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® The Galactic Center PeVatron

e Multi-messenger search for PeVatrons



What is a PeV ?
dl IS d Fé atron -
4 .4

E i

35 10" 2%
PeVatron: a source capable of acc :
particles (e.g. protons, electrons) u P
(1015 eV) energies — cosmic rays 0, (1 prito ok -y B,

Energy (eV)

Cosmic-ray energy spectrum fitby a
broken power-law with a break at a few PeV
(the “knee”)

Below the knee, cosmic-rays are of , R L 7
Galactic origin. But how are they 1L
produced? What type of Galactic sources
serve as PeVatrons?

Credit: HAP/H. Chantelauze L ‘



Identification of Individual PeVatron
— a New Possibility since 2023

® IceCube detected neutrin.o at 4.50 from the Galactic Plane (IceCube collab., Science, 2023)

e [LHAASO released the 1% catalogue of UHE sources (Cao+, Nature, 2021; ApJs, 2023)

e These recent discoveries marked a paradigm shift in particle astrophysics from

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




PeVatron: Leptomc, Hadronlc or Hybrld"

Leptonlc Hybrld 77 —

Synchrotron inverse
Compton scattéring _ .
Hadronic component t00?? " N —

Hadromc

SRR N, L P P collision
g SRR .' P y collision
0 R -."d'_..

Pulsar wind nebula | : SNR-MC mteractlon

Black Holes: 'X-ray binar:ié:"s',MiéroquaSar, SMBH...



Leptonie Hybrid PeVatrons

Significance (sigma)

282.0° 281.0°

R.A. [degrees]

Composite X-ray / optical/ infrared image of LHAASO detection of PeV photons from PWN
Crab nebula powered by young Crab pulsar powered by PSR J1849-0001 (LHAASO collab.
Nature Astro. 2026): B~2.8 uG, E,,x of e ~2 PeV.

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
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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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e The Galactic Center PeVatron

e Multi-messenger search for PeVatrons



Galactic Center PeVatron

==HAWC extension UL at 68% CL
==H.E.S.S. diffuse-emission region (2016)
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¥ HESS J1745-290 (SgrA*)
@ HESS J1746-285 (Arc)
® SNR G0.9+0.1
== HESS J1745-303
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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 i1t (Huang et al., ApJL 2024)

=>» Is Sgr A* the Galactic Center PeVatron? If so, what observational effects can we detect?
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| Multl-wavelength and Multl messenger Jf
! S|gnatures of Galactlc Center PeVatron |
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- Secondary particles from p-p interaction of - cutoff at 1 PeV
PeV proton and nuclei in ambient gas: 100 PeV
- Multi-TeV neutrinos: theoretically detectable
by current neutrino detectors
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- Neutral pions decay into gamma-ray photons
as observed by gamma-ray telescopes

10! 102

- ~100 TeV electrons: producing synchrotron | Energy(TeV)
emission detectable by X-ray telescopes

SED of neutrinos from the same parent
PeV protons that produced the
observed TeV emission (HESS 2016)



~0.010

Galactic Center Radio Filaments
Haywood+, Nature, 2019
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e a ‘ ' . e | megm as a0 Wes0 M0 g0 630 300
Radio Filament X-ray Filament
Number ~150 ~20 B ~100-400 pG
(Yusef-Zadeh 2022)
Length tens of pcs a few pcs
B field lines along
Polarization Detected not yet filaments
Feeding source GeV electrons ~100 TeV electrons! Stable magnetic flux

tubes for decades!

Particle acceleration | Particle acceleration/
Origin of CRs secondary products of
hadronic process




On-going observational efforts: A systematic st

f

l‘ — Synchrotron emission up to ~50 keV with B=100-300 uG requires 100-200 TeV CR electrons.

| L ™

Origin?? — Particle accelerator (BH, SNR, PWN), or secondary particles of hadronic processes?
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On-going X-ray Filament Detection using Chandra Data

L N » ,/,
| Frangi Skeletonization f’
_ filtering .,

"

- 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.

