dominant photons. Therefore,364

regions studied along the ecliptic are susceptible to interfer-365

ence from the presence of these bright gamma-ray emitting366

bodies.367

Both templates were calculated using the same event se-368

lections and zenith angle cuts as described in Section 2.1.369

The solar contributions are formally defined down to 1 MeV,370

while the lunar template was extrapolated down to 20 MeV371

(from 30 MeV). Both have been extended to cover 14 years372

of Fermi-LAT mission time. Both of these components are373

fixed in the model.374

3. DETECTION PIPELINE375

We tessellated the entire celestial sphere in a total of 266376

regions of interest (ROIs). We define ROIs as 20° × 20°377

square regions (AIT projection) that are spaced in intervals378

of 15° in both Galactic latitude (b) and longitude (l). To379

avoid oversampling the North and South Galactic poles, we380

cover both regions with a single ROI, centered at (b = +90°,381

l = 0°) and (b = −90°, l = 0°), respectively. The centers of382

the other ROIs are determined in the following way: starting383

from the North Galactic pole, we descend in latitude by 15°384

and then arrange 24 ROIs whose centers are separated by 15°385

in longitude to cover the full 360° sky circle at that latitude.386

We proceed this way until we reach the South Galactic pole.387

The 20° × 20° size of the ROI guarantees that every ROI388

has at least a 5° overlap with each of its four adjacent ROIs389

(1-left, 1-right, 1-up, 1-down). This layout also ensures that390

the Galactic center (b = 0°, l = 0°) is centered in a single391

ROI. This ROI configuration has been chosen to allow for392

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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a proper characterization of sources that are near the edges393

of an ROI. Various ROI sizes were tested in a few different394

configurations, including different sizes for different regions395

of the sky. The final ROI distribution and size was selected396

to center ROIs on the Galactic plane, account for larger PSF397

at lower MeV energies and faint sources, while ensuring all398

ROI fits would properly converge. Much larger ROIs cannot399

be used because the fits become unstable. Additionally, we400

set the maximum distance from the ROI center to 30° (in fer-401

mipy src roiwidth=30°) to account for the influence of402

sources in the surrounding regions.403

Since the sky is tessellated into numerous ROIs, final fits404

of the isotropic and Galactic diffuse model parameters are405

evaluated for model agreement with adjacent ROIs. ROI dif-406

fuse index parameters are considered in disagreement if their407

reported values differ by ≥ 3σ. The overwhelming majority408

of ROIs (261/266) have both isotropic and Galactic diffuse409

index agreement with at least 2 adjacent ROIs. Moreover,410

85%-92% of neighboring ROIs have normalization of both411

the isotropic and Galactic diffuse emission compatible with412

each other.413

The spectrum of each source is modeled by using a power414

law as described by415

dN

dE
= N0

(
E

E0

)−Γ

(1)416

where N0 is the prefactor (also known as normalization),417

E is energy in MeV, Γ is the index, and E0 is a reference418

energy kept fixed at 1 GeV. The final catalog reports the419

energy at which uncertainty on differential flux is minimal420

(Pivot Energy, see Table 5), a value optimized a posteriori421

after the best-fit spectral parameters are computed for all422

sources.423

For every ROI, the point source detection pipeline is as424

follows:425

1. Using the configuration listed in Section 2.1, a Test-426

Statistic81 (TS) map is generated to first search for427

bright, significantly detected (TS >64; ≳ 8σ) sources.428

To generate the TS map, we assume that the spectral429

shape of the underlying sources is a power law with430

spectral index value, Γ = 2. The only free parame-431

ters at this stage are the isotropic and Galactic diffuse432

components.433

2. Once found, the sources are localized (the localization434

and positional uncertainty determination are detailed435

in Section 3.2), and their spectral parameters are opti-436

mized by fitting the sources individually (i.e. freezing437

81 The TS is defined as −2 log(L0/L), where L0 is the likelihood for the
null hypothesis, and L is the likelihood for the alternative hypothesis.

the parameters of all the other sources in the ROI be-438

sides the diffuse components). When the fit has con-439

verged successfully, the new sources are inserted into440

the ROI model, unless they are detected with a signif-441

icance of TS < 25, in which case they are deleted442

from the model. This is to avoid a lower significance443

source from affecting the localization of a more signif-444

icant source detection.445

3. The same procedure as 1 and 2 is followed iteratively446

to localize and add sources into the model detected447

at an intermediate significance (TS >36) as well as448

a lower significance (TS >16). At the last itera-449

tion (finding sources at TS >16), we do not remove450

sources with TS < 25. We keep all sources (including451

TS < 16) until Step 9.452

4. Once all the sources have been added to the ROI453

model, a global fit is performed. For this fit (using454

fermipy’s fit() method), the normalizations of all455

sources (except for extended sources, as well as the456

Sun and Moon) are kept free.457

5. Now that we have some knowledge of how the sources458

are distributed in the ROI, we employ a relocalization459

method to find their best-fit positions. Starting with the460

most significant sources, going one by one from the461

highest to the lowest TS, we: (a) remove the source462

from the ROI model; (b) run the source finding method463

again (detailed in 1) to refine the localization using the464

best-fit spectral index found for the source in step 2;465

(c) optimize the spectral parameter (as done in 2). Af-466

ter every source is individually fit, a global fit is run,467

where the normalization of all sources and the Galactic468

and isotropic diffuse models are free to vary in the fit.469

We note that ideally the spectral indices of all sources470

in the ROI should be also kept free in this fit. However,471

due to the complexity of our ROIs, this is computation-472

ally unfeasible. We therefore caution the catalog users473

on the fact that spectral parameters uncertainties may474

be slightly underestimated (by a factor of ∼ 20%) for475

sources with close separations (< 3°, about 16% of476

sources in the catalog).477

6. If a source’s spectral parameters do not converge dur-478

ing the re-localization step, then we iterate through479

different starting spectral index values in the range480

Γ = [0.5 − 4.5], in steps of 0.5. If the source still481

does not converge, it is kept with a spectral index set482

to Γ = 2.483

7. After re-localizing all originally detected sources, and484

running a global fit, for any source that failed to con-485

verge we use the method done in 6.486
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8. The normalization of all sources and the Galactic and487

isotropic diffuse components are finally optimized at488

once in a global fit.489

9. All sources located at < 2.5° from the edge of the490

ROI are removed from the model. We also remove any491

source with a likelihood of TS < 25.492

10. The individual lists of remaining sources are then493

merged together into one catalog494

11. Duplicate detections of the same source are removed495

establishing the final catalog. For details on duplicate496

detections see Section 3.3.497

3.1. Effective PSF of point source with Γ = 2.0498

To characterize the LAT PSF at these energies, we sim-499

ulated a bright source with a spectral power law index of500

Γ = 2.0 (a typical value for most extragalactic sources) in501

the center of an arbitrary extragalactic ROI. No diffuse or502

point-source background sources were included.503

Figure 3a shows each 1D PSF for different energy bins,504

while Figure 3b sums them together, resulting in the effective505

PSF of the instrument at these energies for a source with Γ =506

2.0. We calculate the full-width-half-max (FWHM) of the507

effective PSF to be 2.4°, seen as the green line in Figure 3b.508

Table 1 reports the fraction of counts contributed in 8 energy509

bins over the 20-200 MeV band.510

3.2. Position & positional uncertainty511

Since the LAT PSF at the energies covered by our catalog512

is large and non-Gaussian, to determine the sources’ best-fit513

position we developed a technique that relies on interpola-514

tion of the TS maps. At first, following the standard fermipy515

methodology, the TS map in every ROI is scanned for signif-516

icant peaks – i.e. points in the map at TS > TSthresh for517

TSthresh = 64, 25, and 16. For every peak found, we con-518

struct the ∆TS map:519

∆TS = TSpeak,i − TSj , (2)520

for all the j pixels around the ith peak. We then interpo-521

late82 the ∆TS values around the peak to map out the ∆TS522

distribution. Next, we define a subgrid of points finer than523

the original ROI pixel size and use the interpolation to find524

the location of the true minimum of the ∆TS map (or true525

maximum of the TS map) around that point. This gives us526

the best-fit coordinates for the source.527

Once the best-fit location is found, we need to define an528

error region. Therefore, we recalibrate our interpolation grid529

based on the value of the true ∆TS minimum to find the530

82 We rely on the scipy bivariate spline interpolation.
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Figure 3. Top (a): 1D slices of the PSF as a function of energy for a
simulated source with Γ = 2.0. The y-axis is in log scale. Bottom
(b): Sum of all the slices above representing the effective PSF
for a source with Γ = 2.0. The green line represents the FWHM
calculated for the effective PSF. The y-axis is in linear scale.

region of points at a ∆TS = 5.99 (corresponding to 95%531

confinement radius for 2 d.o.f.) around each best-fit location.532

Finally, we fit this region with an ellipse to determine our533

95% positional uncertainty.534

This uncertainty region is often elliptical (rather than cir-535

cular). Hence in the catalog we report the semi-major and536

semi-minor axis of the ellipse corresponding to the 95% po-537

sitional uncertainty. A visualization of the interpolation is538

shown in Figure 4.539
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Figure 4. Example of the source localization and positional uncertainty region determination using the ∆TS interpolation method (see Sec-
tion 3.2). The orange cross indicates the initial position of the source identified by fermipy source finding algorithm. The map shown in the
background is the TS map around the location of the source (the maximum TS of the source in this map, hence of the color scale, is 74). The
blue plus sign marks the new source position found by interpolating the ∆TS map around the peak and defining a subgrid of points finer than
the ROI pixel size to locate the true minimum of ∆TS (i.e. true TS maximum). To find the 95% positional uncertainty, we select all the points
from the true minimum for which ∆TS = 5.99 (gray jagged line) and fit them with an ellipse (white line). The center of the ellipse is shown
as a gray dot.

