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In 2020, the HAWC Collaboration presented the first catalog of gamma-ray sources emitting above
56 TeV and 100 TeV. With nine sources detected, this was the highest-energy source catalog to
date. Here, we present the results of re-analysis of the old data, along with additional data acquired
since then. We use a new version of the reconstruction software with better pointing accuracy and
improved gamma/hadron separation. We now see more than 25 sources above 56 TeV, with most
sources being located in the Galactic plane. The vast majority of these seem to be leptonic pulsar
wind nebulae, but some have been shown to have hadronic emission. We will show spectra and
discuss possible emission mechanisms of some of the most interesting sources, including the ones
the HAWC Collaboration considers PeVatron candidates.
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1. Previous observations of the UHE sky

Ulta-high-energy (UHE; > ∼ 56 TeV) gamma-ray detections have long been of interest to the
multi-messenger astrophysics community. Gamma-ray sources emitting above ∼100 TeV could be
"PeVatrons", or hadronic sources that emit Galactic cosmic rays to ∼1 PeV, the knee of the cosmic
ray spectrum.

Prior to 2019, there were no known gamma-ray sources known to emit in the ultra-high-energy
regime. In that year, the paradigm changed. The Tibet-AS𝛾 and HAWC Collaborations both
reported detections of the Crab Nebula emitting to UHE [1, 2]; this detection was shortly followed
by the HAWC Collaboration’s UHE catalog [3]. This catalog, the first of its kind, consisted of 9
sources emitting above 56 TeV, with three continuing above 100 TeV. It is interesting to note that all
of the sources were within 0.5 degree of a pulsar, and that pulsar had an extremely high ¤𝐸 (> 1036

erg/s) for 8 of the 9 sources. This provided hints that the UHE sky is more complex than previously
thought, and that leptonic, not hadronic emission, may dominate at these energies.

The LHAASO collaboration also recently published a catalog of UHE sources [4]. This
consisted of 12 sources emitting above 100 TeV, including a few sources that were new discoveries.

In this proceeding, we present a preliminary updated HAWC UHE catalog. Section 2 contains
a description of HAWC, Section 3 contains a description of the catalog construction method, and
Section 4 contains the results.

2. Description of HAWC

HAWC is an extensive air shower array located in the state of Puebla, Mexico. The detector
consists of 300 tanks in the main array, 7.3 meters in diameter by 4.5 meters deep. HAWC is sensitive
to gamma rays between ∼300 GeV and several hundred TeV. There are also 345 outrigger tanks,
which are smaller and located around the edges of the main array. They increase the sensitivity to
the highest energies, but are not used in the analysis presented here. For more information about
HAWC, see [5].

We use 2400 days of data, an increase of ∼1361 days over the previous UHE catalog. We also
use HAWC’s 5th pass over the data, which has updated reconstruction algorithms. Most notably,
this dataset contains better pointing accuracy and improved gamma/hadron separation algorithms.
We now detect 28 sources emitting above 56 TeV, many of which cross the 100 TeV and 177 TeV
thresholds at very high significance (> 5𝜎).

3. Catalog construction method

First, maps above the three energy thresholds of interest (56 TeV, 100 TeV, and 177 TeV) are
created using a likelihood framework [6]. The ground parameter energy estimator, described in [2],
is used. The maps assume a power-law spectrum with a spectral index of -2.5 and a pivot energy of
7 TeV. Maps are created for a point source morphology, as well as extended disks with radii of 0.5,
1.0, 1.5, and 2.0 degrees. The only free parameter in the likelihood fit is the flux normalization.

For each pixel in each map, a test statistic (TS) is computed. This test statistic is defined as
twice the likelihood ratio:
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𝑇𝑆 = 2𝑙𝑛( 𝐿𝑠

𝐿𝑛

) (1)

where 𝐿𝑠 is the source hypothesis and 𝐿𝑛 is the null (background-only) hypothesis.
The UHE catalog is constructed using the same method used to construct the 3HWC catalog

(HAWC’s third all-energy catalog). More details can be found in [7], but a summary is provided
below:

1. All hotspots in the point source map with a TS of > 25 are identified. In the event that multiple
local maxima are found near each other, we separate the sources into primary and secondary
sources. Primary sources are separated by nearby local maxima of higher significance by a
valley of Δ(

√
𝑇𝑆) > 2. Secondary sources (which have an asterisk next to their name on the

source list) are separated from nearby sources by a TS valley of 1 < Δ(
√
𝑇𝑆) < 2.