17"46™00°

45M48° 36°
Right Ascension (deg)

Known filaments

24°
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. Addressing Missing Links via simulation in Near Future |
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3. electron diffusion
?
and escape process " Onda

Te//;‘“ Xray emj
ISs ,'On

CR Accelerator:
SgrA*/SNR - pev protons

QP ¢

4. synchrotron process
within filaments



Bridge cloud: active illumination stage

When did Sgr A* serve as aPeVatron? o e
Evidence for Past Active Stage abgr A

Neutral Fe K emission line - continmngm sﬁbtracted - 2000-2009 mosaic

‘ 4 " | 6.28-6.53 keV image
d Arches cl r
’ -
1 1 I 1 1 1 1 1 I 1"' 1 I g I T T T T 1
- 2010 2015

2-10keV Flux (*10712 erg/cm?/s)

56:00.0 54:00.0 Year

Uteg, Zhang et al. in prep.

(G0.11-0.11 cloud: fainting stage Gw1
—- GW2

G.El

G.E2

Sgr A East

: 50 km s-1 cloud

SR Fe Ka [cts s~ cm~2 arcsec™?]

100 light years
2000 2005 2010 2015 2020 2025

Year

. 12.7812°

Ponti et al. 2012 Stel, Ponti et al. 2025



Fermi Bubbles
(starburst event?)
Magellanic stream

*

1

% Reconstructlng Sgr A* outburst

| history in past a few hundred years
[ using highly variable X-ray
Emlssmn from I\/Iolecular Clouds

Galactic disc GMC
WHI

Sgr B2, Bridge,
MC1, MC2

**

Luminosity

From fluorescence
(Sunyaev & Churazov 1998):

50kms* MC
Daily flares
1035

Quiescence

103 erg s From Compton Scattering

105 104 4me 10 102 10 now y (Zhang+ 2015):
(vears ago) Lsgras=10"" Lgqq

L x ICon dz T;lf(ﬂ)

0.2

Galactic Latitude
(degree)

B2

Observations suggest decreasing Sgr A* X-ray
activities in the past few hundred years: decreasing

MO.74 from Lx~1039 erg/s to Lx~1033-35 erg/s.
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Evide

nce for Past Active Stage obgr A*:

XRSIM Resolved Fe K alpha Doublet of
the G0.120.11 cloud for the first time!

2115

ks Xtend and Resolve exposure in XRISM Cycle 1 targeting

G0.11-0.11 (March 2025)
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PV: 300044010

49 14 243 504 1019 2046 a17 8215

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

ApdL, 997, L20

Fe K| doublet resolved!
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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

75

e Many on-going stacked source o o e
analysis using lceCube data,
including the Galactic center

- o o = o = o .'" 2 o = o ° o 600 900 o o
PeVatron =Rt
y-ray Sources , Associa ted with SFR
o y-ray Sources, Unassociated but Coincident with SFR
Oth | ] t f A j ® 2.7 GHz Selected Northern HIl Regions
® er exampiles.: star rorming 22

regions, microquasars, Fermi - o Northern Tracks Cut-off
sources, LHAAO source, HAWC
sources, etc.

e Right: neutrino detection potential
for star forming regions in the
Northern sky
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Define PeVatron Programs in the Era of Global Monitoring

Year > 2031 o 7
- ’ri < ‘LZENNSf ‘4¢ir(

4 7.

2037
Launch

~ 2034

Delivery of the Instrument
Flight Modules (FM) = 203]
Critical Design Review
2079 (CDR)
Spacecraft Preliminary
Design Review
(SC PDR) Q12028
012027 Phase B2/C/D/E1

. : industrial kick-off
Adoption by Science

Programme Committee
(SPC)

Q4 2026
June 2026 Mission Adoption
Instrument System Review
Requirement Review
(I-SRR) June 2025
Redefinition Study
Q22024 Interim Review
Redefinition Study
industrial kick-off
Locations of the neutrino telescopes that make up PLE vM. PLEvM-1 consists of IceCube, NewAthena WG3: transient and
KM3NeT, P-ONE, and Baikal-GVD. PLEvM-2 with IceCube replaced by a detector 7.5 times multi-wavelength group. White

larger IceCube-Gen2. PLEvM-3 adds the three planned detectors (Schumacher et al. 2025) papers under preparation.