3.3. Duplicate Detections540

Due to the ROIs overlapping on the sky, a detected source541

in one ROI may also be detected in an adjacent ROI. Sources542

on the edge of two ROIs naturally will be detected in more543

than one ROI, with one case closer to the center of one of the544

adjacent ROIs. In order to avoid reporting duplicate detec-545

tions we implement a simple duplicate finding code based on546

spatial and spectral coincidence. Essentially, if two or more547

sources are spatially coincident and originate from different548

ROIs, they are considered potential duplicate candidates. For549

each set of overlapping sources from separate ROIs (which550

can sometimes be > 2), we compare their spectral indices to551

one another. If their spectral indices agree within 2σ they are552

considered a match and the one with the highest TS is kept.553

The 2σ threshold was selected based on the simulations dis-554

cussed in Section 3.4. The remaining spatially coincident555

sources that were not spectrally coincident typically contain556

one of the sources having convergence issues and reporting557

a Γ ∼ 0. Even in these cases, we keep the source with the558

highest TS, which typically has better constrained parame-559

ters. We do not find cases of well-converged, spatially coin-560

cident sources with drastically different spectral properties.561

3.4. 95% Uncertainty Region Calibration562

As done in the 4FGL, as well as other investigations such563

as S. Joffre et al. (2024), the 95% uncertainty region radius564

(R95) needs to be calibrated. For this discussion, the original,565

uncalibrated radius was determined by the method described566

in Section 3.2. The initial 95% semi-major axis uncertainty567

region radius will be denoted by Ri
95 while the corrected568

value which we report in the catalog is reported as R95. We569

simulated 10 realizations of the 20−200 MeV sky. Utiliz-570

ing the fermipy library method gta.simulate roi, we571

simulated each ROI by generating an array of Poisson ran-572

dom numbers with expectation values pulled from the model573

cube of the instance of the binned analysis. We utilized the574

same template files in our catalog as described in Section575

2, adding all the 4FGL-DR4 sources to the initial configu-576

ration file with their best-fit spectrum extrapolated to this en-577

ergy range. Next we ran our detection pipeline (described in578

Section 3) to detect the simulated sources. Since our sim-579

ulation only uses 4FGL-DR4 data, every source identified580

by our pipeline is expected to capture a simulated 4FGL-581

DR4 source. We assume that the closest simulated 4FGL-582

DR4 source to each detection was the source that was be-583

ing detected by our method, unless the ratio of angular584

distance/Ri
68 was > 3. The selected 4FGL source was ver-585

ified as the proper corresponding detected simulated source586

by comparing the extrapolated 20 − 200MeV flux from the587

4FGL-DR4 to what was detected such that the flux ratio is588
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Figure 5. Distribution of Conf 95 SemiMajor (R95, semimajor)
corrected by systematic errors (Section 3.4) as function of sources’
TS values for all 2FLE sources. The blue dashed line denotes the
minimum value of R95, semimajor = 0.32◦.

∼ 1. We identify two correction factors83 m and n where589

m is the multiplicative correction factor for the Ri
95 value,590

while n corrects for a systematic offset such that591

R95 =
√
(Ri

95 ∗m)2 + n2 (3)592

Using this adjusted value combined with the angular sepa-593

ration, Θ, between the 4FGL-DR4 source and our simulated594

detection, we establish the relation between Θ and R95:595

y =
1

2

(
Θ

R95/2.45

)2

, (4)596

where 2.45 is the conversion factor from R95 into the597

equivalent 1D Gaussian standard deviation (σ, e.g., R.598

Andrae 2010). Using this relation, we compare the his-599

togram of observed e−y values to the (theoretical) ex-600

ponential probability distribution p(y) = e−y (e.g. S.601

Czesla et al. 2023), adjusting m and n until the χ2 is min-602

imized. This follows a similar method done by S. Jof-603

fre et al. (2024). The best-fit values are of m = 1.20,604

n = 0.3°. These corrections to systematic errors in the605

95% uncertainty measurement are applied to all of the origi-606

nally found Ri
95 values such that our catalog only reports the607

corrected values in the columns Conf 95 SemiMajor and608

83 The initial assumption of a 2D offset follows a normal law. Converted to
polar coordinates this can be generalized to a Rayleigh distribution. The
95% containment radius (R95) is −2ln(0.05)σ

Table 2. Alternative Diffuse Model Spurious Source Detection

Model Spurious Detections |b| > 35° |b| < 35°

gll v06 20 (4.4%) 6 (2.6%) 14 (6.3%)
SNR z4 91 (20.2%) 47 (20.5%) 44 (20.0%)
Lorimer 67 (14.9%) 21 (9.2%) 46 (20.8%)

Average 13% 11% 16.4%

NOTE—Each model tested is listed, with their combined results
reported in the bottom ‘Combined’ row. The number reported
is the number of spurious sources detected with the alternative
diffuse model. The percentage depicted in parentheses is what
fraction the number of spurious detections make up of the
number of sources reported in the 2FLE at those latitudes. The
last row is the average of the percentages of spurious sources
for the 3 models.

Conf 95 SemiMinor so all values are > 0.3°. Figure 5609

shows the distribution of corrected Conf 95 SemiMajor610

as function of sources’ TS values.611

3.5. Simulations with Alternative Galactic Diffuse Models612

Based on concerns of mistaking interstellar diffuse emis-613

sion for a source, we additionally tested simulations using 3614

alternative Galactic diffuse models which are different from615

what we used for the 2FLE. The alternative models used were616

the previous version of the current Galactic diffuse model617

(gll iem v06) and 2 alternative models developed for the618

First Fermi-LAT Supernova Remnant Catalog (F. Acero et al.619

2016; Lorimer z10 Ts100000 v5 mapcube total all P8.fits620

and SNR z4 Ts150 v5 mapcube total all P8.fits). Of these621

three models, we refer to them as gll v06, Lorimer, and622

SNR z4, respectively, for the rest of the paper. The descrip-623

tion of how Lorimer, and SNR z4were made can be found624

in Section 2.4.2 of F. Acero et al. (2016). We selected the two625

models that had the most different parameters from one an-626

other, but were representative of each type of general model627

(Lorimer versus SNR) that was developed in F. Acero et al.628

(2016).629

We tested all ROIs to evaluate spurious source detection630

across the entire sky. Again, we only populate the simu-631

lated regions with the Galactic and isotropic diffuse emission632

as well as the Sun and Moon. Simulating the region using633

one of the alternative models with gta.simulate roi,634

we then ran our source detection pipeline using the same dif-635

fuse model utilized to build the 2FLE (gll iem v07) with636

the same cuts in TS and distance from the edge. We find637

that the SNR z4 and Lorimer models produced simulated638

skies that were the most different from gll iem v07 and639

had the most spurious sources mistaking interstellar emis-640
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sion for a gamma-ray source. Since Galactic diffuse emis-641

