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ABSTRACT

We present a catalog of sources detected above 50 GeV by the Fermi Large Area Telescope (LAT)
on board the Fermi Gamma-ray Space Telescope using 16 years of observations. This is the Fourth
Catalog of Hard Fermi-LAT Sources (4FHL), containing 673 objects detected in the 50 GeV-2 TeV
energy range. The sensitivity and localization are improved by factors of ~2 relative to the previous
LAT catalog at the same energies (i.e. the 2FHL catalog). The increased photon statistics, nearly
doubling the number of detections relative to 2FHL, enables more detailed population studies, including
the identification of fainter sources detected above 50 GeV. The majority of the sources (84.7%) are
associated with extragalactic counterparts, primarily BL Lacertae objects, including 36 objects at
redshift z > 1. Galactic sources account for 10% of the sample, mainly pulsar wind nebulae and
supernova remnants, while ~5% remain unassociated or of uncertain classification. Twenty sources
are reported with no counterpart in previous LAT catalogs. The 4FHL catalog provides the deepest
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all-sky survey above 50 GeV to date. By focusing on this high-energy regime, it provides a fundamental
link between space-based gamma-ray observations and the TeV range probed by current and future
ground-based observatories. It serves as a useful reference for guiding future observations, including
new potential targets for follow-up with Cherenkov telescopes.

Keywords: Catalogs - Gamma-rays: General

1. INTRODUCTION

The Large Area Telescope (LAT; W. B. Atwood et al.
2009) on board the Fermi Gamma-ray Space Telescope
has been continuously surveying the entire sky since its
launch in August 2008. Over the course of 16 years
of observations, the LAT has made significant contri-
butions to studies of the high-energy sky. The most
recent broadband all-sky LAT catalog, 4FGL-DR4 (J.
Ballet et al. 2024), constructed from 14 years of data,
includes 7,194 sources, providing an in-depth character-
ization of the gamma-ray sky from 50 MeV to 1 TeV.
Typically, Fermi-LAT catalogs are representative of the
GeV sky rather than the sub-MeV or TeV sky, as the in-
strument’s sensitivity is optimized for the low-GeV en-
ergy band. However, the detection of faint and hard
spectrum sources is often better enhanced through ded-
icated higher-energy analyses.

To explore the Fermi higher-energy regime, the LAT
Collaboration has released a series of hard-source cat-
alogs optimized for energies above tens of GeV. The
First Fermi#LAT Hard Source Catalog (1FHL; M. Ack-
ermann et al. 2013) reported 514 sources detected above
10GeV, up to 500GeV in the first 3 years of data.
This was followed by the Second Hard Source Cata-
log (2FHL; M. Ackermann et al. 2016a), which used 6.7
years of LAT data and was the first to incorporate the
Pass 8 event reconstruction (W. Atwood et al. 2013).
The 2FHL catalog, which presented 360 sources, focused
on the 50 GeV—2TeV range, where the LAT benefited
from improved angular resolution and reduced diffuse
background, making it particularly effective despite lim-
ited photon statistics. The Third Catalog (3FHL; M.
Ajello et al. 2017) extended the 1FHL analysis using
7 years of Pass 8 data, detecting 1,556 sources in the
10 GeV—2TeV range, benefiting from enhanced back-
ground rejection and the implementation of a point
spread function (PSF)-type event classification.

In this paper, we present the Fourth Catalog of Hard
Fermi-LAT Sources (4FHL), which extends the work of
2FHL using 16 years of Pass 8 data (P. Bruel et al. 2018).

Above 50 GeV, the sensitivity improves faster than in
the background-limited regime at lower energies. The
lower photon statistics in this regime also make an un-
binned likelihood analysis optimal, improving sensitiv-
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ity to faint sources and source localization. Assuming
a standard Euclidean logN-logS distribution, a factor
of two increase in high-latitude sources relative to the
2FHL catalog is expected. As a result, the new catalog
includes 673 sources, significantly expanding the popu-
lation of LAT-detected sources above 50 GeV.

It offers insights into extreme particle acceleration en-
vironments, such as pulsar wind nebulae (PWNe, e.g.
F. Acero 2017), supernova remnants (SNRs e.g. H. Ab-
dalla et al. 2018a), and blazars (e.g. V. S. Paliya et al.
2019; J. P. van den Berg et al. 2019), while also support-
ing multimessenger studies (e.g. IceCube Collaboration
et al. 2018) by linking high-energy - rays with other as-
trophysical phenomena, which might be sources of neu-
trinos and cosmic rays (e.g. Galactic PeV accelerators,
S. Marchesi et al. 2024), remaining relevant in broader
contexts, including cosmology (e.g. A. Dominguez et al.
2024; L. Gréaux et al. 2024; H. Abdalla et al. 2024; A.
Furniss et al. 2025) and dark matter (e.g. E. Charles
et al. 2016; J. Coronado-Blazquez et al. 2019; R. Buehler
et al. 2020).

With its all-sky coverage and long-term exposure over
an energy range extending up to 2 TeV, the 4FHL cat-
alog complements ground-based Cherenkov telescopes
such as VERITAS (A. Acharyya et al. 2025), MAGIC
(O. Blanch & J. Sitarek 2024), and H.E.S.S. (H. Abdalla
et al. 2018b) by providing a well-characterized high-
energy source sample that can guide targeted TeV ob-
servations. It serves as a reference for multiwavelength
follow-up studies and supports the identification and
study of extreme particle accelerators through source
selection, follow-up prioritization, population studies,
and comparisons with recent and future observatories,
including HAWC (A. Albert et al. 2020), LHAASO (
LHAASO Collaboration et al. 2025), SWGO (P. Huente-
meyer et al. 2019), and CTAO ( Cherenkov Telescope
Array Consortium et al. 2019; W. Hofmann & R. Zanin
2023).

The paper is organized as follows. In § 2, we describe
the data selection, source detection, and association pro-
cedure used to construct the catalog. In § 3, we present
the 4FHL catalog main results, including a description
of its content and the general properties of the detected
sources. Finally, we summarize the main results in § 4.
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2. ANALYSIS
2.1. Data Selection

We used 16 years of Fermi-LAT data, covering the
period from 2008 August 4 to 2024 August 30 (Mission
Elapsed Time 239,557,417 to 746,711,954.5 s). We se-
lected Pass 8 Release 3 (P8R3, P. Bruel et al. 2018)
SOURCE class events with reconstructed energies in
the 50 GeV to 2TeV range. To reduce contamination
from Earth’s limb emission, photons with zenith angles
greater than 105° were excluded. In addition, we re-
moved time intervals during which the LAT was not in
nominal science operations, requiring that the data qual-
ity and configuration flags satisfy DATA_QUAL > O and
LAT_CONFIG == No rocking angle cut was applied,
as its impact is minimal above 50 GeV. The exposure
map shown in Figure 1 reveals the variation in the LAT
exposure across the sky at 50 GeV. The median expo-
sure value is 1.11 x 10'2cm?2s for the 16 year period,
with deviations from this median ranging from —48% to
+70%. These variations are primarily due to differences
in declination. The exposure at southern declinations
is reduced due to the interruption of LAT data taking
during South Atlantic Anomaly passages. The expo-
sure reaches its maximum near the north celestial pole,
while the minimum occurs along the celestial equator.
A region near the southern celestial pole shows a slight
decrease in exposure due to the zenith angle limitation
of 105°.

The final photon selection includes approximately
133,400 events across the full sky, corresponding to
about 3 photons per square degree. The resulting
smoothed sky count map at >50 GeV, shown in Fig-
ure 2, reveals both point-like sources and large-scale
diffuse structures, particularly along the Galactic plane
and in the regions associated with the Fermi bubbles
(M. Su et al. 2010; M. Ackermann et al. 2014).

2.2. Source Detection

The first step in source detection involves identify-
ing potential point-like seeds. Seeds are identified via
(1) a sliding-cell algorithm as excesses above the back-
ground and (2) via a wavelet analysis using the PGWave
tool ! (F. Damiani et al. 1997), also employed in the
1FLE catalog (G. Principe et al. 2018). Additionally,
sources from the 3HSP (Y. L. Chang et al. 2019) catalog
were incorporated to enhance the analysis of the high-

I The sliding-cell step used batcelldetect (https://swift.
gsfc.nasa.gov/analysis/threads/batsrcdetect.html; see also P.
Giommi et al. 1992) with a 0.1° PSF and S/N = 4.5, while
PGWave was run conservatively with 0.1° pixels, a 0.23° scale,
and a 50 threshold.
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frequency peaked BL Lac population, as they are the
dominant source class above 50 GeV. We also included
4FGL-DR4 seed candidates identified with pointlike
(M. Kerr 2010). This procedure starts from the 4FGL-
DRA4 source list, reoptimizing their positions and power-
law spectral parameters over 16 years of LAT data, iden-
tifying new candidates from peaks in the residual TS
maps. Newly identified seeds were added to the model
and the process was iterated. For further details on the
pointlike detection procedure, see §3.1 of the 4FGL
catalog (S. Abdollahi et al. 2020).