Summary

Filaments possibly connected to .
Galactic Center PeVatron More PeVatron Hunting

osmic Rays

o
ge)
3
=
=
®
=
Q
=
3]
o
]
O)

11 09
Galactic Longitude

Shuo Zhang, Michigan State University, zhan2214(@msu.edu
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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 1n the vicinity.

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

Table 1: A list of the four DaPA targets detected by LHAASO

LHAAASO HAWC TeV source VERITAS Previous X-ray = Requested XMM XMM visibility
source counterpart size observation observations exposure
J2108+5157 Yes < 0.26° (point-like) Yes XMM (10 ks) 80 ks May-Jul 23 & Nov—Apr 24

J0341+5258 N/A 0.29° (extended) Yes Chandra (10 ks) 80 ks Aug-Sep 23 & Feb—Mar 24
J1956+2845 Yes < (0.3°¢ TBD N/A 2 X 60 ks May, Oct—Nov 23 & Apr 24
J0621+3755 ~ 0.3° away? 0.40° (extended) Yes Chandra (2 ks) 80 ks Sep—Oct 23 & Mar-Apr 24
“ The source extent is unknown and it was assumed to be a point source for the LHAASO detection [1].

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



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

Detected by LHAASO > 100eV at 15, ;

No known Iowenergﬂounterpart excer.
for an unidentified Fermi source;

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

No X-ray counterpart detected
(ULIn2-10keV=35el 3 er g/ s
provides tight constraint on the B field tc
B<15uG

Adams+,ApJ, 2025

XMM 2-8 keV Background subtracted, exposure corrécted,
mosaiced image of LHAASO J2108+5157 (Jooyun Wo0)



Discoveryof a PWN candidate associatedwith PeVatron
LHAASO J0343t52541 using 2024 XMM -Newton
observation

LHAASO WCDA J0343 53.4
XMM i fthel e e
e Detected by LHAASO up t0 20C (yiarso joassrsosas -
TeV as extended SOUI" Revealing 1 diffuse s;fu;ce ‘191; i ‘ :\\
and multiple point gt)urces A %P—Jgﬁl\ | DiAASO KM2A J0339
e No low-energy counterparts B 2 e b B | T
' s 3 T T : I 7\ \
. L 10 / \ ‘\
confirmed before (darReVatron; S0 ERNELi w8 o e ‘.
LH:,‘S—O_ D_(_A_A_Z( J~0343 OBacligrgund © 3 g X \\\ “\ i
e Our XMM-Newton observationo 7 s/ " v\
Pl < / N | Ny ! /
1 / s /’ \\ N /‘ 1 \\L : P 4
2024 Feb 1516 led to discovery of &, VR -
. . ! Ve ', ~~3XNIM Primary Source 53.0 ' ’,'
PWN candidate as a potentialry i ‘ '
counterpart
DiKerby, Zhang+, APJ, 2025b \




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

— Sync + IC
CMB

k=1 fixed

VERITAS
A%

LHAASO
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DiKerby, Zhang +ApJ, 2025b

A synchrotron and IC dominated
leptonic model can fit to the
broadband X-ray to ~100 TeV
data very well. B ~ 5 uG.

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.



Swift ToO Follow-up of 5 LHAASO Sources

LHAASO J1928+1813u

1LHAASO J1959+1129u
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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




Filament Origin: global vs. local model

Electron origin: secondary particles from PeVatron driven p-p collision Electron origin: local direct acceleration by PWN, SNR

“orphan” magnetic flux tubes,
connecting to PWN

illuminated magnetic
flux tubes connecting to SNR

CR Accelerator:
SgrA”/SNR  peV protons
e

disk wind

central disk

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