sion can reach |b| = 35°, we report the number of detections642

for the entire sky, |b| > 35°, and |b| < 35° in Table 2. In the643

Table 2 columns, the value in parentheses indicates the per-644

centage associated with the number of spurious sources di-645

vided by the number of 2FLE sources detected at those given646

Galactic latitudes. These percentages reflect the estimated647

percent of spurious sources reported in the catalog, assum-648

ing the true diffuse emission is as different as the models are649

from gll iem v07. Since our isotropic and Galactic mod-650

els are the most current, and were optimized to the data, we651

anticipate our true spurious detection percentage to be closer652

to the results from gll v06, or 4.4− 6.3% (20-28 sources).653

Of the 3 separate alternative models tested, the highest TS654

for a spurious detection was 110, however, more than 60% of655

all spurious detections were detected at TS < 35. Therefore,656

we warn the reader that sources detected with a TS < 35, es-657

pecially at |b| < 35°, are most susceptible to being mistaken658

detections of mismodeled interstellar gas emission.659

Cross-matching the locations of all spurious detections660

(that remain after distance from the edge and TS > 25 cuts)661

from the 3 separate simulations with the 2FLE, 5 sources662

in the 2FLE were found to be spatially coincident with a663

spurious source. These sources, are 2FLE J2202.8+5056*,664

2FLE J1148.1-3837*, 2FLE J0419.3+3817*, 2FLE J2133.7-665

0026*, and 2FLE J1113.3-0834*, where asterisk (*) indi-666

cates potential confusion with interstellar emission. How-667

ever, we note that 4 of these detections are associated to668

known gamma-ray sources associated to AGN and not re-669

ported as flagged in the 4FGL. The only exception is 2FLE670

J2133.7-0026, which was detected at TS = 66 and was671

found associated to the globular cluster (GLC) M2. This672

source is located at b = −35.6°, but due to its significant673

detection we do not believe it to be a spurious detection.674

The spurious detection that was found coincident with 2FLE675

J2133.7-0026 is only detected at TS = 32.676

3.6. Spectral Energy Distributions677

For every source in the 2FLE catalog we compute the678

spectral energy distributions using the fermipy SED tool84.679

The SEDs are computed in 3 energy bins: 20−43.1 MeV680

(Emid = 29.3MeV); 43.1−92.8 MeV (Emid = 63.2MeV);681

92.8−200 MeV (Emid = 136.2MeV). For every source,682

we free the normalization of the background components683

(free background=True) and we fix the spectral index684

to its best fit over the full interval. In the catalog, we report685

the differential flux in the 3 bins with associated 1σ uncer-686

tainties and the TS values in every bin.687

84 https://fermipy.readthedocs.io/en/latest/advanced/sed.html

Table 3. 2FLE Associations

Type of Associations No. of Sources

2FLE Sources 450
High confidence Associations (ASSOC1) 254
Low confidence Associations (ASSOC3) 50
Assoc. with 4FGL-DR4 γ-ray source (ASSOC GAM) 387
High confidence Associations in 4FGL-DR4 (ASSOC2) 370
2FLE Uncertainty Encompasses Two 4FGL-DR4 Sources 53
ASSOC1 with ASSOC GAM w/o ASSOC2 4
Discrepant Associations between ASSOC1 and ASSOC2 13
ASSOC1 w/o ASSOC GAM (See Table 4) 3
2FLE w/o ASSOC1 or ASSOC2 73
2FLE w/o ASSOC1, ASSOC2 or ASSOC3 29

4. SOURCE ASSOCIATION688

The association procedure makes use of the Bayesian and689

likelihood-ratio (LR) methods followed for the FGL gen-690

eral catalogs and described in Appendix B of 1FGL (A. A.691

Abdo et al. 2010a) and in the 2LAC paper (M. Ackermann692

et al. 2011), respectively. The pipeline does not consider693

physical distances, but it takes into account the densi-694

ties of γ-ray emitting sources on the sky. The prior pa-695

rameters needed by the Bayesian method have been kept696

fixed to the 4FGL-DR4 values and the same counterpart697

catalogs as in 4FGL-DR4 have been used. The Bayesian698

method returns 252 high-confidence (association probabil-699

ity ≥0.8) associations. The LR method yields 204 asso-700

ciations, and only two of them (for 2FLE J0340.1+3215,701

ASSOC PROB LR=0.91, and 2FLE J1458.1-3602, AS-702

SOC PROB LR=0.91) are missed by the Bayesian method.703

Therefore, we report a high-confidence association for a to-704

tal of 254 2FLE sources (ASSOC1 in the catalog’s fits file).705

Since the two methods return almost identical associations,706

for the 2FLE we only report the probability of association707

(ASSOC PROB in the catalog’s fits file) obtained with the708

Bayesian method for 252 sources and with the likelihood-709

ratio method for 2FLE J0340.1+3215 and 2FLE J1458.1-710

3602 .711

Given the larger uncertainty ellipses relative to the FGL712

catalogs (by a factor often exceeding 100 in solid angle) in-713

herent in using only low-energy photons instead of the whole714

set detected by the LAT, the association probabilities derived715

from the 2FLE spatial parameters tend to be notably lower716

than those derived in the context of 4FGL, affecting the asso-717

ciation rate significantly. Therefore, we also cross-matched718

the 2FLE source list with the 4FGL-DR4 to determine how719

many 2FLE sources have an already known γ-ray counterpart720

and, of those, how many have an association in the 4FGL-721

https://fermipy.readthedocs.io/en/latest/advanced/sed.html
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Table 4. Associated 2FLE sources lacking a 4FGL counterpart listed in order of decreasing TS.

2FLE Name† 2FLE RA 2FLE DEC. Conf 95 SemiMajor TS 2FLE Assoc. Class RA count DEC count ASSOC PROB

(°) (°) (°) (°) (°)

2FLE J0434.8−4356 68.719 -43.943 0.722 73 PKS 0432-440 fsrq 68.514 -43.930 0.80
2FLE J1105.7+1141 166.44 11.685 0.576 70 GB6 B1102+1149 bcu 166.392 11.546 0.85
2FLE J2133.7−0026 323.442 -0.433 0.533 66 M 2 glc 323.363 -0.823 0.81

†All columns correspond to those reported in the 2FLE (see Table 5 for reference).

DR4. In this case, the positional cross-match was performed722

using the Sky Ellipse tool in the ToPCAT software723

(v4.9, M. Taylor 2011). For both the 4FGL and the 2FLE,724

we use the Conf 95 SemiMajor, Conf 95 SemiMinor725

and Conf 95 PosAng listed in both catalogs as semimajor,726

semiminor and angle of the ellipses. This exercise returns727

377 matches, of which 326 are unique matches (i.e. only728

one 4FGL-DR4 source is found in the 95% ellipse region),729

while for 51 2FLE sources we find more than one 4FGL-730

DR4 source. In the latter case, to select the most probable731

4FGL counterpart to the 2FLE source, we compare the 2FLE732

SEDs (as computed in Section 3.6) with the 4FGL ones for733

all the matches and pick the source with the most compatible734

SED (i.e. the 2FLE data points are compatible with the 4FGL735

ones and the spectral parameters are consistent within 1σ).736

Finally, for the remaining 78 2FLE sources we also search737

for a 4FGL counterpart within the Conf 95 SemiMajor738

circle and we find 10 more 4FGL matches, 8 of which are739

unique, while for the other 2 we apply the same SED criteria740

described above. Overall, 387 2FLE sources have a 4FGL-741

DR4 counterpart (ASSOC GAM in the catalog); of those,742

370 have an associated counterpart in the 4FGL-DR4 (AS-743

SOC2 in the catalog).744

This procedure enables us to report 123 extra associa-745

tions, for a total of 377 2FLE associated sources. Given that746

53/387 matches with a 4FGL-DR4 source are not unique,747

this gives us a lower limit of ∼ 14% on the percentage of748

catalog sources suffering from blending, meaning that the749

sources’ localization is impacted by the presence of 2 or more750

nearby γ-ray sources. To better quantify this effect, we also751

crossmatch the MeV bright sources in the 4FGL-DR4 with752

the 2FLE ones using the same method as described above.753

From the 4FGL-DR4, we select all the sources that have a754

TS4FGL,50−300MeV > 100, where TS4FGL,50−300MeV is755

the sum of the squares of the source significance in the first756

two SED bands listed in the 4FGL catalog (J. Ballet et al.757

2023). Crossmatching the 2FLE with these 223 4FGL-DR4758

sources returns 179 matches (80%), implying that blending759

is affecting ∼ 20% of our catalog.760

Some sources show discrepant associations between AS-761

SOC1 and ASSOC2, because the association probability762

derived with the 2FLE position parameters favors another763

counterpart (or find one when it was missing) than that764

found in the 4FGL-DR4 catalog for the corresponding source765

(reported in ASSOC GAM). Four 2FLE sources (2FLE766

J0340.1+3215, 2FLE J0746.9+7439, 2FLE J1356.4−6143,767

and 2FLE J2240.3−5214) have associations while the cor-768

responding 4FGL-DR4 sources were lacking one. Twelve769

2FLE sources are associated with a different AGN than770

did their 4FGL-DR4 counterparts. The source 2FLE771

J2025.5+3335 is associated with a pulsar, whereas its 4FGL-772

DR4 counterpart was an AGN. The association of 2FLE773

J0235.7−3002 is PKS J0236−2953, different from that of774

4FGL J0235.6−2939, namely 1RXS J023536.7−293845775

(erroneously reported as PHL 1389 in 4FGL-DR4). We also776

note that there are four 2FLE sources that are associated, but777

lack a 4FGL counterpart, hence this is the first time they are778

detected in γ-rays (see Table 4 for details).779

Finally, we report low-confidence (Bayesian association780

probability >0.185) associations, listed in ASSOC3, for 45781

other sources. For five 2FLE sources located in complex re-782

gions of the Galactic plane that suffer from source confusion783

between point sources and extended ones (e.g. the gamma784

Cygni region), we also list in ASSOC3 the field of the ex-785

tended source. The breakdown of source associations is out-786

lined in Table 3. The best source localization is 0.324°, with787

50% of sources localized better than 0.491°, all at a 95% con-788

fidence level. See Section 3.1 for more discussion.789

In general, for the sources’ classification, counterpart co-790

ordinates and redshift listed in the 2FLE catalog, we fol-791

low these criteria: priority is given to the 2FLE associations792

obtained with the Bayesian or likelihood-ratio (ASSOC1);793

if ASSOC1 is empty, we use the 4FGL-DR4 counterpart794

(ASSOC2); if neither ASSOC1 nor ASSOC2 is listed, we795

rely on the low-probability counterparts (ASSOC3). Coor-796

dinates, redshift and classification for the ASSOC1 and AS-797

85 Similar to the threshold used in the 4FGL catalog and later releases.
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Figure 6. Hammer-Aitoff projection in Galactic coordinates of 2FLE detected sources. Supernova remnants (SNR) and pulsar wind nebulae
(PWNe) are indicated with a green cross, pulsars with a cyan cross, BL Lacertae objects (BL Lac, BLL) with a blue star, flat spectrum radio
quasars (FSRQ) with a red diamond, blazars of undetermined type (BCU) with a yellow square, while all other extragalactic associations
(Other EGAL) are indicated with a green triangle, all other Galactic source types (Other GAL) with a pink triangle, and unassociated sources
(Unassoc) with a gray circle. This map showcases the dominance of FSRQs out of the source types detected in the MeV population, as well as
preponderance of sources detected at |b| > 10° in the 2FLE.