For extended sources, we adopted the spatial tem-
plates and parameters reported in previous LAT cat-
alogs, without performing a new extension analysis or a
dedicated search for additional extended sources. We
included the 35 sources from the 2FGES catalog (S.
Abdollahi et al. 2024) (excluding those classified as du-
bious), which reports extended sources detected above
10 GeV in the inner Galactic plane. For these sources,
we used the azimuthally symmetric 2D Gaussian spatial
models and parameters adopted in 2FGES. In addition,
all extended sources from the 4FGL-DR4 catalog were
considered, excluding any source whose spatial exten-
sion overlaps by more than 0.2° with any 2FGES ob-
ject, using the spatial model parameters and templates
available in the 4FGL-DR4 source catalog?. The final
result was an initial list of over 11,000 seeds, covering
the entire sky.

To test these seeds, we performed an unbinned maxi-
mum likelihood® (ML) analysis. Typically, LAT data are
reduced using a binned ML algorithm, where data are
divided into discrete bins. However, some information
can be lost in the binning process, making it less sensi-
tive to faint sources or subtle features. In contrast, the
unbinned ML analyzes each event individually, consid-
ering its energy and position. This approach improves
sensitivity to faint sources and source localization; how-
ever, it does not account for energy dispersion, which
may affect the results near 1 TeV. Although unbinned
ML analysis is computationally intensive, it is optimal
for the high-energy regime above 50 GeV, where photon
statistics are lower. The general methodology followed
the pipeline used in the 2FHL catalog, which was care-
fully developed and tested. The specific steps for the
analysis are outlined below.

The analysis was conducted across 154 regions of inter-
est (ROIs), with radii ranging from 5° to 20°, whose sizes
and positions were optimized so that every seed falls

2 https:/ /fermi.gsfc.nasa.gov/ssc/data/access/lat /14yr_catalog/
3 Unbinned analysis tutorial available at https://fermi.gsfc.nasa.
gov/ssc/data/analysis/scitools/likelihood_tutorial.html


https://swift.gsfc.nasa.gov/analysis/threads/batsrcdetect.html
https://swift.gsfc.nasa.gov/analysis/threads/batsrcdetect.html
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/14yr_catalog/
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/likelihood_tutorial.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/likelihood_tutorial.html
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within an ROI, while ensuring that no region contains
more than 45 seeds allowed to vary. This keeps the num-
ber of free parameters per ROI < 100, which is within
the regime of reliable MINUIT convergence. For each
ROI, a sky model was created that includes all potential
seeds in the region, along with the Galactic and isotropic
diffuse emission models. We used the latest back-
ground models*, g11_iem v07.fits for the Galactic dif-
fuse emission, and iso P8R3_SOURCE_V3_v1.txt for the
isotropic component, extrapolated up to 2 TeV using a
power law with the same photon index as above 10 GeV
(T' ~ 1.9). We considered the PSR3_SOURCE_V3 LAT in-
strument response functions (IRFs). The adopted dif-
fuse models and IRFs correspond to the recommended
LAT configuration for the PSR3 SOURCE event class
used in this analysis. Above 50 GeV, the narrow LAT
PSF and the photon-limited regime reduce the impact
of diffuse components, making the analysis less sensitive
to the background.

The fitting procedure was conducted iteratively to en-
sure convergence and achieve an optimal solution. Mul-
tiple FermiTools 2.2.0° were used according to the spe-
cific requirements of each stage. The 4FHL catalog was
constructed using the following pipeline:

1. Complex ML fits require approximate starting val-
ues for the model parameters. Therefore, the
first step consists of fitting each source separately
with a power-law® spectral model to determine
its initial spectral parameters. During this pro-
cess, the parameters of the diffuse emission mod-
els were allowed to vary freely. The significance
of each source was assessed using the test statis-
tic TS = 2(In £y — InLy), where £y and £, are
the likelihoods of the background (null hypoth-
esis) and the source-plus-background hypothesis,
respectively. Sources with TS < 10 were re-
moved from the model at each step. Once the
spectral parameters and significance were deter-
mined, a global fit was performed, allowing all
parameters of sources with TS > 10 to vary. A
second global fit was performed after removing
sources with T'S < 10 from the previous global fit.

4 Available at https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html

For more information on FermiTools, refer to https://fermi.
gsfc.nasa.gov/ssc/data/analysis/software/

Given the limited photon statistics in the 50 GeV-2 TeV range,
no statistically significant spectral curvature, including the cur-
vature induced by EBL attenuation in extragalactic sources, is
expected to be detectable for individual sources by the LAT
within the 50 GeV-2 TeV energy band.
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Throughout this step, as well as the rest of the
pipeline, spatially extended seeds were included.

2. In the second step, the positions of point-like
sources were optimized using the best-fit model de-
rived in step 1, with the gtfindsrc tool. The op-
timization was performed iteratively, starting with
the most significant sources and then refining the
positions of fainter sources.

3. The parameters and significances of the sources
were re-estimated (as in step 1) using the best-fit
positions obtained in step 2. This step produces
the final best-fit sky model for each ROI. Seeds
with 10 < TS < 25 (445 seeds), corresponding to
detections below about 4o for a source model with
four free parameters, were included in the model
but are not reported in the final catalog. Following
the approach used in previous LAT source-search
analyses (e.g., M. Ackermann et al. 2016a), retain-
ing these sub-threshold seeds provides a more flex-
ible description of the background, accounting for
possible residual mismodeled emission and reduc-
ing the risk of attributing it to nearby cataloged
sources.

4. For each source, we estimated the energy of the
highest-energy photon (HEP) that the fit at-
tributes to the source model. This was done us-
ing the tool gtsrcprob, selecting the HEP with
a probability greater than 85% to belong to the
source.

5. A spectrum with three logarithmically spaced bins
(50 GeV, 171GeV, 585GeV, 2TeV) was gener-
ated for each source in the ROI detected with
TS > 25, and the predicted number of source pho-
tons (Npred, reported by the likelihood) of at least
three, ensuring a minimum level of photon statis-
tics for each detection.

The detection procedure, adopting the same selection
criteria as 2FHL, yielded 673 sources with T'S > 25 and
Nprea > 3. To estimate the fraction of spurious detec-
tions, we followed M. Ackermann et al. (2016b) and used
gtobssim simulations including only the diffuse compo-
nents, generated from 30 GeV (to account for energy
dispersion), with the same pointing and livetime his-
tories and event selection as in the real analysis. The
simulated events were analyzed in the same way as the
real data (as detailed above), resulting in six spurious
sources (none within 1° of a 4FHL source) corresponding
to a false-positive fraction of < 1% in the final catalog.


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
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2.3. Source association

The association procedure follows the same approach
as that employed for the FGL catalogs and makes use of
two methods, the Bayesian method and the Likelihood-
ratio (LR) method (A. A. Abdo et al. 2010; D. Gas-
parrini et al. 2012). High-confidence associations (prob-
ability > 0.8) are found for 642 sources, the Bayesian
and LR methods providing 628 and 569 of them, re-
spectively, with 555 in common. The list of counterpart
catalogs used in the Bayesian method is the same as for
the 4FGL-DR4 release, with the addition of the 3HSP
catalog (Y. L. Chang et al. 2019) of blazars. Catalogs
have been updated to the latest available versions when-
ever possible, most relevant for 4FHL being TeVCat 7
and the radio fundamental catalog (L. Y. Petrov & Y. Y.
Kovalev 2025) of blazars. The LR method is the same
as described in the previous LAT catalogs, with the ad-
dition of eROSITA Data Release 1 (eRASSI) for the
X-band associations.

A total of 610, 525, and 300 4FHL sources were al-
ready included in 4FGL-DR4, 3FHL, and 2FHL, respec-
tively, while 20 have no nearby counterpart in previous
LAT catalogs (see §3.3.4 and §3.4.2). Table 1 summa-
rizes the association results. Here we distinguish be-
tween associated and identified sources: associations
rely primarily on positional coincidence, whereas identi-
fications require additional evidence such as correlated
multiwavelength variability or resolved spatial exten-
sion.

In order to assess the systematic uncertainty in the
LAT source positions, we used the positions of highest-
confidence (probability >90%) counterparts to calibrate
the 68% containment radius (Rgs), relative to the
statistical containment radius reported by gtfindsrc
(Res,stat ), following the method outlined in F. Acero
et al. (2015).

The correction is parametrized by two factors: fre,
which adjusts Regstat as a percentage correction, and
Agps, which corrects for a systematic offset:

Rgs = \/(RGS,stat X frel)2 + Ast (1)

We assume a 2D Gaussian distribution for the angular
separation between a 4FHL source and its corresponding

high-confidence counterpart. Taking © as the angular
separation, we define

1 0 \?
=~ (151—
y 2( R68>’

7 http://tevcat.uchicago.edu/

(2)
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where Rgg is 1.51 o of the 2D Gaussian distribution.
e~ Y then follows a uniform distribution between 0 and 1.
We determine the correction parameters fr; and Agps
by minimizing the x? between the histogram of observed
e~ Y values and the uniform distribution. The best-fit
values for the correction factors were found to be f. =
1.09 and Agps = 0.004°. Similar values were used in the
2FHL analysis (fre = 1.08, Agps = 0.003°).

3. THE 4FHL CATALOG

The 4FHL catalog contains a total of 673 sources de-
tected across the entire sky, including 55 LAT extended
sources. All sources satisfy the detection criteria of
TS > 25 and Np;eq > 3. Compared to the 2FHL catalog,
which was based on 6.7 years of LAT data and reported
360 sources, the 4FHL nearly doubles the number of de-
tections. This increase reflects the steady improvement
in sensitivity above 50 GeV, which scales approximately
linearly with observing time.

