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Identification of Individual PeVatron 
– a New Possibility since 2023

•●   IceCube detected neutrino at 4.5𝜎 from the Galactic Plane (IceCube collab., Science, 2023)

•﻿﻿●    LHAASO released the 1st catalogue of UHE sources (Cao+, Nature, 2021; ApJs, 2023)

•﻿●    These recent discoveries marked a paradigm shift in particle astrophysics from                       

bbbb“Do PeVatrons exist in our galaxy?” to “What are the Galactic PeVatrons?”

LHAASO



PeVatron: Leptonic, Hadronic or Hybrid?

Pulsar wind nebula

Leptonic, Hybrid?? Hadronic

SNR-MC interaction

Black Holes: X-ray binaries, Microquasar, SMBH…

Hybrid

P P collision 

P 𝛾 collision
Synchrotron,  inverse 

Compton scattering

Hadronic component too??



Leptonic Hybrid PeVatrons

LHAASO detection of PeV photons from PWN 

powered by PSR J1849-0001 (LHAASO collab. 

Nature Astro. 2026): B~2.8 𝜇G, Emax of e- ~2 PeV.

Composite X-ray / optical/ infrared image of 

Crab nebula powered by young Crab pulsar 

New observational/theoretical Challenge: detection of PeV photons from Crab nebula invokes a 

secondary multi-PeV hadron population, invoking PWN termination shock re-acceleration model  

(Stephen, Mitchell & Revill, A&A, 2025)



Hadronic PeVatrons    

Inner few pcs of Galactic Center:  

Supermassive Black Hole Sgr A*, 

SNR, YMC

Boomerang nebula: SNR G106.3+2.7, 

PSR J2229+6114 (Ge+ 2021)
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Galactic Center PeVatron

• H.E.S.S. discovered a Galactic Center PeVatron coinciding with Sgr A* (H.E.S.S., Nature, 2016)

• HAWC detection up to 114 TeV without cut-off confirmed it (Huang et al., ApJL 2024)

• ➔ Is Sgr A* the Galactic Center PeVatron? If so, what observational effects can we detect?



Multi-wavelength and Multi-messenger 

signatures of Galactic Center PeVatron

• Secondary particles from p-p interaction of 

PeV proton and nuclei in ambient gas:  

• Multi-TeV neutrinos: theoretically detectable 

by current neutrino detectors 

• Neutral pions decay into gamma-ray photons 

as observed by gamma-ray telescopes 

• ~100 TeV electrons: producing synchrotron 

emission detectable by X-ray telescopes
SED of neutrinos from the same parent 

PeV protons that produced the 

observed TeV emission (HESS 2016) 



Radio Filament X-ray Filament

Number ~150 ~20

Length tens of pcs a few pcs

Polarization Detected not yet 

Feeding source GeV electrons ~100 TeV electrons!

Origin of CRs

Particle acceleration Particle acceleration/

secondary products of 

hadronic process

Galactic Center Radio Filaments 

Haywood+, Nature, 2019

X-ray filaments

Ponti+, 2015

B ~ 100-400 µG 

(Yusef-Zadeh 2022)

B field lines along 

filaments

Stable magnetic flux 

tubes for decades!



On-going observational effo rts : A systematic study of X-ray/radio 
magnetic fi laments  >> test whether Sgr A* can be a Pevatron during past 
higher activities? (PI: Zhang)

 Magnetic structures trapping TeV 
electrons:  An independent way to  
Probe the GC PeVatron 

Morphology: sub fi laments ; 
attached to  Molecular clouds 

Spectroscopy: Featureless power-
law spectrum 

Signature: sub-fi laments  along B 
fi led lines; X-ray polarization 
(IXPE, eXTP, etc .)

Heywood+, Nature, 2019Zhang, Wang, et al. in prep.
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On-going X-ray Filament Detection using Chandra Data

- Made image mosaic using all archival Chandra data of 
Galactic center

- Applied Frangi filtering to enhance elongated feature 
and find “ridge” like structure

- Preliminary result: recovered 10/12 reported X-ray 
filament; find 51 new filaments for follow-up filtering and 
analysis.

Frangi 

filtering

Skeletonization





When did Sgr A* serve as a PeVatron?
Evidence for Past Active Stage of Sgr A

Bridge cloud: active illumination stage

Uteg, Zhang et al. in prep.

Stel, Ponti et al. 2025

G0.11-0.11 cloud: fainting stage

Ponti et al. 2012



Reconstructing Sgr A* outburst 
history in past a few hundred years 
using highly variable X-ray 
Emission from Molecular Clouds

Å Observations suggest decreasing Sgr A* X-ray 

activities in the past few hundred years: decreasing 

from Lx~1039 erg/s to Lx~1033-35 erg/s.
_θ _ _ _ _2__ _ _−1_

From fluorescence 

(Sunyaev & Churazov 1998):

From Compton Scattering

(Zhang+ 2015):



Evidence for Past Active Stage of Sgr A*: 
XRSIM Resolved Fe K alpha Doublet of 
the G0.11-0.11 cloud for the first time!