SOC3 counterparts are taken from the NASA Extragalactic798

Database (NED86). For each source associated to a 4FGL799

source, the best fit 2FLE model with its uncertainty range800

and its SED is compared to the best fit 4FGL model and its801

SED as described in Section 5.8.802

5. 2FLE CATALOG DESCRIPTION803

The 2FLE catalog contains 450 sources detected with a804

likelihood TS > 25. The source designation is 2FLE805

JHHMM.m+DDMM where where HHMM.m is the right ascen-806

sion in hours and decimal minutes and DDMM is the dec-807

lination in degrees and minutes. The positions in the cat-808

alog are reported in units of degrees for both Galactic and809

Equatorial (J2000) coordinates. Positional uncertainty re-810

gions are reported at the 95% containment level (see Section811

3.4). Column details of the full catalog are described in Ta-812

ble 5. The distribution of 2FLE sources is showcased in an813

Hammer-Aitoff projection in Figure 6. The varying symbols814

86 https://ned.ipac.caltech.edu/

indicate different classes associated with the detected sources815

based on positional coincidence with corresponding catalogs816

as described in Section 4. The breakdown of source classi-817

fication of the associated counterparts is reported in Table 6818

and can be visualized in Figure 7. The 2FLE has the ma-819

jority of sources detected at high Galactic latitudes and the820

dominant source class is that of FSRQs. The source density821

of the 2FLE at |b| < 20° is 0.008 sources/deg2 and 0.012822

sources/deg2 at |b| > 20°. In comparison, the 4FGL source823

density at |b| < 20° and > 20° is 0.25 sources/deg2 and824

0.14 sources/deg2, respectively. This is to be expected, as825

the presence of the diffuse emission, combined with the large826

LAT PSF at these energies makes detection of objects within827

the diffuse emission difficult.828

To avoid confusion, all association source types use capital829

letters throughout the paper. To see if the 4FGL reported830

association is a firm identification please refer to the 4FGL-831

DR4 catalog.832
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Figure 7. Classifications of 2FLE sources, with unassociated constituting the 73 sources that lack an association. FSRQs dominate the
population of extragalactic sources. For Galactic sources, pulsars and millisecond pulsars are the dominant source classes. ‘EGAL Other’
contains the classes of Narrow-line Seyfert 1 (NLSY1), radio galaxy (RDG), compact steep spectrum quasar (CSS), and active galactic nuclei
(AGN). ‘GAL Other’ represents the source classes of a potential association with a supernova remnant or a pulsar wind nebula (SPP), binary
(BIN), high-mass binary (HMB), low-mass binary (LMB), and globular cluster (GLC).

5.1. General Characteristics of 2FLE Sources833

The 2FLE contains 377 sources associated with a mul-834

tiwavelength counterpart (Section 4) and 73 unassociated835

sources (UNASSOC). Out of these 377 sources, 325 are as-836

sociated with sources of extragalactic (EGAL) origin and 52837

with objects of Galactic (GAL) origin. All sources were838

modeled as a power law, and the resulting median photon839

index is Γ̃ ∼ 2. Figure 8 showcases that Galactic associ-840

ated sources tend to have harder photon indices than extra-841

galactic associated and unassociated sources (Γ̃GAL = 1.48,842

Γ̃EGAL = 1.99, Γ̃UNASSOC = 2.17). The contrast between843

Galactic and extragalactic photon indices likely points to844

intrinsically different emission mechanisms in Galactic ob-845

jects, such as synchrotron emission and pion decay. More-846

over, the unassociated sources have on average the softest847

photon index in the 2FLE, which could explain why they re-848

main undetected in the higher energy band covered by the849

4FGL. Figure 9 compares the 2FLE photon index against850

the energy flux for each of the association categories (extra-851

galactic, Galactic, and unassociated). The figure indicates852

that the minimal detectable energy flux depends on the pho-853

ton index; because of the energy-dependent effective area,854

harder sources can be detected to lower energy fluxes than855

soft-spectrum sources.856

Figure 10 showcases the photon index reported by 2FLE857

and the 4FGL for associations between the two catalogs. The858

2FLE generally reports harder photon indices than the 4FGL859

(Γ̃2FLE = 1.96 vs. Γ̃4FGL = 2.31), indicating that in the860

MeV band the 2FLE samples the SEDs of the sources either861

closer to the peak of the emission, or in the rising part of the862
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Figure 8. Photon Index distribution of Galactic (orange, solid), ex-
tragalactic (green, diagonal lines), and unassociated (purple, dotted)
sources. In general, the unassociated source index primarily over-
laps with extragalactic sources’ photon index.

SED. Figure 11 plots the one-to-one correspondence of the863

2FLE and 4FGL reported spectral index by source class for864

the same associated 2FLE objects reported in Figure 10.865

The median energy flux of the 2FLE sources is,866

F̃20−200 MeV = 1.90 × 10−11 erg cm−2 s−1, with the min-867

imum and the maximum being F20−200MeV, min = 1.23 ×868

10−12 erg cm−2 s−1, and F20−200MeV, max = 2.30 × 10−9
869

erg cm−2 s−1 , respectively. Furthermore, of the top 25870

brightest sources by energy flux in the entire catalog, 11 are871

Galactic, 10 are extragalactic, and 4 are unassociated.872



2FLE 15

Table 5. Catalog Description

Column Format Unit Description

Source Name 18A Official Source Name 2FLE JHHMM.m+DDMM
SpectrumType 17A Spectral model used (Power Law)

RAJ2000 E degree Right Ascension
DEJ2000 E degree Declination
GLON E degree Galactic Longitude
GLAT E degree Galactic Latitude

Conf 95 SemiMajor E degree Uncertainty radius at 95% confidence corrected for systematic uncertainties
Conf 95 SemiMinor E degree SemiMinor axis corrected for systematic uncertainties

Conf 95 PosAng E degree Positional angle of the fitted ellipse
ROI E Region of Interest Number

Pivot Energy E MeV Energy at which uncertainty on differential flux is minimal
Flux Density E ph cm−2 MeV−1 s−1 Differential flux at Pivot Energy

Unc Flux Density E ph cm−2 MeV−1 s−1 1σ uncertainty on differential flux at Pivot Energy
Flux E ph cm−2 s−1 Integral photon flux from 20− 200MeV procured by spectral fitting

Unc Flux E ph cm−2 s−1 1σ uncertainty on integral photon flux from 20− 200MeV MeV procured by spectral fitting
Flux Flag I Set to 1 if the Unc Flux > Flux, 0 otherwise

Energy Flux E erg cm−2 s−1 Energy flux from 20-200 MeV procured from spectral fitting
Unc Energy Flux E erg cm−2 s−1 1σ uncertainty on Energy flux from 20− 200MeV procured from spectral fitting
PowerLaw Index E Best-fit photon number index when fitting with power law

Unc PowerLaw Index E 1σ uncertainty on PowerLaw Index
Npred E Predicted number of events in the model

TS E Test statistic defined by TS = −2ln(L0/L), comparing the maximum value
of the likelihood function including the source in the model L to the value without it L0

Flux Density Band E ph cm−2 MeV−1 s−1 Differential photon flux evaluated in each spectral band at the bin central energy (Emid, Sec. 3.6)
Unc Flux Density Band E ph cm−2 MeV−1 s−1 1σ lower and upper error on Flux Density Band

TS Band E Test Statistic in each spectral band
ASSOC GAM 18A 4FGL-DR4 counterpart

TEVCAT FLAG A P if positional association with non-extended source in TeVCAT,
E if associated with an extended source in the TeVCAT
N if no TeV association

ASSOC TEV 26A Name of likely corresponding TeV source from TeVCAT, if any
CLASS 5A Class designation for associated sources; see Table 6

ASSOC1 26A Name of identified or likely associated source
ASSOC2 26A Name of source associated with the ASSOC GAM source
ASSOC3 26A Name of low-confidence counterpart

ASSOC PROB E The probability of association based on the Bayesian method and on the Likelihood Ratio
for 2FLE J0340.1+3215 and 2FLE J1458.1-3602

ASSOC PROB BAY DR4 E The probability of association based on the Bayesian method for the ASSOC GAM source
except when ASSOC2 is not filled

RA Counterpart D degree The Right Ascension of the counterpart reported in the ASSOC1 columns
or ASSOC2 if ASSOC1 is not filled, ASSOC3 otherwise

DEC Counterpart D degree The Declination of the counterpart reported in the ASSOC1 columns
or ASSOC2 if ASSOC1 is not filled, ASSOC3 otherwise

Redshift E Redshift of counterpart if known
Redshift Flag 4A Quality flag for known heliocentric redshift