2. We then run the same algorithm over the 0.5 degree extended map. To avoid finding sources
that are in actuality two point sources smeared together when the extended maps are created,
we only add a source to the list if it is more than 2 degrees from all known point sources.

3. We repeat step (2) for the remaining spatial morphologies (1.0, 1.5, and 2.0 degree disks).

Therefore, the search that a particular source is found in should be thought of as a lower limit
on the emission. As an example, MGRO J1908+06, one of the brightest sources in the sky, is known
to be extended [8], but is detected in the point source search here.

Additionally, very large extended sources may instead be miscategorized as several point
sources. This is most evident in the region of Geminga and Monogem, which have angular
extensions of several degrees wide.

Note that improvements to this catalog construction method are currently being developed by
the HAWC collaboration. These will be addressed in future publications. A multi-source fitting
method is under development and will be applied to the UHE dataset in the future. Additionally,
many of the sources found here have had dedicated analyses, which take into account issues such
as diffuse emission.

Due to the improvements to the method, the results should be considered preliminary. The
‘xHWC‘ identifier is used in the results until the second UHE catalog is officially published.

4. The UHE sky

28 sources are detected with a TS of > 25 above 56 TeV. Five of those sources are secondary
sources. Note that three of the sources are found in the Geminga/Monogem region, indicating that
the algorithm does not perform well in regions of large, extended emission.

Most of the sources emitting above 56 TeV are in the inner Galactic plane - exceptions include
the 3 Geminga-region sources, the Crab Nebula, and xHWC J5046+227*, believed to be the TeV
halo close to the Crab Nebula1

Figures 1 through 3 show various sources emitting above 56 TeV. Table 1 shows the results of
the catalog search.

1https://www.astronomerstelegram.org/?read=10941
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Name Search TS RA [◦] Dec [◦] l [◦] b [◦] > 100 > 177
xHWC J0534+219 PS 584 83.67 21.98 184.60 -5.77 yes
xHWC J0546+227* 1.5◦ 27.3 86.70 22.75 185.43 -2.98
xHWC J0633+179 0.5◦ 36.1 98.31 17.97 194.88 4.22
xHWC J0642+154* 1.0◦ 25.1 100.59 15.40 198.17 5.00
xHWC J0657+140* 2.0◦ 25.9 104.37 14.09 200.99 7.69
xHWC J1809-193 PS 91.7 272.42 -19.31 11.07 0.08 yes
xHWC J1813-127 PS 25.5 273.30 -12.71 17.27 2.52
xHWC J1813-168* PS 35.4 273.47 -16.88 13.69 0.37
xHWC J1813-178 PS 95 273.30 -17.82 12.78 0.07 yes
xHWC J1826-135 PS 306 276.50 -13.59 17.97 -0.65 yes yes
xHWC J1831-099 PS 41.3 277.87 -9.97 21.79 -0.15 see Note1
xHWC J1833-091 PS 31.4 278.39 -9.14 22.77 -0.23 see Note1
xHWC J1834-069 PS 27.4 278.61 -6.92 24.84 0.60
xHWC J1838-067 PS 49.3 279.54 -6.73 25.43 -0.13 yes yes
xHWC J1839-058 PS 117 279.89 -5.83 26.39 -0.02
xHWC J1843-039 PS 44.1 280.99 -3.92 28.59 -0.12
xHWC J1848+000 PS 146 282.22 -0.04 32.61 0.55 yes yes
xHWC J1852+000 PS 73.1 283.01 -0.04 32.97 -0.15 yes
xHWC J1858+020 PS 84.8 284.50 2.05 35.51 -0.53 yes
xHWC J1906+071* PS 31.7 286.57 7.11 40.94 -0.04
xHWC J1908+062 PS 137 287.10 6.28 40.45 -0.89 yes yes
xHWC J1911+095 0.5◦ 26.2 287.97 9.59 43.79 -0.13 yes
xHWC J1928+180 PS 47.5 292.24 18.01 53.17 0.18 yes
xHWC J1928+189 PS 26 292.06 18.96 53.92 0.78
xHWC J1959+287 PS 28 299.80 28.76 65.93 -0.45
xHWC J2019+367 PS 142 304.81 36.75 74.93 0.36 yes
xHWC J2031+413 0.5◦ 49.7 307.79 41.36 80.03 1.13 yes yes
xHWC J2227+609 PS 26.9 336.79 60.91 106.27 2.79 yes yes