The association procedure (see § 2.3) found that the
4FHL population is predominantly extragalactic (570
sources), representing 84.5% of the detections, while
10% (65 sources) are associated with Galactic sources.
The remaining ~ 5% (38 sources) are classified as unas-
sociated (31) or associated with sources of unknown na-
ture® (7). Among the 31 sources that remain unasso-
ciated, 16 of them are extended. Out of the 15 others,
seven lie within less than 10" of a gamma-ray blazar de-
tected by the LAT at lower energy (i.e. 4FGL), most
often (5 out of 7) of the BL Lac type. Moreover, 63
sources were not included in the 4FGL-DR4 catalog, and
20 sources do not have an associated counterpart previ-
ously reported in any Fermi catalog or TeVCat before.
These sources are discussed in more detail in § 3.3.4 and
§ 3.4.2. Figure 3 shows the spatial distribution and clas-
sification of sources in the 4FHL catalog color-coded by
class.

3.1. Description of the Catalog

The FITS format of the 4FHL catalog follows the stan-
dard structure adopted in previous Fermi-LAT catalogs.
A detailed description of the column contents is provided
in Table 2. The file includes three binary table exten-
sions: the main catalog, the list of extended sources, and
information on the ROIs.

Table 2 describes the 36 columns of the main catalog.
It lists the 4FHL name, source position (including Equa-
torial J2000 and Galactic coordinates), positional uncer-
tainties (at 68% and 95% confidence), and detection sig-

8 Unknown sources are 4FHL sources associated with X-ray or
radio counterparts whose nature is not known.
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nificance above 50 GeV. Spectral properties are derived
assuming a power-law model and are summarized by the
observed photon index and its statistical 1o uncertainty.
Integrated photon and energy fluxes are provided for the
full 50 GeV—2TeV band, as well as for three logarith-
mically spaced sub-bands (50—171 GeV, 171-585 GeV,
and 585 GeV—2TeV), with the corresponding 1o uncer-
tainties and significances. Additional information in-
cludes the number of predicted photons (Np.eq) and the
HEP detected, together with its probability of associa-
tion to the source. The catalog also provides the most
likely source association (with probability > 80%) and,
when available, its redshift. Corresponding names from
previous LAT catalogs (e.g. 2FHL, 3FHL and 4FGL)
are reported, together with the most likely association
at TeV energies if any.

3.2. General Properties

The sources in the 4FHL catalog have fluxes above
50 GeV that range from approximately 2.9 x 10~'2 ph
em~2 571 to 1.2 x 1079 ph em™2 s=! (Crab Nebula),
with a median flux of 1.1 x 107 ph cm™2 s~!. This is
a factor of 2 lower than 2FHL, which reports flux values
between 8 x 1072 and 1.3 x 1072 ph cm™2 s~! with a
median flux of 2.0 x 10~ ph cm™2 s~!, enhancing the
sensitivity to fainter sources. Figure 4 shows the flux
distribution of 2FHL and 4FHL.

The median observed photon index is 2.91. The lo
uncertainty in the photon index increases notably for
sources with larger photon indices. For instance, for
sources with photon indices around 2, the median un-
certainty is approximately 0.45. However, for sources
with photon indices around 5, the uncertainty increases
significantly, with the median uncertainty reaching 1.68.
Only 8.5% of the 4FHL sources have photon indices
greater than 5. Figure 5 shows that the observed photon
index distribution is similar in the 2FHL and 4FHL cat-
alogs, with an increased number of softer sources around
I' ~ 3 (mostly extragalactic). Figure 6 shows that the
4FHL median index, measured in the 50 GeV-2 TeV
band, is shifted towards larger indices compared to those
in 3FHL and 4FGL-DR4, reflecting the 4FHL domi-
nance of extragalactic sources for which the observed
spectrum above 50 GeV generally samples the declin-
ing part of the spectral energy distribution (SED). Note
that, because 4FHL is built from sources detected above
50 GeV, the 4dFGL-DR4 counterparts of 4FHL sources
correspond to the harder subset of the 4FGL-DR4 popu-
lation, with a median power-law index of 1.91 compared
to 2.32 for the full 4FGL-DR4 catalog. The scatter of
the index distribution also increases at higher energies,
which is a statistical effect arising from the reduced num-
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ber of detected photons above 50 GeV relative to 4FGL-
DR4 and 3FHL.

Regarding the position uncertainty, half of the sources
in the 4FHL catalog are localized to better than 1.47" in
radius at 68% confidence, corresponding to an improve-
ment of about 14% compared to the 2FHL median (1.7").
For sources with counterparts in 2FHL, the source local-
ization has improved by about a factor of 2. Note that
the systematic correction factors used were larger for
4FHL than 2FHL.

Thirty-five sources reported in 2FHL are missing in
4FHL. All of these sources were part of the seed list in
the 4FHL analysis pipeline but were not reported in the
final catalog since their 4FHL TS values fall below the
detection threshold (TS= 25), and their 2FHL TS val-
ues were also generally close to that threshold. Only one
of them, 2FHL J1834.6—0701, had been significantly de-
tected in 2FHL with TS= 46. That source is inside the
SNR G024.7400.6, which was included as an extended
source in our pipeline. The fact that these other sources
were not significant in 4FHL may be attributed to the
use of improved background models or to intrinsic source
variability.

Figure 7 shows the photon index versus the inte-
grated photon flux above 50 GeV for Galactic objects,
sources associated with extragalactic nature, unassoci-
ated sources, and sources of unknown v-ray population.
The detection threshold for photon flux does not show a
strong dependence on the photon index, mainly because
above 50 GeV the analysis is close to photon-limited,
with a low diffuse background contribution and a nearly
constant PSF above 50 GeV. Extragalactic sources are
detected at lower flux levels than Galactic sources, as
expected given the anisotropic diffuse background that
reduces sensitivity in the Galactic plane.

Figures 8 and 9 show the distributions of the observed
photon index and the HEP according to different source
populations. Galactic sources typically exhibit harder
observed spectra, whereas extragalactic sources tend to
have softer observed spectra spanning a broader range
of indices, peaking around I' ~ 2.5 at > 50 GeV. For ex-
tragalactic sources, the soft observed indices may partly
reflect attenuation by the extragalactic background light
(EBL), depending on redshift. Galactic sources gener-
ally reach higher observed HEP values. In particular,
31 sources reach HEP > 1 TeV, of which 17 are associ-
ated with Galactic origin, 11 with extragalactic sources,
while three remain unassociated (4FHL J0810.9+3533,
4FHL J1729.9—3336 and 4FHL J1745.8—3028e¢).
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Table 1. 4FHL Source Classes

Description

Identified Associated

Designator Number Designator Number

Pulsar PSR 1 psr

Pulsar Wind Nebula PWN 10 pwn 6
Supernova remnant SNR 17 snr 4
Supernova remnant / Pulsar wind nebula SPP 2 Spp 16
High-mass binary HMB 4 hmb

Low-mass binary LMB 1 Imb

Binary BIN 1

Galactic center GC 1

Star-forming region SFR 2 sfr

BL Lac type of blazar BLL 19 bll 485
Flat spectrum radio quasar type of blazar ~ FSRQ 8 fsrq 21
Non-blazar active galaxy AGN 1 agn

Radio galaxy RDG rdg 8
Blazar candidate of uncertain type BCU 1 bcu 24
Total identified 71 associated 564
Unclassified UNK 2 unk 5
Unassociated 31
Total in 4FHL 673

NoTE— The designation ‘spp’ indicates potential association with SNR or PWN. Des-
ignations in capital letters are firm identifications; small letters indicate associations.

3.3. Galactic Source Population

The narrow PSF core of the LAT, with an angular res-
olution of approximately 0.1° above 50 GeV, allows for
the effective study of sources in the plane of our Galaxy.
In the 4FHL catalog, within |b| < 10°, a total of 156
sources were detected. This is an increase relative to
2FHL, which reported 103 sources in the same region.
Among the 156 low-latitude detections, 60 are associ-
ated with Galactic sources, 73 with blazars, one radio
galaxy (TXS 0149+710), and 22 remain unassociated
or unknown. Figure 10 shows cut-outs of the Galactic
plane, where all sources detected within [b] < 10° are
labeled. Note that adaptive smoothing can make sub-
threshold photon clusters appear source-like. Several
of these structures were already present in the 2FHL
Galactic maps. A clear example is the point-like source
4FHL J0904.8—5735, which appeared as a fluctuation in
2FHL and is now detected in 4FHL.

Regarding the 60 (+5 located at b > 10°) Galactic
sources, a notable fraction of them are associated with
high-energy phenomena such as SNRs, PWNe, and X-
ray binaries. In particular, we identify 21 SNRs, 16
PWNe, one pulsar (PSR; Vela Pulsar), four high-mass
X-ray binaries (HMBs), one binary system (BIN), the
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620
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galactic center, and two star-forming regions (SFRs),
corresponding to Westerlund 2 and the Cygnus X co-
coon, as well as 18 sources classified as SNR/PWN can-
didates (SPP). These results are consistent with the de-
tections in the 2FHL catalog, where SNRs and PWNe
also dominated the Galactic source population, suggest-
ing that the Galactic sources detected above 50 GeV
are associated with objects in the late stages of stellar
evolution.