See https://ned.ipac.caltech.edu/Documents/Guides/Database for flag meaning

https://ned.ipac.caltech.edu/Documents/Guides/Database
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Table 6. Classification of 2FLE sources with a multi-wavelength association

4FGL Description Designator Number Designator Number

Non-blazar active galaxy AGN 1 agn 0
BL Lac type of blazar BLL 17 bll 50
FSRQ type of blazar FSRQ 28 fsrq 190
Blazar candidate of uncertain type BCU 0 bcu 29
Narrow-line Seyfert 1 NLSY1 3 nlsy1 2
Radio galaxy RDG 2 rdg 2
Compact steep spectrum quasar CSS 0 css 1
High-mass binary HMB 3 hmb 0
Low-mass binary LMB 2 lmb 0
Binary BIN 0 bin 1
Pulsar, previously identified by pulsations PSR 29 psr 0
Millisecond Pulsar MSP 10 msp 0
Globular cluster GLC 0 glc 2
Supernova remnant (SNR) / Pulsar wind nebula (PWN) SPP/PWN 0 spp 4
Galactic Center GC 1 – –

NOTE—We follow the 4FGL nomenclature for classifications, where upper case letters denote a firm identification, while lowercase letters
denote an association. The number reported to the right of each ‘Designator’ column is indicating the number of sources with that specific
designation in the 2FLE. The criteria for reporting source classification are described in Section 4.
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Figure 9. Photon index versus energy flux between 20 and
200 MeV of 2FLE detected sources. Extragalactic (green cir-
cles), Galactic (orange squares) and unassociated (purple diamonds)
sources are plotted separately. The absence of sources in the top left
corner reflects the dependence of the sensitivity on photon index.

5.2. Extragalactic Sources873

The 2FLE includes 325 sources associated with extragalac-874

tic sources. The extragalactic source with the highest TS875

value is 2FLE J2253.7+1608 (TS = 15794). This source is876

associated with 3C 454.3, the brightest known γ-ray blazar877

in all 4FGL catalogs (M. Ajello et al. 2022; J. Ballet et al.878

2023). 3C 454.3 is also detected with the highest energy flux879
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Figure 10. Photon index distribution of 2FLE sources (black,
dotted) associated with a 4FGL one and their corresponding
4FGL-DR4 photon indices (blue, hatched). The 20-200 MeV en-
ergy band is critical for sampling the peak emission of these sources,
as seen by the 2FLE index distribution peaking around Γ = 2.0
compared to the softer indices reported by their 4FGL associations.

of the extragalactic sources (6.0±0.1×10−10 erg cm−2 s−1).880

The source classifications detected are: flat spectrum radio881

quasars (FSRQ, 218 sources), BL Lacertae objects (BLLs, 67882

sources), blazars of uncertain type (BCU, 29), Narrow Line883

Seyfert 1 Galaxies (NLSY1, 5 sources), radio galaxies (RDG,884

4 sources), compact steep spectrum quasar (CSS, 1 source),885

and other active galactic nuclei (AGN, 1 source associated886
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Figure 11. 2FLE and 4FGL best fit spectral index value for the 2FLE sources associated with: BLL (light blue squares, top left), FSRQ
(red points, top right), BCUs & EGAL Other (yellow diamonds, bottom left), PSR & MSP (dark blue triangles), and GAL Other (light green
pentagons) on the bottom right. EGAL Other and GAL Other contain the same source classes as reported in Figure 7. The dashed black line is
the one-to-one line. The dotted black lines indicate the transition from a hard to soft spectrum (Γ = 2).

with PKS 0521-36, e.g., F. D’Ammando et al. 2015). FS-887

RQs are the dominant source class, with 218/325 (∼ 67%)888

of the extragalactic associated sources and 49% of the entire889

catalog. See Table 6 for a full description of source associa-890

tions. Of the extragalactic associated sources, 95% are found891

at a Galactic latitude of |b| ≥ 10°. Only 14 are detected at892

low Galactic latitudes (|b| < 10°), of which 11 are FSRQs.893

The low-energy hump of blazars’ broadband SED (peak-894

ing anywhere between mid-IR to X-rays) is well explained895

by synchrotron emission of electrons. One way to classify896

blazars is based on the peak synchrotron emission frequency897

(νspeak). These classifications are high (νspeak ≥ 1015 Hz),898

intermediate (1014 ≤ νspeak ≤ 1015 Hz), and low (νspeak ≤899

1014 Hz) synchrotron peaked blazars (HSP, ISP, LSP; A. A.900

Abdo et al. 2010b). The positions of the synchrotron peak of901

the 2FLE’s 4FGL associations are reported in the Fourth Cat-902

alog of Active Galactic Nuclei detected by the Fermi Large903

Area Telescope: Data Release 3 (4LAC-DR3, M. Ajello et al.904

2022) for 66 out of the 67 2FLE BLLs. There are 39 LSPs, 13905

ISPs and 14 HSPs for the BLL population. Thus, HSPs are906

a minority. No detected BLL qualifies as extreme. The most907

extreme cases present in the 2FLE are Markarian 501 (2FLE908

J1655.9+3942) and Markarian 421 (2FLE J1105.2+3809).909

On the other hand, among the associated 2FLE FSRQ popu-910

lation, we find that practically all are LSPs. This is expected911

since if most FSRQs have an inverse-Compton emission peak912

in the MeV, their synchrotron peak must be at lower fre-913

quencies. The high-energy hump of the blazar SED (peak-914

ing anywhere between MeV to TeV energies) is predicted915

to originate either from leptonic inverse Compton scattering916

(M. Sikora et al. 1994), or alternatively from lepto-hadronic917

processes (M. Böttcher et al. 2013; K. Murase et al. 2016; L.918

Costamante 2020). This is the portion of the blazar SED that919

the 2FLE captures.920
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Figure 12. Distribution of photon indices for the populations of
FSRQs (red) and BLLs (blue) as reported in the 2FLE. Not only did
the 2FLE detect MeV-dominated FSRQs, but also low-, intermedi-
ate- and high-synchrotron peaked BLLs, the latter displaying hard
MeV photon indices hence likely peaking in the GeV–TeV band.
We note that the distribution of BLLs in index is asymmetric, with
more BLLs reported with indices of Γ < 2 compared to Γ > 2.
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Figure 13. Fraction of FSRQs (FSRQ / (FSRQ + BLL)) plotted
against the energy range for each catalog. Clearly, the softer gam-
ma-ray catalogs detect a higher fraction of FSRQs, with the 2FLE
reporting the highest fraction out of the 2FLE, 4FGL-DR4, 2FHL,
and the 3FHL. This indicates that most FSRQs peak emission oc-
curs in the MeV, while generally BLLs peak at GeV and TeV ener-
gies

Looking at the distribution of indices for the 2FLE popu-921

lation of FSRQs and BLLs (as shown in Figure 12), we note922

that both source classes peak around Γ ∼ 2 (Γ̃2FLE,BLL =923

1.97, Γ̃2FLE,FSRQ = 2.02). On the other hand, the 4FGL-924

DR4 reports a median photon index of Γ̃4FGL,BLL = 2.0,925

Γ̃4FGL,FSRQ = 2.47 for BLLs and FSRQs, respectively. As926

depicted in Figure 11, the 2FLE is detecting the peak of high-927
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Figure 14. Distribution of source redshift in the 4LAC (blue), 2FLE
(black, dotted) and 1FLE (red, cross-hatched) with corresponding
median values indicated by dashed vertical lines. The 2FLE detects
the largest median redshift value and has a flatter distribution of
sources detected at 0.6 < z < 1.5 compared to the 1FLE and
4LAC. The dominance of FSRQs in the 2FLE is the primary reason
for this difference. The preponderance of FSRQs in the 2FLE is
generally due to FSRQs high-energy spectral hump peaking at MeV
energies, especially FSRQs at higher z. We note that the z = 4.314
source is also detected in the 4LAC.

energy emission of FSRQs sources as opposed to the falling928

edge in the 4FGL.929

In comparison to the previous γ-ray catalogs – i.e. the Sec-930

ond Catalog of Hard Fermi-LAT Sources (2FHL, M. Ack-931

ermann et al. 2016), the third Catalog of Hard Fermi-LAT932

Sources (3FHL, M. Ajello et al. 2017), and the 4FGL-DR4 –933

we detected the highest percentage of FSRQs as a fraction of934

the cumulative known blazar types (FSRQ + BLL) at 78%.935

Figure 13 depicts this fraction against the energy range of936

the 2FLE, 4FGL-DR4, 2FHL, and 3FHL. This reinforces the937

dominance of FSRQ emission at MeV energies compared to938

BLLs being more dominant at GeV and TeV energies. The939

positions of the 4FGL inverse-Compton peaks (based on the940

LogParabola fits to the 4FGL SEDs) are given in Fig. 6941

of the 4LAC-DR3 paper (S. Abdollahi et al. 2022). For FS-942

RQs, they are clustered below 1 GeV while BL Lacs gener-943

ally peak at larger energies.944

Based on the source associations discussed in Section 4, in945

Figure 14 we report the distribution of sources with a known946

redshift compared to the 1FLE and the 4LAC-DR3. Of the947

three catalogs, the 2FLE reports the highest median redshift948

value, of z̃2FLE = 0.966. The median redshift value re-949

ported by the 4LAC is z̃4LAC = 0.563, and the 1FLE is950

z̃1FLE = 0.602. The 2FLE detects more sources at higher951

redshifts than the 1FLE, but the 4LAC detects a larger num-952
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Figure 15. Hammer-Aitoff projection in Galactic coordinates of unassociated 2FLE detected sources. Downward pointing yellow triangles
correspond to unassociated sources detected at TS < 100, red-orange stars at 100 < TS < 1000, and upward pointing blue triangles
to unassociated sources detected at TS > 1000. The majority of TS > 1000 sources are found at high Galactic latitudes. We note a
concentration of unassociated, TS < 100 sources detected at low-latitudes between a Galactic longitude of 300− 330°.

