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Evidence of Cosmic-Ray Acceleration up to Sub-PeV Energies in the Supernova Remnant IC 443
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Cosmic rays are extremely energetic particles that constantly travel through space and occasionally reach Earth.
Scientists have studied these particles for more than a century, but one important question remains
unanswered: where do they gain such enormous amounts of energy? Supernova remnants, which are the
expanding clouds of gas left behind after massive stars explode, have long been considered one of the most
likely places where cosmic rays are accelerated. However, obtaining direct evidence that these remnants can

accelerate particles to very high energies has been challenging.

This study investigates the supernova remnant IC 443 using observations from the Large High Altitude Air Shower
Observatory (LHAASO), one of the world's most sensitive facilities for detecting very-high-energy gamma rays.
Gamma rays are produced when high-energy particles interact with surrounding matter or radiation, allowing

astronomers to trace the origin and energy of cosmic rays indirectly.

The observations revealed two distinct gamma-ray sources within the IC 443 region. One source is compact and
located where the supernova shock wave collides with dense molecular clouds. The measured gamma-ray
spectrum strongly indicates that protons are being accelerated to energies of at least about 300
teraelectronvolts (TeV), approaching the sub-petaelectronvolt (sub-PeV) range. This provides some of the
strongest evidence so far that supernova remnants are capable of accelerating cosmic rays to extremely high
energies. The second source is more extended and may be produced by particles that have escaped from the
supernova remnant and are interacting with nearby molecular clouds, although alternative explanations

involving high-energy electrons are also possible.

These findings improve our understanding of how cosmic rays are generated and transported through our
Galaxy. They strengthen the long-standing theory that supernova remnants are important accelerators of
Galactic cosmic rays and demonstrate the exceptional capability of LHAASO to explore the highest-energy
universe. The results also provide valuable information for future studies of particle acceleration, gamma-ray

astronomy, and the origin of cosmic rays.
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FIG. 1. Panel (a) shows the LHAASO observed significance map of a 3 x 3 deg® region surrounding IC 443 for E > 0.5 TeV,
overaid with the 1.4-GHz radio continuum contours in dark green [ 12]. The dashed line in the bottom right comer shows the diameter of
the PSF, weighted by the TS value of each energy bin. The red square labels the centroid of C0, and the blue square and circle show the
centroid and 68 % containment size (intrinsic) of C1. Panel (b) shows the one-dimensional distribution of the integrated y-ray fluxes from
the rectangle box shown in panel (a), together with the PSF convolved profiles of C0 and C1. The zero point is chosen as the midpoint
between C0 and C1. The doted line shows the PSF profile centered at C0. Panels (¢) and (d) show the significance maps of C0 and C1
components, respectively. The centroids and 68% extensions (if any) observed by other experiments are also shown for comparison. The
cyan contours depict the shocked molecular gas distribution measured by the MWISP project with velocities ranging from —10 km/s to
10 km/s. In panel (d), the centroid and extension of SNR G189.6 + 3.3 are shown in white.