Galactic sources typically show hard observed spec-
tra, with a median photon index of 2.15 (see Figure 8).
Such hard spectra are consistent with SEDs peaking at
~ 1 TeV or beyond, as we can see for the PWN Vela
X in Figure 11. This is a clear sign of the presence of
energetic particles accelerated by efficient mechanisms
(A. A. Abdo et al. 2011). PWNe are harder than SNRs
above 50 GeV, with 40% of 4FHL PWNe having an
observed photon index < 2.0. All PWNe detected by
Fermi-LAT to date are powered by young and energetic
pulsars (7 < 30 kyr; F. Acero et al. 2013). An example
is shown in Figure 11, which presents the SED of the
PWN MSH 15-52 (4FHL J1514.2—5909¢), powered by
the young (age 1.7 kyr; Gvaramadze, V. V. 2001) high-
magnetic field pulsar PSR B1509—58. Regarding SNRs,
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Table 2. Description of the 4FHL Catalog

Column Format Unit Description
Source_Name 18A 4FHL source name (suffix “e” indicates an extended source)
RAJ2000 E deg Right Ascension (J2000)
DEJ2000 E deg Declination (J2000)
GLON E deg Galactic longitude
GLAT E deg Galactic latitude
Pos_err_68 E deg Radius of position uncertainty circle at 68% confidence level
Pos_err_95 E deg Radius of position uncertainty circle at 95% confidence level
TS E Test Statistic for the full band (50 GeV—2 TeV)
PL_Index® E Observed power—law photon index
Unc_PL_Index® E . lo statistical uncertainty on the observed photon index
Flux50 E phecm™2s™!  Integrated photon flux (50 GeV—2 TeV)
Unc_Flux50 E phem™ 257! 1o uncertainty on Flux50
Energy_Flux50 E ergem 25~ ! Energy flux (50 GeV—2 TeV)
Unc_Energy_Flux50 E ergcm 2571 1o uncertainty on Energy_Flux50
Flux50-171GeV E phem~ 25! Integrated photon flux from 50 GeV to 171 GeV
Unc_Flux50_171GeV? E phem™ 257! 10 (lower, upper) uncertainty on Flux50_171GeV
Sqrt_TS50_171GeV E . VTS in 50-171 GeV
Flux171_585GeV E phcm™2s™! Integrated photon flux from 171 GeV to 585 GeV
Unc_Flux171_585GeV?® E phem=2s7! 1o (lower, upper) uncertainty on Flux171_585GeV
Sqrt-TS171_585GeV E . VTS in 171-585 GeV
Flux585.2000GeV E phecm~™ 25! Integrated photon flux from 585 GeV to 2 TeV
Unc_Flux585_.2000GeV® E phem™2s7 ! 1o (lower, upper) uncertainty on Flux585_2000GeV
Sqrt_TS585.2000GeV E VTS in 585-2000 GeV
Npred E Predicted number of photons from the source
HEP _Energy E GeV Highest—energy photon associated to the source
HEP_Prob E Probability that the HEP originates from the source
ROI I Region of interest number
ASSOC 28A Name of the most likely associated source
ASSOC_PROB_BAY E Probably of association from the Bayesian method
ASSOC_PROB_LR E Probably of association from the likelihood ratio method
CLASS 8A Class designation from the most likely association (see Table 1)
Redshift E Redshift (when available) of the most likely associated source
4FGL 18A 4FGL counterpart name when available
2FHL 18A 2FHL counterpart name when available
3FHL 18A 3FHL counterpart name when available
TeV 28A Name of the most likely associated source in TevCat

@ Sources with very large fitted photon indices are generally detected with only a few photons, mostly at energies
close to the 50 GeV threshold. As such, a meaningful measurement of the spectral index is not possible. For
cases in which the fit reaches the imposed upper bound (15), the photon index and its uncertainty are reported

as null in the FITS file.

b When the flux is null, the flux uncertainty represents the 95% Bayesian upper limit.

33% of those detected in the 4FHL have a photon index
< 2.0. Such hard spectra are typically characteristic
of young or middle-aged remnants in tenuous environ-
ments, which can be difficult to identify, even in radio
surveys. Consequently, some of the new or unidenti-
fied 4FHL sources may correspond to previously unrec-
ognized young SNRs, such as 4FHL J0501.2+4432 or
4FHL J1729.9—3336, further discussed in § 3.3.4.

Of the 22 sources that remain unassociated /unknown,
11 have power-law indices of I' < 2.0, suggesting a likely
Galactic origin, since only ~ 8% of 4FHL blazars above
50 GeV have I' < 2, as their emission is typically ob-
served beyond the IC peak and softened by the EBL
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absorption (e.g. A. Dominguez et al. 2011; A. Saldana-
Lopez et al. 2021; J. D. Finke et al. 2022). Fifteen were
modeled as extended, with eleven of these included in
the recently released 2FGES catalog. A more detailed
discussion of the extended sources is provided below.

Among the point-like unassociated detections, 4FHL
J1854.242048 is a hard (I' = 1.37 £ 0.48) and faint (F5
= 6 x 1072 ph cm~2 s7!) source that remains unas-
sociated, including in 4FGL-DR4. This unusual combi-
nation of hardness and faintness makes it a promising
target for further multi-wavelength observations.
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3.3.1. Extended Sources

In total, 103 sources were modeled as spatially ex-
tended and included in the ML analysis. Unlike in
2FHL, no dedicated search for new spatially extended
sources or test for possible extension of sources detected
as point-like were performed in this work. We included
the 35 non-dubious extended sources from 2FGES (S.
Abdollahi et al. 2024) and the 4FGL-DR4 extended
sources that do not overlap (by more than 0.2°) with
2FGES objects.

After performing the analysis, 55 extended sources
were detected in 4FHL, representing more than half of
the known extended Fermi sources entered in the anal-
ysis. This marks a notable increase compared to the
2FHL catalog, which reported 36 extended sources, all
of which are also detected in 4FHL.

Out of the 35 extended sources included in the 2FGES
catalog, 23 were detected with 11 of them remain-
ing unassociated or of unknown type, corresponding
to nearly 50% of the Galactic population that remain
unidentified. According to the possible associations
listed in the 2FGES catalog, 4FHL J1617.8—5052¢ was
identified as PWN, while 4FHL J1452.1—5942e and
4FHL J1829.3—1556e were classified as SPP sources.
4FHL J1505.6—5814e is located near the unidentified
TeV source HESS J1503—582 (angular separation of
0.3°) and the blazar 4FGL J1503.7—5801. Recent stud-
ies (Y. Xin et al. 2025) suggest that the blazar emis-
sion may contribute to the TeV emission of HESS
J1503—582. Nevertheless, its origin remains uncer-
tain. Possible interpretations include an old SNR with
a slowly expanding shell, a pulsar halo, or the combined
activity of stellar winds and supernova explosions from
massive stars in a nearby OB association (M. Renaud
et al. 2008; Y. Xin et al. 2025). The remaining sources
(4FHL J1034.0—5832¢, J1112.6—6100e, J1408.4—6126¢,
4FHL J1417.5—6058e, J1759.4—2355¢e, J1829.9—1423e,
4FHL J1945.0+2506€) were reported as unassociated or
unknown. In particular, 4FHL J1112.6—6100e was also
detected in 2FHL and associated with the pulsar PSR
J1112—6103, which partially overlaps with the massive
star forming region NGC 3603.

Of the 12 2FGES sources not included in 4FHL, three
had 10 < TS < 25 and were therefore not reported in
the final catalog.

Regarding the 68 sources modeled as extended in
4FGL-DR4, 32 are significantly detected above 50 GeV,
while seven remain unassociated. For the Large Mag-
ellanic Cloud (LMC), we included the four indepen-
dent contributions (LMC-FarWest, LMC-Galaxy, LMC-
30DorWest, and LMC-North); however, only the harder
components LMC-30DorWest and LMC-North are sig-
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nificantly detected above 50 GeV. The Crab Nebula
is modeled as extended (Rgs = 0.03°, M. Ackermann
et al. 2018) using the inverse Compton (IC) component,
which is detected in 4FHL.

In total, 36 extended 4FGL-DR4 sources remain un-
detected in 4FHL. In the Cygnus region, the Cygnus
Cocoon is detected, whereas the extended SNR Cygnus
Loop is not, as expected given its soft spectrum above
10 GeV (A. Tutone et al. 2021). A relatively bright
BL Lac, 4FHL J2053.9+2923, is detected close to the
south-western border of the remnant.

Six extended sources reported in 4FGL-DR4 are not
detected as extended in 4FHL, but instead appear as
point-like detections or have nearby (< 0.2° separation)
point-like counterparts. In particular, the PWN 3C 58
is not detected as extended emission above 50 GeV, in-
stead, a point-like source (4FHL J0205.44-6450) is de-
tected. Regarding the lobes of Centaurus A, we detect
the radio galaxy (4FHL J1325.5—4259) together with
an associated blazar (4FHL J1315.1—-4236) inside the
lobes. The SNR, S147 is not detected either in the 2FHL
or 3FHL catalogs.