ber of high-z sources. This is likely due to the sensitivity953

limitations of Fermi-LAT at MeV energies. The 2FLE re-954

ports 339 sources with redshifts. The majority of associated955

2FLE sources are at z < 2, with 87GB 150844.6+571424956

(z = 4.314) being the highest redshift source detected.957

5.3. Galactic Sources958

The 2FLE comprises 52 sources associated with Galac-959

tic objects. The source populations represented in the 2FLE960

are high-mass binaries (HMB, 3 sources), low-mass binaries961

(LMB, 2 sources), binaries (BIN, 1 source), globular clus-962

ters (GLC, 2 sources), millisecond pulsars (MSP, 10 sources),963

young pulsars (PSR, 29 sources), potential supernova rem-964

nants/pulsar wind nebulae (SPP/PWN, 4 sources), and one965

source associated with the Galactic Center (GC). Table 6 con-966

tains which of these sources are reported as identified classi-967

fications in the 4FGL and which are simply reported as an968

association.969

Of the Galactic sources, 34 (65%) are found at Galactic970

latitudes of |b| < 10°. Half of the high-latitude Galactic971

sources are millisecond pulsars. The globular cluster M2972

which was not detected in any previous Fermi-LAT catalog973

is also at a higher galactic latitude. The most significantly974

detected source is the Crab pulsar (2FLE J0534.3+2159) at975

TS= 23013 which is also the brightest source in the catalog976

with an energy flux of 2.30± 0.03× 10−9 erg cm−2 s−1.977

5.4. Unassociated Sources978

The catalog reports 73 unassociated sources (∼ 16% of979

the catalog). Of these, 60 are newly discovered gamma-980

ray sources, while 13 are detections of previously unasso-981

ciated 4FGL sources. Figure 15 is a Hammer-aitoff pro-982

jection on the sky with only the unassociated sources dis-983

played, differentiating sources detected at TS < 100 (32),984

100 < TS < 1000 (34) and TS > 1000 (7, see Table 7). We985

anticipate that most of the unassociated sources will be of986

extragalactic origin. With 87% of the associated sources be-987

ing of extragalactic origin, a naive assumption would be that988

∼ 62 of the unassociated sources would also be extragalactic.989

This number is likely higher due to the unassociated source990

median photon index being similar to that of the extragalactic991

population (Γ̃UNASSOC = 2.17, Figure 8).992

As for their distribution in Galactic latitude, among the 73993

unassociated sources, 36 are located at high Galactic latitude994

(|b| > 35°). Thus, almost half of the unassociated population995

is found at high latitudes. Moreover, 16 of those (22%) are996
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found at low latitudes (|b| < 10°), including 12/16 (75%) at997

very low latitudes (|b| < 5°). Since these low latitude sources998

have a wide range of photon indices, these cannot be associ-999

ated with a specific population of sources. As for their dis-1000

tribution in energy flux, these very low latitude sources have1001

a median 20-200 MeV energy flux of 5.8× 10−11 erg cm−2
1002

s−1, which is greater than 81% of the unassociated sources1003

in the catalog. This is a likely selection effect as sources with1004

low fluxes would not make the TS cut in these regions with1005

high diffuse emission. Furthermore, there are 4 unassociated1006

sources at |b| < 5° which also have Γ < 1.49, which could1007

potentially indicate a Galactic nature. Multiwavelength cam-1008

paigns are necessary to determine the source classes, and ori-1009

gin, of these unassociated sources.1010

We also note that it is possible that some of the unas-1011

sociated sources are unassociated due to source confusion1012

and blending effects from the large PSF at these energies.1013

One such example is 2FLE J1050.8+7125. Found to be1014

unassociated using our procedure in Section 4, but is likely1015

related to 4FGL J1048.4+7143 (associated with the FSRQ1016

S5 1044+71) whose position is offset due to the proxim-1017

ity of other nearby fainter sources. Another case is 2FLE1018

J0220.3+4248, whose position falls in between two MeV1019

bright 4FGL sources (4FGL J0222.6+4302 associated with1020

the BL Lac 3C 66A; and 4FGL J0218.1+4232 associated1021

with the millisecond pulsar PSR J0218+4232). In Table 7 we1022

list all the TS > 1000 2FLE sources, which are likely suffer-1023

ing from similar blending issues rather than being newly de-1024

tected MeV sources. Robust follow-up investigating source1025

confusion is left for a future work.1026
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Figure 16. Positional coincidence of LHAASO (KM2A, dark blue
plus; WCDA light blue diamond), 2FLE (black star), and 4FGL (red
triangle) of the unassociated source 2FLE J0340.8+5258.

5.5. TeV Coincident Sources1027

As discussed in Section 1, the MeV band sampled by the1028

2FLE could potentially help identify SNR which contain a1029

hadronic “pion bump” as well as synchrotron emission pro-1030

duced by MeV pulsars and their PWN environments. A1031

shared trait that is possible for both of these source types1032

and their surroundings is the presence of extended TeV emis-1033

sion. Therefore, searching for potential counterparts in the1034

TeV and GeV regime may help to identify new supernova1035

remnants/pulsar wind nebulae.1036

Based on the association procedure in Section 4, using the1037

TeV catalogs (D. Horan & T. C. Weekes 2004; Y.-L. Chang1038

et al. 2017), 45 2FLE sources have a TeV association, 101039

with an extended TeV source, and 35 with a point source1040

(out of the searched catalogs). One catalog dedicated to the1041

investigation of identifying extended TeV emission with a1042

blind search is the First LHAASO Catalog of Gamma-Ray1043

Sources (1LHAASO, Z. Cao et al. 2024), a catalog that was1044

not considered in the association procedure. LHAASO con-1045

tains two detectors, the Water Cherenkov Detector Array1046

(WCDA, E = 1TeV−30 TeV) and Kilometer Squared Ar-1047

ray (KM2A, E > 25 TeV). After cross-matching the posi-1048

tions of the 2FLE and 1LHAASO sources, we find 18 2FLE1049

sources are positionally coincident with a LHAASO source’s1050

39% containment radius of the 2D-Gaussian model (r39)1051

used to model the LHAASO source’s extension. All of these1052

18 sources are positionally coincident with a 4FGL source, 61053

of which do not have a corresponding TeV counterpart in the1054

main 2FLE catalog. Only one, 2FLE J0340.8+5258 (4FGL1055

J0340.4+5302), lacks an associated optical/infrared counter-1056

part as well (see Section 4). More details on this source are1057

discussed below and Table 8 outlines the characteristics of1058

potential TeV counterparts of the 6 2FLE sources lacking a1059

TeV association.1060

5.5.1. 2FLE J0340.8+52581061

2FLE J0340.8+5258 is positionally coincident with 4FGL1062

J0340.4+5302, an unassociated source found at a low Galac-1063

tic latitude (b = −1.84°). 2FLE J0340.8+5258 is found to1064

be positionally coincident with the WCDA and KM2A de-1065

tection of 1LHAASO J0343+5254u* 87 (see Figure 16). In1066

Figure 17 we show the source SED, from 20 MeV to 1.6 PeV.1067

In the 4FGL, the source spectrum is well described by a log-1068

parabola spectrum with photon index Γ4FGL = 3.34 ± 0.061069

and peaks at Epeak = 202 ± 18MeV. The 2FLE harder1070

power-law photon index Γ2FLE = 1.95 ± 0.22 agrees with1071

the idea that in the MeV we are sampling the source’s spec-1072

tral energy distribution close to the peak of the emission,1073

87 u indicates that the source is an ultra-high-energy (UHE) source with
TS > 20 for E > 100 TeV and * denotes a detected source that is
suspected of originating from two sources (Z. Cao et al. 2024)
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Table 7. List of TS > 1000 2FLE unassociated sources.