Table 1: The source catalog. ‘Search‘ refers to which extension search the source is found in, with ‘PS’
being the point source search. The TS and coordinates refer to the >56 TeV catalog search. Coordinates
are given in both (right ascension, declination) and Galactic coordinates (𝑙, 𝑏). Source positions may shift at
higher energies. The last two columns denote whether a significant (TS > 25) detection is found above 100
TeV or above 177 TeV. Note1: xHWC J1831-095 is found above 100 TeV in the 1.0 extended souce search.
This is 0.38 degrees from xHWC J1831-099 and 0.45 degrees away from xHWC J1833-091. It is unclear
without further study which source the 100 TeV emission originates from.
.
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Figure 1: The Galactic plane above 56 TeV. As most sources in the Galactic plane have been shown to be
extended in nature, the map assumes a 0.5 degree disk as the spatial morphology. Black circles denote the
locations of sources emitting above 56 TeV in reconstructed energy.

Figure 2: The Geminga and Monogem region above 56 TeV. The map assumes a 1 degree disk as the
morphology. Note that three separate sources are found.

17 sources are detected above 100 TeV, and six sources are detected above 177 TeV. Figures
4 and 5 show the Galactic plane above these two energy thresholds. Due to space constraints, the
coordinates of the >100 TeV and >177 TeV sources are not published here. Instead, Table 1 includes
columns to denote if a > 56 TeV source continues emitting above these energy thresholds. In some
situations, this association is hard to determine - since many of these sources are extended in nature,
their coordinates can shift between the different energy threshold maps. This is most evident
for xHWC J1831-095, which is detected above 100 TeV with the coordinates (right ascension,
declination) = (277.87◦, -9.59◦). This is 0.38 degrees from xHWC J1831-099 and 0.45 degrees
away from xHWC J1833-091, both detected in the > 56 TeV map. More study is needed to
disentangle the different emission mechanisms in this region.

15 of the 17 sources emitting above 100 TeV appear to have a > 56 TeV counterpart. Of the
two sources that do not have a counterpart, xHWC J2027+369 is a 2.0 degree source found in the
Cygnus region with (right ascension, declination) = (307.18◦, 41.66◦). This region is known to have
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Figure 3: Left: The point source map above 56 TeV, showing the Crab Nebula emitting to very high
significance. Right: The same region, but slightly zoomed out and smoothed by 1.5 degrees. A second
source is clearly seen. This is believed to be the high-energy extension of a previously-reported TeV halo
candidate.

Figure 4: The Galactic plane above 100 TeV, assuming a 0.5 degree disk as the morphology. Black circles
denote the locations of sources emitting above 100 TeV in reconstructed energy.

Figure 5: The Galactic plane above 177 TeV, assuming a 0.5 degree disk as the morphology. Black circles
denote the locations of sources emitting above 177 TeV in reconstructed energy.
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a large, extended emission region known as the Cygnus Cocoon [9], and may not have been found in
the lower-energy map due to the selection criteria requiring sources be a certain distance apart. The
second source, xHWC J2221-225 with (right ascension, declination) = (335.44◦, -22.59◦, is right at
the detection threshold (TS = 25.6) and is not near any known sources in the TeVCat catalog. This
source is likely a false positive. Characterizations of the false positive rate are currently underway.

Likewise, five of the six sources detected above 177 TeV are also found in the >56 TeV map.
These area also denoted in Table 1. The sixth source, xHWC J1609-093, is also far from the
Galactic plane with (right ascension, declination) = (242.36◦, -9.37◦) and is right at the detection
threshold (TS = 25.3).

5. Conclusions

We have presented here an update to the eHWC UHE catalog published in [3]. This updated
catalog contains approximately three times as many sources as the original paper. A publication is
forthcoming, which will include slight modifications to the catalog construction method as well as
a quantification of the false detection rate.
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