Finally, 4FHL J0425.6+5522¢ is associated with the
SNR G150.3+04.5 and is spatially coincident with
1LHAASO J0428+4-5331, which has been proposed as a
potential cosmic-ray PeVatron candidate. Y. Li et al.
(2024) indicate a hybrid emission scenario for this sys-
tem, with leptonic processes favored in the northern lobe
and hadronic interactions in the southern lobe. How-
ever, J. Devin et al. (2020) suggest that the southern
source is more consistent with a pulsar origin. In addi-
tion, we report a new LAT hard point-like source, 4FHL
J0432.0+5603 (I" = 1.74£0.44), located in the northern
lobe of the SNR.

3.3.2. Comparison with the H.E.S.S. Galactic Plane
Survey

The High Energy Stereoscopic System (H.E.S.S.) has
conducted an extensive survey of part of the Galactic
plane at TeV energies. With a field of view (FOV)
of about 5° and an angular resolution of ~ 0.12°, the
H.E.S.S. array accumulated nearly 2800 hours of expo-
sure, reaching an average sensitivity of ~1.5% of the
Crab Nebula flux (2.3 x 107! ph ecm™2 s7!) at ener-
gies above 1 TeV (F. Aharonian et al. 2006), detecting
78 sources as reported in the latest Galactic sky catalog
(HGPS; H. Abdalla et al. 2018b). The survey primarily
covers the inner Galaxy, spanning Galactic longitudes
from 250° to 65° and latitudes within || < 3.5°. For
comparison, we estimate that the average LAT sensitiv-
ity above 50 GeV in the same region covered by HGPS
corresponds to 1% of the 50 GeV-2TeV Crab Nebula
flux (107! ph em=2 s71).
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While both surveys overlap, their sensitivity to dif-
ferent energy ranges provides a complementary view of
the very high-energy (VHE) sky. H.E.S.S. primarily ob-
serves the gamma-ray sky above 100 GeV, where PWNe
are more frequently detected than SNRs, with the hard-
est PWNe being difficult to detect above 50 GeV, since
the nebular emission in this band can be faint. In con-
trast, the best sensitivity of the 4FHL catalog is be-
tween 50 and 100 GeV, where the numbers of PWNe
and SNRs are more balanced and softer SNRs can be
detected that may be missed at TeV energies. Thus, the
4FHL provides a fundamental link between space-based
observations with Fermi and ground-based Cherenkov
telescopes.

There are 63 4FHL sources located within the foot-
print of the H.E.S.S. Galactic Plane Survey. Among
these, 39 have been detected at TeV energies and as-
sociated with known counterparts, while 24 remain un-
detected. Note that the highest region of exposure for
Fermi (see Figure 1), near the northern celestial pole,
is not visible to H.E.S.S., which primarily covers the
southern sky:.

Figure 11 shows the SED for a selection of 4FHL
sources with known H.E.S.S. counterparts.

4FHL J0834.4—4442¢ is associated with the PWN
Vela-X (HESS J0835—455). Vela-X shows distinct spec-
tral behavior across energy bands, with a clear hard-
ening toward higher energies. Recent studies (e.g. A.
Lange et al. 2025) suggest that the hard TeV compo-
nent is produced by high-energy electrons, while the
softer MeV-GeV component may arise from a different
electron population or from the interaction of the PWN
with the surrounding SNR shell.

4FHL J0851.9—4620e is associated with the shell-type
SNR RX J0852.0—4622 (Vela Junior), one of the bright-
est steady ~-ray sources above 1 TeV. The combined
Fermi-LAT and H.E.S.S. spectra are well described by
a power law with an exponential cutoff at F., ~ 6.7
TeV, with no significant spectral variation across the
remnant (H. Abdalla et al. 2018c). The origin of the
emission remains debated, with leptonic, hadronic, and
mixed lepto-hadronic scenarios all proposed to explain
the GeV-TeV emission (e.g. S.-H. Lee et al. 2013; Y.
Fukui et al. 2017; P. Sharma et al. 2023). In this con-
text, the 4FHL data provide continuous GeV-TeV cov-
erage that promises to help to further constrain these
models.

4FHL J1514.2—5909¢ is associated with the PWN of
MSH 15-52 (HESS J1514—591). The MSH 15—52 sys-
tem comprises the extended PWN emission, character-
ized above 50 GeV by a hard spectrum (I' = 1.99+0.05),
powered by the young pulsar PSR B1509—58. In addi-
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tion, a fainter point-like source (4FHL J1514.1-5910) is
detected within the extended PWN emission.

4FHL J1824.4—1350e is associated with HESS
J1825—137, a bright and extended PWN powered by
the young pulsar PSR J1826—1334. The nebula spans
roughly 1° and shows spatially resolved spectral soften-
ing with distance from the pulsar, consistent with syn-
chrotron cooling of electrons as they propagate outward
(H. Abdalla et al. 2019; L. Duvidovich et al. 2019).

As mentioned before, the improved sensitivity of
4FHL above 50 GeV enables the detection of fainter
Galactic sources that were not detected in earlier hard-
source catalogs and remain below the current TACT sen-
sitivity.

4FHL J1124.9-5915 (' = 1.41 4+ 0.52) is classified
as spp in 4FHL and is spatially coincident with the
young oxygen-rich remnant G292.0+1.8 (B. M. Gaensler
& B. J. Wallace 2003; T. Temim et al. 2022). Its very
hard spectrum above 50 GeV favors its origin in the com-
pact PWN powered by PSR J1124—5916 rather than in
the SNR shell. The SED in Figure 11 shows the cut-off
4FGL spectrum at a few GeV, dominated by the pul-
sar emission, while the 4FHL spectrum above 50 GeV is
consistent with high-energy emission from the PWN.

Regarding sources detected by H.E.S.S. but miss-
ing in 4FHL, we find that most are associated with
PWNe (e.g. HESS J1813—126, HESS J1846—029, HESS
J1848—-018). We also note that, for several H.E.S.S. de-
tections without a nearby 4FHL counterpart, the clos-
est 4FGL source is flagged as confused (e.g. HESS
J1626—490, HESS J1848—018, HESS J1852—000).

Thus, the 4FHL catalog and the H.E.S.S. Galactic
Plane Survey provide complementary views of the VHE
sky in our Galaxy, further supported by other TeV ob-
servatories such as VERITAS (A. Acharyya et al. 2025),
HAWC (A. Abeysekara et al. 2023), and LHAASO (
LHAASO Collaboration et al. 2025).

3.3.3. Comparison with other TeV observatories

Within the low-latitude VERITAS population, we find
16 of 30 sources with a 4FHL counterpart. Among the
14 sources reported in VERITAS but not in 4FHL, more
than 40% are classified as PSR/PWN systems. This
is also consistent with the MAGIC Galactic-plane de-
tections, where 21 of 31 sources have a 4FHL counter-
part, while most of the remaining sources are associ-
ated with PSR/PWN. VERITAS has carried out deep
observations of the Cygnus region (A. Popkow 2015),
one of the most active regions of our Galaxy with many
sources of GeV and TeV ~4-ray emission. In this re-
gion, three 4FHL sources are detected: the PWN 4FHL
J2016.14+3712 (VER J2016+4371), the Gamma Cygni
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SNR 4FHL J2020.9+4030e (VER J2019+407), and the
SFR 4FHL J2028.6+4110e (MGRO J2031+41).

Moreover, ground-based large FOV instruments offer
an essential complementary view of the TeV ~-ray and
cosmic-ray sky. HAWC, a water Cherenkov observa-
tory, has been detecting TeV sources since 2015. Its
latest release (A. Albert et al. 2020) reports 65 sources
in the northern hemisphere, mostly associated with pul-
sars and their wind nebulae, and introduces the new
class of pulsar halos. In 4FHL, only the Vela pulsar is
detected above 50 GeV (4FHL J0835.4—4511). Because
pulsar emission typically dominates up to ~10 GeV and
shows a cutoff at higher energies, it is generally more
likely to detect the PWN above 50 GeV. There are five
Galactic 4FHL sources within ~ 0.2° of a HAWC detec-
tion, including two PWNe (the Crab Nebula and HESS
J1857+026) and systems associated with SNRs, such as
IC 443.

Similarly, LHAASO has recently reported 90 VHE
sources (Z. Cao et al. 2024) at declinations between
—20° and +80°, with 75 sources detected above 25 TeV,
mostly associated with pulsars or PWNe. We find 16
4FHL sources within 0.2° of a LHAASO counterpart,
including two sources that are reported as new in this
work (see section 3.3.4).

3.3.4. New low-latitude detections with Fermi

Among the 20 sources without an associated Fermi-
LAT counterpart, five lie at low Galactic latitudes.
Their positions and spectral properties are listed in Ta-
ble 3.

4FHL J0432.04+5603 (I' = 1.74 4+ 0.44) is detected
in the northern lobe of SNR G150.3+04.5/1LHAASO
J0428+5331 (see end of § 3.3.1). Its spectrum is harder
than that of the SNR, suggesting the possibility that we
are detecting a hotspot inside the remnant or perhaps a
previously unidentified source.

4FHL J0501.2+4432 (I' = 1.89 4 0.48) is spatially
coincident with the extended TeV source 1LHAASO
J0500+-4454. Proposed interpretations include a PWN
powered by the magnetar SGR 050144516, cosmic-ray
interactions with a molecular cloud, or an SNR (J. A. J.
Alford et al. 2026).