Source Name TS2FLE 4FGL neighbora TS4FGL,50−300MeV
b ASSOC4FGL TYPE4FGL

2FLE J1636.8+3833 3257 4FGL J1635.2+3808 1001 4C +38.41 FSRQ

2FLE J1050.8+7125 1809 4FGL J1048.4+7143 668 S5 1044+71 FSRQ

2FLE J0446.8−4357 1331 4FGL J0449.4-4350 104 PKS 0447-439 BL Lac
4FGL J0440.3-4332 157 PKS 0438-43 FSRQ

2FLE J2155.7−3021 1294 4FGL J2158.8-3013 651 PKS 2155-304 BL Lac

2FLE J2346.3-1612 1291 4FGL J2345.2-1555 281 PMN J2345-1555 FSRQ
4FGL J2348.0-1630 233 PKS 2345−16 FSRQ

2FLE J0405.0−3623 1182 4FGL J0403.9-3605c 3184 PKS 0402-362 FSRQ

2FLE J0220.3+4248 1008 4FGL J0222.6+4302 308 3C 66A BL Lac
4FGL J0218.1+4232 240 PSR J0218+4232 MSP

a4FGL MeV bright sources (TS4FGL,50−300MeV > 100) just outside the 2FLE R95 (Equation 3).
b Sum of the squares of the source significance in the first two SED bands listed in the 4FGL catalog (J. Ballet et al. 2023).
cThe MeV emission from 4FGL J0403.9-3605 may have been “split” in two between 2FLE J0405.0−3623 and 2FLE J0401.5−3535

(TS=104) on the other side of the 4FGL position.

rolling over in the GeV band. Analogously, in the very high-1074

energy regime sampled by LHAASO, we observe the same1075

rise and fall of the spectral energy distribution with similar1076

photon indices agreeing in the low-energy counterpart, with1077

ΓWCDA = 1.7± 0.9 and ΓKM2A = 3.5± 0.1, possibly sug-1078

gesting a connection between these two peaks, and strength-1079

ening the association between the MeV and the TeV source.1080

5.6. Comparison with 1FLE1081

Using 8 years and 9 months of Fermi-LAT data and the PG-1082

Wave wavelet method for source detection, the 1FLE catalog1083

reported 198 sources detected at > 3σ in the 31.6−100 MeV1084

energy range, 14 of which had been previously identified by1085

COMPTEL (G. Principe et al. 2018). Similar to the 1FLE,1086

we simplify these ranges by stating 30 − 100 MeV to mean1087

31.6− 100 MeV. Compared to the analysis performed in the1088

1FLE, the exposure time used in the 2FLE is 1.6 times larger,1089

and the energy range considered is wider. Taken together,1090

these factors provide an increase in photon statistics of about1091

2.18, and hence a ∼ 1.48 higher sensitivity. Moreover, we1092

used a maximum likelihood method for source finding, we1093

included the Galactic diffuse template and we enabled energy1094

dispersion. Further, the higher maximum energy adopted1095

by the 2FLE allows to benefit from a narrower PSF at en-1096

ergies above 100 MeV. Collectively, these differences pro-1097

vide the ability to detect more sources (×2.2) at a higher1098

significance detection threshold (> 5σ) and at a deeper flux1099

limit (F̃30−100MeV,2FLE ∼ F̃30−100MeV,1FLE/1.6).1100

We perform a positional crossmatch between the 1FLE1101

and the 2FLE sources with TopCAT SkyEllipse, using1102

as positional uncertainties a flat 1.5° radius for the 1FLE88
1103

and the Conf 95 SemiMajor, Conf 95 SemiMinor1104

and Conf 95 PosAng listed in the 2FLE as semimajor,1105

semiminor and angle of the ellipse. This match returns 1661106

1FLE sources (84% of the 1FLE catalog) that are spatially1107

coincident with a 2FLE one. Of the 166 positional coinci-1108

dences: 17 2FLE sources do not have a 4FGL counterpart; 31109

of the matching 1FLE sources do not have a 3FGL counter-1110

part; of the 147 that have both a 4FGL (2FLE) and a 3FGL1111

(1FLE) counterpart, 124 have the same γ-ray counterpart,1112

while 23 2FLE γ-ray counterparts (4FGL names) are differ-1113

ent from the 1FLE γ-ray counterparts (3FGL names).1114

The majority (16/17) of sources that lack a γ-ray counter-1115

part in the 2FLE are associated to a nearby γ-ray source in1116

the 1FLE. This difference is mostly explained by the larger1117

positional uncertainty applied to the 1FLE while searching1118

for counterparts than the 2FLE, which reports stringent con-1119

straints on the source localization, and to blending effects1120

affecting the 2FLE localization (see Sections 4 and 5.4). It is1121

88 The 1FLE utilized a flat 1.5° radius when searching for associations to
the Fermi Large Area Telescope Third Source Catalog (3FGL, F. Acero
et al. 2015).
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Figure 17. 20 MeV to 1.6 PeV SED of 2FLE J0340.8+5258. The 2FLE SED data points (magenta squares) are computed according to
Section 3.6 and the 4FGL data is extracted from the 4FGL-DR4 catalog. The shaded bands represent the 1σ confidence levels obtained using
the best-fit parameters of the source from the 2FLE (magenta), 4FGL-DR4 (green) and LHAASO WCDA (gray, backward hatch) and KM2A
(blue, forward hatch) parameters as listed in Z. Cao et al. (2024).

Table 8. 2FLE TeV Unassociated Sources Spatially Coincident with a LHAASO Detection

LHAASOa 2FLEb

Name r39(°) TS ΓWCDA ΓKM2A Name Γ TS ASSOC GAM CLASS ASSOC1

J0343+5254* 0.33± 0.05 94.1 1.7± 0.19 3.5± 0.1 2FLE J0340.8+5258 1.95± 0.22 161.87 4FGL J0340.4+5302
J0703+1405 1.3± 0.21 90.2 1.98± 0.12 3.98± 0.08 2FLE J0658.7+1420 1.79± 0.29 217.94 4FGL J0659.7+1416 PSR PSR J0659+1414
J1954+3253 0.17± 0.03 144.0 2.45± 0.09 – 2FLE J1954.5+3314 2.11± 0.43 72.54 4FGL J1954.4+3252e SPP CTB 80
J1956+2921 0.78± 0.05 151.3 2.03± 0.06 3.42± 0.12 2FLE J1955.7+2838 0.73± 0.96 45.45 4FGL J1954.3+2836 PSR PSR J1954+2836
J2028+3352 1.7± 0.23 75.7 – 3.38± 0.19 2FLE J2025.5+3335 0.64± 1.90 26.53 4FGL J2025.3+3341 bcu PSR J2028+3332c

J2238+5900 0.51± 0.04 110.2 2.39± 0.07 3.55± 0.09 2FLE J2236.6+5841 0.98± 1.25 25.18 4FGL J2238.5+5903 PSR PSR J2238+5903

aSource properties reported in the LHAASO catalog (Z. Cao et al. 2024): source name (* indicates that the detected source suffers from Galactic gamma-ray
emission significantly in testing); 39% uncertainty radius for size of extended source (r39); photon index (Γ); significance of detection (TS).

b 2FLE source properties reported in the 2FLE catalog (see Table 5 for column description).

c Note that the 4FGL associated counterpart (ASSOC 2) is B2 2023+33 (see Section 4 for details).

likely that these 1FLE sources are indeed the same source de-1122

tected in the 2FLE. The disagreement in γ-ray counterparts1123

for 23 sources is attributed both to the same localization dif-1124

ference as well as the depth of the 4FGL with respect to the1125

3FGL. For example, the source 1FLE J0536-6856 is asso-1126

ciated to the LMC and is close to PSR J0540-6919 and N1127

157B (toward the LMC center). The closest 2FLE source1128

is 2FLE J0542.4-6919, associated explicitly to PSR J0540-1129

6919 (but on the other side) which suggests that the 1FLE lo-1130

calization suffered from source confusion between the LMC1131

and the pulsar. On the other hand, the source 2FLE J2256.8-1132

2751 is associated with the FSRQ PKS 2253-278 (4FGL1133

J2256.0-2740) which was not detected by the 3FGL; the cor-1134

responding 1FLE J2256-2750 is associated with the BCU1135

PMN J2250-2806 (3FGL/4FGL J2250.7-2806) located 1.5◦1136

away from the 1FLE position (see Figure 18, left panel).1137

Of the remainder 32 1FLE sources, we find that 17 are1138

positionally coincident with 2FLE sources with TS < 251139

and thus are not reported in the final 2FLE catalog (see Sec-1140

tion 3). These sources may have lower significance in our1141

analysis because of source variability or the different way1142

the background is taken into account in the 1FLE and 2FLE1143

analyses. Moreover, 3/32 match a 2FLE source removed1144

from the 2FLE main catalog because it was found close to1145
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Figure 18. Field of view with position and 95% positional uncer-
tainty of 2FLE J2256.8-2751 (black star), 2FLE associated 4FGL
source position and 95% positional uncertainty (green diamond),
the 1FLE location position and 1.5° positional uncertainty (orange
square), and 1FLE associated 4FGL source position and 95% posi-
tional uncertainty (magenta circle). The positional uncertainties of
the 4FGL counterparts are very small, and therefore are not visible
in this plot. In this instance, the 2FLE association is most likely the
true one based on location alone.

