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Galactic PeVatrons are astrophysical sources accelerating particles up to a few PeV ( 101> V).
The primary method to identify both electron and proton PeVatrons is the observation of y-ray
radiation at ultra-high energies (UHE; E>100 TeV). In 2021, LHAASO detected 14 steady y-ray
sources with photon energies above 100 TeV and up to 1.4 PeV. Most of these sources can be
plausibly associated with objects such as supernova remnants, pulsar wind nebulae, and stellar
clusters. However, LHAASO J0341+5258 is detected as an unidentified PeVatron, emitting y rays
at energies above hundreds of TeV. It is extended in nature and notably bright, with a flux > 20%
of the Crab Nebula’s flux above 25 TeV. Multiwavelength observations are required to identify
the PeVatron responsible for the UHE vy rays, understand the source morphology and association,
and shed light on the emission processes. Here, we will present the results from the VERITAS
and HAWC observations of this PeVatron, along with a discussion on potential emission scenarios
through multiwavelength modeling.
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1. Introduction

Understanding the nature and emission mechanisms of Galactic PeVatrons is a critical step
toward understanding the longstanding problem of cosmic ray origin. y-ray observations in the
ultra-high energy (UHE; E>100TeV) band have proven to be helpful probes towards the PeVatron
searches [1-4, 13]. Investigating the TeV—PeV energy range is essential for identifying sources that
can explain cosmic rays up to the knee and beyond. Therefore, the search for PeVatrons has been
one of the key science topics for VERITAS and HAWC. In 2021, LHAASO detected 14 steady
y-ray sources with photon energies above 100 TeV, up to 1.4 PeV [2—4]. This finding has provided
a clear direction for the ongoing PeVatron searches with VERITAS and HAWC.

LHAASO J0341+5258 is an unidentified y-ray source based on 308.33 days of data from
the Kilometer Squared Array (KM2A) [3]. The source is extended in nature, with size of
(0.29 £ 0.065;4; + 0.024,,)°, and is notably bright, exhibiting a flux greater than 20% of that
of the Crab Nebula above 25 TeV. In 2023, LHAASO published its first comprehensive cat-
alog featuring 90 sources, including 43 UHE sources above 100 TeV, based on 508 days of
Water Cherenkov Detector Array (WCDA) data and 933 days of KM2A data. In this catalog,
LHAASO J0341+5258 was resolved into two distinct sources using KM2A: ILHAASO J0339+5307
and 1ILHAASO J0343+5254u*. Additionally, ILHAASO J0343+5254u* was detected in the 1-25
TeV energy range using the WCDA detector, with a test statistic (TS) of 94.1 and a similar extension
to LHAASO J0341+5258 (0.33+0.05)°. Using KM2A, ILHAASO J0339+5307 was detected at an
offset of 0.37° from the position of LHAASO J0341+5258, with a TS of 144 and an extension of
<0.22°, whereas 1ILHAASO J0343+5254u* was detected at an offset of 0.28°, with a TS of 388.1
and an extension of (0.20+0.02)°. Note that these extension of LHAASO source regions are the
39% containment radius of the 2D-Gaussian model (r_39 region) reported in the LHAASO catalog
Since VERITAS covers the same energy range as WCDA, VERITAS can, in principle, provide
a complementary view of this source but with the added advantage of better angular and energy
resolution.

Studies of this region in other wavelengths include recent X-ray observations of 120 ks con-
ducted in February 2024 with XMM-Newton have revealed a candidate pulsar wind nebula (PWN),
a possible counterpart for the LHAASO J0343+5254u [6]. This source is extended, with an angular
size of 0.03°. In addition, CO observations of the LHAASO J0341+5258 region, conducted by the
Milky Way Imaging Scroll Painting (MWISP) project [7], reveal partially overlapping molecular gas
in the form of a half-shell structure [3]. The total mass of gas estimated within 1° of the LHAASO
source is about 10° M, assuming a distance of 1 kpc, with no clear CO emission detected at greater
distances.

2. Observations and results

To investigate the TeV counterparts, we analyzed data from VERITAS [8] and HAWC [9].
The VERITAS observations were conducted from October 2021 to January 2022 and again from
September 2022 to January 2023, totaling 50 hours of data. Observations were paused during periods
when the source was not visible and during the annual Arizona monsoon season. The analyses
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Figure 1: Significance maps for VERITAS (left panel) and HAWC (right panel) data in the region centered
on LHAASO J0341+5258 position. The source is clearly detected in HAWC data, while there is no significant
detection in VERITAS data. On the left plot, the WCDA extension region from 1ILHAASO J0343+5254u* is
shown in a dashed black circle. Additionally, the VERITAS significance map features two extension regions:
1LHAASO J0343+5254u* and LHAASO J0341+5307, corresponding to KM2A, with offsets of 0.28° and
0.37°, respectively. Note that these extension regions are the 39% containment radius of the 2D-Gaussian
model (r_39 region) reported in the LHAASO catalog [13]. The XMM-Newton-detected PWN is shown in
green solid diamond.

were performed using the EventDisplay analysis package [11] and subsequently cross-checked with
the VEGAS analysis package [12]. Given the extended nature of the source from WCDA (0.33°),
we searched the VERITAS data using an extended source analysis, applying an integration region
(8) of 0.25° centered around the position of LHAASO J0341+5258. No significant emission was
detected in this dataset (see Figure 1a).

For the HAWC analysis, we utilized the neural network energy estimator dataset comprising
2769 days of data from June 2015 to January 2023. The neural network is one of two independent
energy estimators used by HAWC. We binned the data based on the fraction of PMTs that were
hit! and energies, as outlined in the HAWC Crab analysis from 2019 [10]. We selected a circular
region of interest with a radius of 3° around the position of LHAASO J0341+5258. The source
was detected with a significance level of approximately 8.2 o (refer to Figure 1b). We tested both
the point source model and the extended source model using a simple power law, finding that
the extended source template is preferred over the point-source template by ATS of 18, with an
extension calculated at (0.18+0.04)°.

3. Discussion

Recent X-ray observations conducted with XMM-Newton have identified a new extended
PWN-like source within the region of interest (ROI) of LHAASO J0341+5258 [6]. It exhibits
characteristics similar to other PWNe, such as Eel, Boomerang, and Dragonfly, where smaller

IWe calculate the fraction of PMT channels as PMT_triggered/PMT _available for each event.
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X-ray regions have been associated with larger TeV regions [14, 15]. This suggests that the TeV
emission is likely of leptonic origin, resulting from the inverse Compton scattering of relativistic
electrons within the surrounding PWN [16, 17]. However, there is a caveat: a powerful pulsar has
not been detected in the PWN identified by XMM-Newton. This lack of detection could be due to
several factors: the pulsar might be absent, its beam could be misaligned relative to the observer’s
line of sight, or its spin-down luminosity may be below the threshold needed to produce detectable
emission [18].

Additionally, since a molecular cloud partially overlaps the region of LHAASO J0341+5258,
there is an alternative explanation that involves a hadronic emission scenario. This scenario may
arise from an old supernova remnant (SNR) from which cosmic rays have already escaped, resulting
in interactions with a nearby molecular cloud and accumulating in this currently invisible SNR [19].
Our next step will be to conduct detailed multiwavelength spectral modeling to explore the various
possible emission scenarios.
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