4FHL J1213.2—6253 (I' = 1.95 + 0.62) lies within
the extended emission region of 1IFGES J1213.3—6240,
which was included as an extended source in our anal-
ysis but not detected. It is associated with the SNR
candidate G298.5—0.3. However, recent radio observa-
tions (L. D. Anderson et al. 2025) show that G298.5—0.3
shows a morphology inconsistent with known SNRs, and
it has been classified as an ‘unusual’ source.
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4FHL J1718.4—2940 (I' = 2.12 £ 0.46) is associated
with the shell-type SNR G356.2+4.5, which shows a
well-defined circular morphology in radio observations
(A. R. Duncan et al. 1997). The 4FGL source (4FGL
J1719.2—2943) associated with SNR G356.24+4.5 lies
about 0.2° from the 4FHL detection, and the two posi-
tions do not overlap when considering their 95% posi-
tional uncertainties. This suggests that the 4FGL and
4FHL detections may be tracing different regions of the
SNR. Figure 12 shows the count map above 50 GeV,
where both LAT detections are marked together with
the radio contours from the 1.3 GHz MeerKAT observa-
tions (W. D. Cotton et al. 2024).

4FHL J1729.9-3336 (I' = 1.95 4+ 0.45) is a hard
source not previously detected at TeV energies. A
bright radio source, NVSS J172951—-333616 (J. J. Con-
don et al. 1998), lies within its small localization area
(rgs = 0.033°, ~ 2 arcmin) and has a 1.4 GHz flux den-
sity of 174.9 + 7.3 mJy, although its nature remains un-
known. This source may therefore be a good candidate
for a new young SNR or a PWN powered by a young
pulsar.

3.4. Extragalactic & High-Latitude Population

A large fraction of 4FHL sources (84.5%) are either
associated with extragalactic sources or located at high
latitudes (|b] > 10°). Extragalactic sources tend to show
softer observed spectra, with a median observed photon
index of I' ~ 3.05 (I" ~ 3.14 in 2FHL), and are fainter,
with a median flux of Fyg ~ 9.3 x 1072 ph em ™2 s~}
(1.85 x 10! ph em~2 s~! in 2FHL).

Most of the blazars detected above 50 GeV are of the
BL Lacertae object (BL Lac) type, which represents 75%
of the entire 4FHL catalog and 88% of the extragalactic
sample. The majority are High Synchrotron Peak (HSP)
blazars, with 70% of the BL Lacs included in the 3HSP
catalog. In contrast, the Low (LSP) and Intermediate-
Synchrotron Peak (ISP) types are more commonly de-
tected in lower-energy catalogs such as 4FGL-DR4. Ad-
ditionally, we detect all HSP blazars reported above 100
GeV in S. Agarwal & V. S. Paliya (2025), with the ex-
ception of 4FGL J1807.24+6429, whose test statistic is
TS = 25 in S. Agarwal & V. S. Paliya (2025) and TS
= 24 in ours. Only 29 Flat-Spectrum Radio Quasars
(FSRQs) are detected, consistent with their typically
soft observed spectra. However, this represents an in-
crease of more than 65% compared to the number of
FSRQs detected in 2FHL. The remaining extragalactic
sources include 25 blazars of uncertain type (BCUs), one
Seyfert 1 active galaxy (PKS 0521—365), 11 radio galax-
ies (RDGs), and 16 remain unidentified. Regarding the
high latitude Galactic sources, we detect one Low-mass
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X-ray binary (LMB; PSR J1023+0038), one SNR (SN
1006), two PWNe (N 157B, CTA 1) and one SPP (SNR
G119.5410.2).

There are 264 4FHL sources in the extragalactic sam-
ple that are also detected in 4FGL-DR4, 2FHL, and
3FHL. In contrast, there are 26 other sources that are
neither in 4FGL, nor in 2FHL/3FHL, with 15 hav-
ing no associated LAT counterpart (see § 3.4.2 for
further details). These sources show a power-law in-
dex distribution similar to that of the previously de-
tected extragalactic population (median I' ~ 3.1 vs.
I' ~ 3.0), but they are systematically fainter (median
Fyo ~7.7x1072 phem™2 571 vs Fyo ~ 1.72x 10711 ph
ecm~2 s71) than those detected in the previously men-
tioned catalogs. Relative to the VHE active galactic
nuclei (AGN) catalog above 100 GeV (A. Neronov &
D. Semikoz 2025), which contains 275 sources (domi-
nated by BL Lacs) and only seven FSRQs, 4FHL de-
tects nearly 80% of the VHE sources reported while
substantially increasing the number of identified FSRQs.
Additionally, we detect all high-latitude photon clusters
listed in M. Pshirkov & A. Kovankin (2026).

Redshifts are available in the literature (e.g. M. Ajello
et al. 2020; L. Foschini et al. 2022; B. Arsioli et al. 2025;
P. Giommi et al. 2025) for 433 sources (~ 76% of the
4FHL AGN population), of which 127 lack redshift in-
formation in the latest release of the Fermi-LAT AGN
catalog (4LAC-DR3; M. Ajello et al. 2022). The redshift
distribution has a median value of z ~ 0.3, higher than
that reported in the 2FHL catalog (2 ~ 0.2), reflect-
ing the inclusion of fainter and more distant sources in
4FHL. While BL Lacs generally lie at lower redshifts
than FSRQs, the limited number of FSRQs detected
above 50 GeV results in the high-redshift population
of the 4FHL being dominated by BL Lacs. In total,
36 BL Lacs with z > 1 are reported, including four
at z > 2. 4FHL J1006.146440 is the highest-redshift
BL Lac reported in the catalog, with z ~ 4. We note,
however, that this value comes from SDSS (C. P. Ahn
et al. 2012) and should be treated with caution, as it
appears to rely on a photometric estimate and the op-
tical spectrum is essentially featureless. Moreover, the
4FHL detection above 50 GeV and the observed photon
index of I' = 2.44 + 0.95 are not easily reconciled with
a redshift of z ~ 4, where standard EBL models predict
strong attenuation.

The 4FHL catalog also provides an important resource
for EBL studies and its effect on gamma-ray propagation
(e.g. E. Dwek & F. Krennrich 2013; A. Dominguez &
M. Ajello 2015). At energies above tens of GeV, gamma
rays from distant blazars are attenuated through pair
production with EBL photons, an effect that imprints
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a redshift- and energy-dependent softening in their ob-
served spectra (e.g. R. J. Gould & G. P. Schréder 1967;
M. Ackermann et al. 2012; H. Abdalla et al. 2017,
V. A. Acciari et al. 2019; A. U. Abeysekara et al. 2019;
L. Gréaux et al. 2024). The number of high-latitude
and redshift (z> 1) blazars detected above 50 GeV en-
ables population-level analyses of EBL-induced absorp-
tion and tests of the cosmic gamma-ray horizon (CGRH;
A. Dominguez et al. 2013; B. Arsioli et al. 2025).

3.4.1. Comparison with TeV Eztragalactic Surveys

The H.E.S.S. collaboration has conducted observa-
tions of the extragalactic sky in VHE (E > 100 GeV)
covering 5.7% of the sky at |b] > 10°, resulting in the
first H.E.S.S. Extragalactic Survey (HEGS; F. Aharo-
nian et al. 2025).

The survey led to the detection of 23 extragalac-
tic sources, all of which were already established as
VHE emitters, including 20 AGN (predominantly HSP
BL Lacs), two radio galaxies, and the starburst galaxy
NGC 253. One additional source, PKS 0625—354, re-
mains of uncertain type. All of these sources are also
detected in the 4FHL catalog, with the exception of
NGC 253, which has a test statistic of TS = 17 in our
analysis and therefore is not reported in the final cata-
log. Consistent with the 4FHL results, this suggests that
HSP BL Lacs dominate the resolved VHE extragalactic
source population and provide an important contribu-
tion to the extragalactic y-ray background (EGB).

Figure 13 shows the SED for sources of the three dif-
ferent extragalactic populations detected by H.E.S.S. for
which the LAT now resolves the descending contribution
of the high energy peak.

4FHL J0627.0—3529 is associated with the radio
galaxy PKS 0625—35. The broadband v-ray spectrum
shows a clear softening at high energies. While it is
often modeled with a simple power law, several stud-
ies (e.g. V. Baghmanyan et al. 2018; N. Sahakyan et al.
2018) have shown that a power law with an exponen-
tial cutoff provides a better description, with curvature
emerging around ~ 100 GeV. The inclusion of 4FHL
data strengthens this picture, as the combined Fermi-
LAT (4FGL and 4FHL) and H.E.S.S. SED makes the
curvature more evident.

4FHL J1512.7—0906 is associated with the very active
FSRQ PKS 1510—089. In the 4FHL catalog, it repre-
sents the hardest FSRQ detected (I" = 2.16+0.50). Mul-
tiwavelength modeling indicates that the high-energy
component requires two distinct IC processes: seed
photons from the broad line region account for the
GeV emission observed by Fermi-LAT, whereas the TeV
emission is more naturally explained by IC scattering of
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photons from the dusty torus, a scenario that also re-
produces the X-ray band (J. Kataoka et al. 2008; A.
Barnacka et al. 2014). Within this framework, a lep-
tonic origin provides a consistent explanation for the
broadband emission, although more complex scenarios
involving multiple external radiation fields have also
been proposed to capture the variability and flare be-
havior observed across different epochs (A. P. Marscher
et al. 2010; M. Lei et al. 2025).