an ROI boundary and not confirmed in the neighboring ROI1146

covering that location better (Section 3). Furthermore, six1147

out of the 12 remaining 1FLE sources not found in 2FLE1148

are at low Galactic latitudes |b| < 5 deg, where the Galac-1149

tic diffuse emission plays a major role in the source’s de-1150

tectability. Finally, for the last 6 1FLE sources (|b| > 5 deg;1151

1FLE J2206+7040, 1FLE J1138+3832, 1FLE J0424+1446,1152

1FLE J0548-0050, 1FLE J1033+1601, 1FLE J1720+0916),1153

we find that four (1FLE J1138+3832, 1FLE J0424+1446,1154

1FLE J0548-0050, 1FLE J1033+1601) are not spatially co-1155

incident with any 4FGL-DR4 source within their 1.5° asso-1156

ciation radius. Considering the location of these sources and1157

blending effects affecting both catalogs, the fact that no MeV1158

excess was found at those locations by the 2FLE is not cause1159

for concern.1160

5.7. Comparison with AGILE1161

Another instrument that has some sensitivity in the MeV1162

band is the AGILE Gamma-Ray Imager Detector (GRID).1163

The Second AGILE catalog of gamma-ray sources (2AGL,1164

A. Bulgarelli et al. 2019) reports 31 sources detected above1165

> 4σ in the 30–100 MeV band, the majority of which (70%)1166

lie within the Galactic plane (|b| < 5°). For completeness,1167

we cross-matched the 2FLE with the 2AGL with TopCAT1168

SkyEllipse using the γ-ray coordinates and positional1169

uncertainties for the 2AGL and we found 16 matches. The1170

rest of the 2AGL sources for which we do not find a 2FLE1171

counterpart all lie within the Galactic plane, the region where1172

these catalogs suffer the most from source confusion and1173

blending (as described in Section 5.6), hence this mismatch1174

is not unexpected.1175

5.8. 20-200 MeV Band Spectral Constraints1176

The 2FLE contains 387 sources associated with a known1177

4FGL source. Of these, in the 4FGL-DR4 47 are mod-1178

eled as a PowerLaw, 300 with LogParabola and 401179

with PLSuperExpCutoff4. We look for sources that1180

may have a spectral break between the 2FLE and 4FGL1181

band. We do so by comparing the primary spectral in-1182

dex parameter for each model to PowerLaw Index from1183

the 2FLE. For PowerLaw models we used PL Index.1184

In the case of sources best fit with LogParabola1185

and PLSuperExpCutoff4, we used LP Index and1186

PLEC IndexS, respectively, propagated to their value at1187

E = 100 MeV. We identify potential spectral breaks when1188

the 2FLE and 4FGL indices are different at 2σ (see Fig-1189

ure 11) using the following criterion:1190

|Γ2FLE − Γ4FGL|√
Γ2
err,2FLE + Γ2

err,4FGL

> 2. (5)1191

We found a total of 92 potential spectral breaks. Consid-1192

ering the boundary for a transition of a spectrum from soft1193

to hard to be Γ = 2, we find that 59/92 display a hard 2FLE1194

spectral index and a soft 4FGL one, indicative of the fact that1195

the 2FLE may be sampling close to a peak of the emission1196

(in a νFν plot) and capturing the rising edge of the spectrum1197

as the energy increases. Interestingly, 70% of the sources of1198

Galactic origin show this hard-to-soft spectral behavior (Fig-1199

ure 11, right panel), compared to only 30% of the extragalac-1200

tic sample. On the other hand, we also have 9/92 sources1201

displaying the opposite behavior (soft 2FLE spectrum and1202

hard 4FGL one). However, this number is compatible with1203

statistical fluctuations since at the 2σ level 2.3% of cases1204

are expected to be harder in the 2FLE than the 4FGL-DR41205

just by chance. This break could indicate that the 2FLE and1206

4FGL spectra are sampling two different components of the1207

sources’ physical SED (e.g. a transition from a synchrotron to1208

an inverse Compton emission). Lastly, we find 21/92 (3/92)1209

cases in which the spectrum is soft (hard) in both catalogs,1210

but discrepant > 2σ; these cases could indicate an intrinsic1211

spectral curvature in the sources’ γ-ray emission.1212

We also checked if variability could be playing a1213

role in these spectral changes. Of the 387 4FGL-DR41214

sources associated with the 2FLE objetcs, 83% have a1215

Variability Index > 27.69 (i.e. are significantly vari-1216

able in the 4FGL band). About ∼ 66% of those sources1217

that exhibit a break are variable, hence we cannot exclude1218

that some of these differences in spectral indices could be1219
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attributed to variability. However, to validate this assump-1220

tion, we would need to compute the light curves in the MeV1221

band, and correlate it to the higher energy bands, something1222

we leave for future work.1223

Figure 19 displays 4 sources with their 2FLE SED data1224

points and best fit model in the 20-200 MeV energy range1225

(magenta) and the best fit model reported by the 4FGL along1226

with its SED data points from the 50 MeV - 1 TeV en-1227

ergy range (green). We selected these cases to demonstrate1228

the benefit of the 2FLE for both Galactic and extragalactic1229

sources, as well as sources modeled with and without a power1230

law. Furthermore, we see in the plots for 2FLE J0922.4+62171231

and 2FLE J2328.2-4739 how the 2FLE can constrain the1232

peak emission of the source under investigation when the1233

MeV gamma ray behavior has a spectral break from that of1234

the GeV. Lastly, 2FLE J1055.4+2158 is an interesting case1235

where the 20-200 MeV data show that the SED may be much1236

softer at MeV energies. As part of this catalog we have gen-1237

erated similar SEDs for all the 2FLE sources (Section 3.6)1238

with well constrained spectral parameters (i.e. Flux Flag=0)1239

associated with a 4FGL source and have provided them in an1240

online repository89.1241

6. SUMMARY AND CONCLUSIONS1242

We performed an all-sky analysis of the 20-200 MeV low-1243

energy gamma-ray sky based on 14 years of the Fermi-LAT1244

mission. This catalog seeks to reduce the “MeV gap”, the1245

poorly charted energy regime stretching between X-rays and1246

GeV energies, by leveraging the most sensitive instrument1247

currently available. We present the 2FLE catalog containing1248

450 sources detected at TS > 25 (∼ 5σ). The 2FLE con-1249

tains just over twice as many sources than its predecessor, the1250

1FLE. In general, the 2FLE contains fainter sources, more1251

significantly detected, and better constrained in flux than re-1252

ported in the 1FLE.1253

Of the 450 sources detected, 377 are associated to previ-1254

ously known sources, with 86% of these (325/377) of ex-1255

tragalactic origin and 14% (52/377) of Galactic origin. The1256

dominant source class represented are flat-spectrum radio1257

quasars (FSRQs) representing 58% (218/377) of the associ-1258

ated sources. Galactic associated sources are distinguished1259

from extragalactic sources in the 2FLE by their characteristi-1260

cally harder spectrum (ΓGAL ∼ 1.48, ΓEGAL ∼ 1.99). The1261

Galactic source classes are primarily represented by pulsars,1262

millisecond pulsars, and supernova remnant/pulsar wind neb-1263

ulae. Of the associated sources in the 2FLE, 3 are not de-1264

tected in the 4FGL-DR4, one FSRQ, one BCU and one glob-1265

ular cluster (M2) detected for the first time in gamma rays.1266

There remain 73 unassociated sources reported in the1267

2FLE with 41 sources detected with a TS > 100. The distri-1268
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bution of the unassociated sources’ photon index and Galac-1269

tic latitude more closely aligns with sources of extragalactic1270

origin (ΓUNASSOC ∼ 2). Of the 73 unassociated sources, 161271

are found at low latitudes (|b| < 10°). Considering the preva-1272

lence of Galactic sources at these latitudes, future studies and1273

multiwavelength campaigns can help to determine the origin1274

of these low-latitude unassociated detections.1275

Furthermore, we find that 6 2FLE sources lacking a TeV1276

counterpart are found spatially coincident with sources re-1277

ported in the First LHAASO Catalog of Gamma-ray Sources,1278

one of which lacking any associations.1279

Lastly, a major benefit of the 2FLE has been probing lower1280

into the MeV regime, where many sources are expected to1281

peak in their emission. By providing the best-fit spectral1282

models in the 20-200 MeV energy range we further con-1283

strain the low-energy gamma ray behavior of these detected1284

sources. Sources detected in the 2FLE are at (or near) their1285

SED peak, rendering the 20-200 MeV band an important one1286

to characterize the energetics of gamma-ray sources.1287

The 2FLE is the largest and most sensitive catalog of the1288

MeV sky to date. Moreover, thanks to more than 20 years1289

of research and development, another portion of the MeV1290

gap will soon be probed between 0.2 – 5 MeV by the Comp-1291

ton Spectrometer and Imager (COSI; J. Tomsick et al. 2019),1292

scheduled to launch in 2027. Additionally, there are a num-1293

ber of larger mission concepts currently being proposed such1294

as AMEGO-X (R. Caputo et al. 2022), e/new-ASTROGAM1295

(V. Tatischeff et al. 2016; e ASTROGAM Collaboration et al.1296

2017; D. Berge et al. 2025) and GECCO (E. Orlando et al.1297

2022). These future missions seek to transcend both COSI’s1298

and Fermi-LAT’s capabilities and contribute to comprehen-1299

sively observing the long-standing MeV Gap.1300

Software: Astropy (Astropy Collaboration et al. 2013,1301

2018, 2022), numpy (C. R. Harris et al. 2020), SAO Image1302

DS9 (W. A. Joye & E. Mandel 2003), TOPCAT (M. Taylor1303

2011), fermitools, fermipy1304
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