~115 ks Xtend and Resolve exposure in XRISM Cycle 1 targeting 

G0.11-0.11 (March 2025)

DiKerby, Zhang, Nobukawa, Nobukawa, et al., 2026

                            ApJL, 997, L20 

Fe K‌ doublet resolved!

XRISM/Resolve 6.37-6.43 keV spectrum clearly resolve the Fe K‌ 

doublet structure, calling for Lorenzian model fitting with FWHM = 

3.3 ± 0.7 eV (close to ~2.5 eV inherent width!) 
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IceCube Search for Galactic Hadronic PeVatrons
• ●  Many on-going stacked source 

analysis using IceCube data, 

including the Galactic center 

PeVatron

• ●  Other examples: star forming 
regions, microquasars, Fermi 
sources, LHAAO source, HAWC 
sources, etc.

• ●  Right: neutrino detection potential 

for star forming regions in the 

Northern sky



Define PeVatron Programs in the Era of Global Monitoring

Locations of the neutrino telescopes that make up PLE νM. PLE𝜈M-1 consists of IceCube, 

KM3NeT, P-ONE, and Baikal-GVD. PLE𝜈M-2 with IceCube replaced by a detector 7.5 times 

larger IceCube-Gen2. PLE𝜈M-3 adds the three planned detectors (Schumacher et al. 2025)

NewAthena WG5: transient and 

multi-wavelength group. White 

papers under preparation.



Summary

Shuo Zhang, Michigan State University, zhan2214@msu.edu

More PeVatron Hunting
Filaments possibly connected to 

Galactic Center PeVatron
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Search for Counterparts of New PeVatrons

• LHAASO revealed group of UHE sources which have no apparent particle 
accelerators such as PWNe, SNRs or star clusters in the vicinity.

    Why no low-energy counterparts: poorly explored or Transient PeVatron? 

Observation of another 4 LHAASO sources just accepted as a NuSTAR cycle-12 Large Program (PI: J. Woo) 

o



XMM Observation of LHAASO J2108+5157: 
The Most Mysterious Dark PeVatron

● Detected by LHAASO > 100 TeV at 15„;

● No known low-energy counterpart except 
for an unidentified Fermi source;

● Mitchell 2024 interpret it as a molecular 
cloud illuminated by a SNR;

● No X-ray counterpart detected
● (UL in 2-10 keV = 3.5e-13 erg/s/cm2) Ÿ 

provides tight constraint on the B field to 
B < 1.5 𝜇G

● Adams+, ApJ, 2025
XMM 2-8 keV background subtracted, exposure corrected, 

mosaiced image of LHAASO J2108+5157 (Jooyun Woo)



Discovery of a PWN candidate associated with  PeVatron 
LHAASO  J0343+5254u using 2024 XMM -Newton 
observation

• ●  Detected by  LHAASO up to 200 

TeV as extended source (0.29 °);

• ●  No low-energy counterparts 

confirmed before (dark PeVatron);

• ●  Our XMM-Newton observation on 

2024 Feb 15-16 led to discovery of a 

PWN candidate as a potential X-ray 

counterpart

• DiKerby , Zhang+, APJ, 2025b

XMM image of the 

LHAASO J0343+5254u 

Revealing 1 diffuse source 

and multiple point sources 



Multi -wavelength Emission Modeling for LHAASO 
J0343+5254u with New X-ray Measurement

A synchrotron and IC dominated 

leptonic model can fit to the 

broadband X-ray to ~100 TeV 

data very well. B ~ 5 𝜇G.

The newly discovered X-ray 

source, with spatial and spectral 

features much like other PWN 

such as the Eel, likely bears the 

same nature.

→ This VHE source is likely a 

PWN, although a hadronic/hybrid 

model cannot be fully ruled out 

at this moment.

 

DiKerby, Zhang +, ApJ, 2025b



Swift ToO Follow-up of 5 LHAASO Sources

Quick Look at Swift ToO Observations of 5 LHAASO sources obtained in Sep-Oct 2024: 

some result in positive X-ray detection.

Amiri Walker, Ella Werre, Shaan Kerim, Dikerby (2025) Research Notes of AAS, 9, 89

LHAASO J1928+1813u 1LHAASO J1959+1129u



Filament Origin: global vs. local model 
Electron origin: secondary particles from PeVatron driven p-p collision Electron origin: local direct acceleration by PWN, SNR 

Zhang+, 2014, 2020; Deen, Zhang+, in prep.g Barkov+, 2019a, b
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