4FHL J2158.8—3013 is associated with the HSP blazar
PKS 2155—304, one of the best-studied blazars due to its
extreme variability across all wavelengths and on multi-
ple timescales, often showing energy-dependent behav-
ior (G. Harutyunyan et al. 2025). The source shows a
spectral softening toward higher energies in combination
with spectral variability on its emission. Its spectrum
typically hardens during flux-rise phases when particle
acceleration dominates over cooling, and softening in the
opposite case (J. G. Kirk et al. 1998). The high-energy
emission is well described by synchrotron self-Compton
(SSC) scattering (F. Tavecchio et al. 1998), where the
same population of electrons upscatters synchrotron
photons into the GeV—TeV band. However, alterna-
tive scenarios involving external Compton or hadronic
processes have also been suggested (M. V. Barkov et al.
2012; Q.-G. Gao et al. 2021).

4FHL J2324.7—4041 is associated with the HSP blazar
1ES 2322—409. Similar to PKS 2155—304, this source
shows a spectral softening toward higher energies. The
broadband emission is well described by the SSC model
(H. Abdalla et al. 2019). Unlike other variable HSP
blazars, no significant evidence of high-energy variabil-
ity has been reported, which would further support the
SSC scenario as the dominant emission mechanism (P.
Goswami et al. 2024).

Relative to ground-based TeV observations, we de-
tect all VERITAS extragalactic sources except the star-
burst galaxy M82 and the FSRQ 3C 273 (V. A. Ac-
ciari et al. 2009; W. Benbow et al. 2025), consistent
with the 4FHL extragalactic population being domi-
nated by BL Lacs (HSP). This is also consistent with the
MAGIC extragalactic sample, for which all sources are
included in 4FHL except the BL Lac GB6 J1058+2817,
which was detected by MAGIC during a flaring state
with a soft VHE spectrum (O. Blanch 2021; D. Cera-
sole et al. 2025). In addition, apart from the well-
known Markarian blazars (A. A. Abdo et al. 2011a,b),
LHAASO (Z. Cao et al. 2024) has reported several
HSP blazars that are also detected in 4FHL, including
4FHL J1728.3+5013, 4FHL J2026.8+3340, and 4FHL
J2347.04-5141.
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3.4.2. New high-latitude detections with Fermi

We report 15 sources located at |b] > 10° that were
not detected in previous LAT catalogs. These sources
are mostly faint and eight remain unassociated. Table 3
shows the spectral properties of these sources along with
their closest 4FGL-DR4 detection. Among them, six are
classified as blazars (four HSP blazars, one BCU and one
FSRQ PKS 13514021). There are seven sources with
nearby (< 0.2°) 4FGL counterparts that were not asso-
ciated through the association procedure (see Sect. 2.3).
These cases may represent the same sources or cases of
source confusion.

4FHL J0810.9+3533 (I' = 0.69 £ 0.59) is a very hard
and faint source at high Galactic latitude (b ~ 31°),
with no nearby 4FGL source. Within its localization re-
gion (rg5 = 0.171°, ~ 10.3 arcmin), the brightest known
radio source is GB2 0806+356 (J. Machalski 1998), with
a 1.4 GHz flux density of 260 &6 mJy and photon index
I’y 4cuz = 0.65 £ 0.02.

4FHL J1120.5—2648 (I" = 3.50 + 0.93) shows a soft
spectrum typical of blazars. It is associated with
the BCU NVSS J112031-264828. The closest 4FGL
counterpart (0.09°) is the unassociated source 4FGL
J1120.1-2645.

4FHL J1128.2—4919 (I' = 2.98 £ 1.02) is an unas-
sociated source with a spectral index consistent with a
blazar. The nearest 4FGL source, 4FGL J1127.6—4920
(0.1°), is the radio source MRC 1125-490, classified as
a BCU. Their similar spectral properties and relatively
small angular separation suggest that they could be the
same source.

4FHL J1314.8+2358 is a faint, unassociated source
with limited photon statistics (Nprea =~ 3.5) and
likely a soft spectrum. It lies 0.2° from the BL Lac
4FGL J1314.742348 (TXS 13124+-240). Similarly, 4FHL
J1339.4+1150 (T' = 2.90 + 0.99) lies 0.15° from the BL
Lac 4FGL J1338.9+1153 (SDSS J133859.054+115316.7),
which has a harder spectrum in 4FGL.

4FHL J1503.7—4141 (T" = 0.99 4 0.41) is associated
with SN 1006 (SNR G327.6+14.6). 4FGL J1503.6—4146
is also associated with SN 1006, lying ~0.1° north-east
of the 4FHL position, suggesting that both detections
may trace different regions of the remnant. The spec-
trum in 4FGL is softer than in 4FHL, consistent with
emission from zones of different ambient density: hard
gamma-ray emission arising from low-density regions
dominated by IC scattering, and softer emission from
higher-density regions where hadronic interactions con-
tribute (e.g. Q. Yuan et al. 2012; H. Zeng et al. 2019).
The very hard 4FHL spectrum supports efficient parti-
cle acceleration in the remnant (R. Giuffrida et al. 2022;
M. Lemoine-Goumard et al. 2025).
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4FHL J1605.24-5420 and 4FHL J2024.6—0847 are
both associated with HSP BL Lacs, RBS 1555 and 1RXS
J202428.9—084810, and have close 4FGL detections,
4FGL J1605.5+5423 (0.07°) and 4FGL J2024.4—0847
(0.06°), which are associated with the same blazars.
They might therefore correspond to the same source.

3.5. Candidates for detection with Cherenkov
Telescopes

Imaging Atmospheric Cherenkov Telescopes (IACTS)
provide excellent sensitivity in the TeV domain but are
limited by their narrow field of view. A cross-correlation
between the 4FHL and TeVCat catalogs shows that 529
sources, i.e. ~ 79% of the catalog, have no TeVCat coun-
terpart. Considering the different field of view, duty
cycle, sensitivity, exposure, and observing strategy of
LAT and TACTs, these sources provide a useful refer-
ence sample for guiding future TeV observations. Fig-
ure 14 presents the photon index and flux for sources
detected and not detected by TACTs. On average, the
flux of sources already detected by TACTs is about four
times higher than that of the non-detected population.
Among the 529 non-detected sources at TeV energies, 94
are located at |b| < 10°, while 435 (i.e. ~ 82%) are at
higher latitudes (]b| > 10°), indicating that most 4FHL
candidates for future IACT observations are likely ex-
tragalactic. Notably, 25 sources not detected by IACTs
have significant emission in the 171-585 GeV band, mak-
ing them good candidates for future follow-up observa-
tions.

However, because of the improved sensitivity of 4FHL,
the majority of these y-ray sources are relatively faint
and may remain below the reach of current-generation
TACTs such as H.E.S.S., VERITAS, or MAGIC, which
achieve sensitivities of 1-2% of the Crab Nebula flux
above 100 GeV for 50 hours of observation. The upcom-
ing Cherenkov Telescope Array Observatory (CTAO; W.
Hofmann & R. Zanin 2023), with a projected sensitiv-
ity up to an order of magnitude better?, will be able to
detect a significant fraction of the sources, making the
4FHL catalog an important resource for planning future
IACT observations.

In addition, Figure 14 shows promising candidates
characterized by both hard photon indices and relatively
large fluxes, including some Galactic sources that are
strong, a priori, targets for TACT observations. Within
the extragalactic population, about 78% of the high-
latitude sources not yet detected by IACTs are associ-

9 For current TACTs, we assume an average sensitivity of ~3-4%
of the Crab Nebula flux (1072 ph cm™2 s71) in the 50 GeV-2
TeV range, since the Crab spectrum is softer above 1 TeV.
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ated with HSP blazars, which are particularly favorable
for detection since their high-energy peak typically oc-
curs above 100 GeV.

4. SUMMARY

We have presented the Fourth Catalog of Hard Fermi-
LAT Sources (4FHL), based on 16 years of LAT observa-
tions above 50 GeV. The 4FHL achieves better sensitiv-
ity, localization, and power-law index characterization
than previous hard source catalogs, leading to the detec-
tion of 673 sources, a factor ~ 2 times more sources than
2FHL in the 50 GeV—2TeV range. This catalog repre-
sents the most comprehensive LAT view of the high-
energy gamma-ray sky above 50 GeV and provides an
essential link between the GeV regime probed by broad-
band LAT catalogs and the TeV domain explored by
ground-based instruments.

The 4FHL source population is dominated by extra-
galactic sources, which represent about 84% of the de-
tections. Most of these are blazars, with BL Lacs being
the largest class (75% of the entire catalog and 88%
of the AGN sample). Most BL Lacs in 4FHL belong to
the HSP class, which display the hardest y-ray spectrum
(among blazars) and remain bright in the 50 GeV—2 TeV
band, making them essential targets for EGB and EBL
studies. FSRQs are more difficult to detect due to their
soft spectra; nevertheless, 29 are included in 4FHL, rep-
resenting an increase of more than 65% compared to
2FHL. In addition, we report 25 blazars of uncertain
type, one Seyfert 1 galaxy (PKS 0521—365), and 11 ra-
dio galaxies.

Within the Galactic plane, the 4FHL includes 156
sources (|b] < 10°). While a fraction of sources are
extragalactic (~ 47%), the rest are Galactic or unas-
sociated. The Galactic population is characterized by
hard photon indices (median T' ~ 2.1), reflecting efficient
particle acceleration up to TeV energies. Most of them
are associated with late stages of stellar evolution, such
as PWNe and SNRs. Additionally, six binary systems,
one pulsar, and two SFRs are also detected. Notably,
55 extended sources are detected, indicating that more
than half of the LAT extended population are significant
above 50 GeV.

Only a small fraction of sources (~5%) remain unasso-
ciated. Several of these objects are faint, hard, and are
distributed across both low and high Galactic latitudes.
In total, 20 lack an associated counterpart with respect
to all previously detected LAT sources.

The 4FHL catalog thus provides an extensive overview
of the gamma-ray sky above 50 GeV, serving as a valu-
able resource for population studies, future multiwave-
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Table 3. 4FHL sources not reported in previous Fermi-LAT catalogs. Galactic coordinates (I, b) and the positional uncertainty
at 68% C.L. (Res) are in degrees. Observed photon index (I') and integrated flux above 50 GeV (Fsp) include 1o uncertainties.
Note that the units of Fyo are x107'2 ph cm ™2 s7!. The closest 4FGL source column lists the nearest 4FGL-DR4 source and
its angular separation (in degrees) from the 4FHL detection. The final column gives the 4FHL association and source class,

when available.

4FHL Name l b Rgs TS T Fso Closest 4FGL Source Assoc/Class
J0432.04-5603 150.34 5.41 0.02 28 1.74+0.44 9.2+3.4 J0425.64+5522¢ (1.12°) 1LHAASO J0428+5331 (spp)
J0501.2+4432 162.15 1.51 0.03 33 1.89+0.48 10.6+4.3 J0501.7+4459 (0.47°) 1LHAASO J0500+4454
J0810.9+3533 185.83 30.75 0.11 31 0.69+0.59 6.1+3.4 J0809.6+3455 (0.68°) -
J0823.3+1527 208.71 27.16 0.02 30 7.05+3.62 4.7+27 J0829.0+1755 (2.83°) WISEA J082323.24+152447.9 (bll)
J1021.7—0225 246.28 43.38 0.02 29 4.18+1.61 6.7+ 3.6 J1022.7-0112 (1.25°) —
J1055.7—1231 263.91 41.41 0.03 26 2.10+£0.72 6.0+ 3.2 J1053.3—1134 (1.12°) —
J1120.5—2648 278.99 31.80 0.02 52 3.50+£0.93 12.24+4.5 J1120.1—-2645 (0.09°) NVSS J112031—264828 (bcu)
J1128.2—4919 289.27 11.33 0.02 29 2.98+1.02 5.8+ 3.1 J1127.6—4920 (0.10°) -
J1213.2—-6253 298.60 —0.35 0.03 31 1.95+0.62 14.2+6.9 J1213.3—6240e (0.22°) SNR G298.5—0.3 (spp)
J1314.842358  3.34 83.85 0.03 28 12.09+6.45 4.9+2.7 J1314.7+2348 (0.16°) -
J1339.4+1150 341.67 71.00 0.03 25 290+0.99 6.3+3.3 J1338.9+1153 (0.15°) -
J1353.9+0152 336.24 60.64 0.03 27 438+192 51+29 J1356.640234 (0.97°) PKS 13514021 (fsrq)
J1450.1—1246 342.55 40.80 0.03 27 3.73+1.39 7.4+3.9 J1453.0—1318 (0.90°) -
J1503.7—4141 327.86 14.69 0.02 48 0.99+0.41 11.14+4.6 J1503.6—4146 (0.10°) SN 1006 (snr)
J1605.24+5420 84.34 45.61 0.03 25 296 +1.17 3.1£+1.6 J1605.5+5423 (0.07°) 3HSP J160519.1+542059 (bll)
J1718.4—2940 356.14 4.56 0.08 27 2124046 18.14+6.6 J1719.2—2943 (0.19°) SNR G356.2+04.5 (snr)
J1729.9—3336 354.26 0.33 0.02 27 195+045 1944+7.0 J1730.5—3352 (0.31°) NVSS J172951—-333616
J1749.44+4630 73.20 29.63 0.03 29 6.51+3.20 3.44+2.0 J1750.244704 (0.58°) 3HSP J174929.9+463135 (bll)
J2024.6—0847 35.60 —24.69 0.02 30 3.96+1.57 6.8+3.6 J2024.4—0847 (0.06°) 3HSP J202429.4—084804 (bll)
J2109.7—0253 4750 —31.83 0.02 35 5.10+2.28 7.6+3.7 J2108.7—0250 (0.26°) —

length studies, and follow-up observations with current
and future ground-based ~-ray observatories.
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Figure 1. Exposure map at 50 GeV in Galactic coordinates and Hammer-Aitoff projection for the 16 year period, with exposure
values in cm?s. The median exposure is 1.11 x 10'2 em? s. The maximum exposure is reached at the North Celestial Pole, while
the minimum occurs along the celestial equator.
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Figure 2. Adaptively smoothed 2D count map in the 50 GeV-2 TeV band represented in Galactic coordinates and Ham-
mer-Aitoff projection. The image has been smoothed with a Gaussian kernel whose size was varied to achieve a minimum
signal-to-noise ratio under the kernel of 2. The color scale is logarithmic, and the units are counts per (0.10)2.
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Figure 3. Sky map in Galactic coordinates of the 4FHL sources shown in a Hammer—Aitoff projection, classified according to
their most likely association class.
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Figure 4. Flux distribution above 50 GeV comparing 2FHL (orange) and 4FHL (green slash) catalogs. The medians are
marked with dashed and dash-dotted, respectively. The 4FHL catalog enhanced sensitivity allows for the detection of fainter

sources.
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Figure 5. Observed photon index distribution above 50 GeV comparing 2FHL (orange) and 4FHL (green slash) catalogs. The
medians are marked with dashed and dash-dotted, respectively.
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Figure 6. Normalized observed photon index distribution compared across 4FGL-DR4 (orange), 3FHL (blue dots), and 4FHL
(green slash) catalogs. The medians are marked with dashed, dotted, and dash-dotted, respectively.
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Figure 7. Observed photon index as a function of integrated photon flux for sources detected above 50 GeV in the 4FHL
catalog. Galactic sources (orange squares), extragalactic sources (green circles), and unassociated sources (brown diamonds)
are shown. The density contour in grayscale represents the 2FHL distribution for comparison. The median uncertainty in
the photon index is shown for each case as error bars, with Galactic sources having a smaller uncertainty. The median flux
uncertainty is 1.1 x 107 ph em™2 s7! for Galactic sources, 3.9 x 107!2 ph em ™2 57! for extragalactic sources and 6.3 x 1072
ph ecm™2 57 for unknown/unassociated sources. The larger median flux uncertainty for Galactic sources reflects the higher
diffuse background in the Galactic plane.



25

i I
i I | Galactic
801 i N1 Extragalactic
] Unassociated
, |
8 60'
=]
o
N
G
o
E 40t
5
Z
20}
1 5 6 7 8

Photon Index

Figure 8. Observed photon index distribution for Galactic sources (orange), extragalactic sources (green), and unassociated
sources (brown). The Galactic population exhibits harder observed spectra, with the median value being significantly lower than
that of the extragalactic sources. The medians are marked with dashed, dash-dotted, and dotted vertical lines, respectively.
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Figure 9. High-Energy Photon (HEP) distribution for Galactic (orange), extragalactic (green), and unassociated (brown)
sources. Galactic sources have a higher median HEP value, consistent with their harder observed spectra, while for extragalactic
sources the gamma-ray horizon limits the maximum detectable photon energy.
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Figure 11. Spectral energy distributions of five Galactic sources discussed in §3.3.2: (top left) PWN Vela X, (top right) SNR
Vela Junior, (medium left) PWN MSH 15-52, and the PWN powered by PSR J1826—1334 (medium right). The bottom panel
presents sources not detected by H.E.S.S., with 95% upper limits adopted from H.E.S.S. Collaboration et al. (2018). The data
include 4FGL-DR4 (blue dots), 4FHL (red stars), and H.E.S.S. (green squares).
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Figure 12. Adaptively smoothed Fermi#-LAT count map above 50 GeV in Galactic coordinates, centered on the region sur-
rounding 4FHL J1718.4—2940. Both the 4FHL and 4FGL detections are marked, together with the 1.3 GHz radio contours
(black) from the MeerKAT 1.3 GHz observations of SNRs (W. D. Cotton et al. 2024).
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Figure 13. Spectral energy distributions of four extragalactic sources discussed in §3.4.1: (top left) Radio galaxy PKS 0625—35,
(top right) FSRQ PKS 1510—089, (bottom left) HSP blazar PKS 2155—304, and the HSP blazar 1ES 2322—409 (bottom right).
The data include 4FGL-DR4 (blue dots), 4FHL (red stars), and H.E.S.S. (green squares).
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Figure 14. Observed photon index as a function of the integrated photon flux is shown for sources detected in the 4FHL
catalog. Galactic sources are indicated by squares, extragalactic sources by circles, unassociated sources by diamonds, and
sources of unknown type by triangles. Blue symbols represent sources detected by IACT's, while orange symbols correspond to
the ~80% of the 4FHL sample that remain undetected at TeV energies. The median flux values for sources detected and not
detected by TACTSs are indicated by colored vertical lines.
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