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SNRs = primary candidate of Galactic
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What about PeVatrons?
Microquasar? Stellar cluster?
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Galactic cosmic rays

Latest CR energy spectra (LHAASO Collab. 2025)
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Galactic cosmic rays
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Galactic cosmic rays
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Galactic cosmic rays
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The study of PeVatrons g

TeV gamma-ray astronomy by IACTs 107"
- Cutoffs at <10s TeV in SNRs — not PeVatrons :j:G (HESS 2016)

* No cutoffs up to 10s TeV in, e.g., Galactic
center and HESS J1641-463
— PeVatron candidate?
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TeV gamma-ray astronomy by IACTs 10T
« Cutoffs at <10s TeV in SNRs — not PeVatrons wf-;G s
- No cutoffs up to 10s TeV in, e.g., Galactic :

«  SNRs (Funk 2015)

t b f RX J1713.7-3946
=O0D

% E Flux (ergs cm

nnnnnnnn

PRUTT] AT MR v H\\\\N\

N 10" 102 10" 1“614‘
Il °° Energy (eV)

center and HESS J1641-463
—PeVatron candidate?

(sub-)PeV gamma-ray astronomy
by air shower arrays
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(sub-)PeV gamma-ray astronomy
by air shower arrays

« >25 TeV gamma rays from microquasar
SS 433 (HAWC Collab. 2018)
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The study of PeVatrons

TeV gamma-ray astronomy by IACTs
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(sub-)PeV gamma-ray astronomy
by air shower arrays

+ >25 TeV gamma rays from microquasar
SS 433 (HAWC Collab. 2018)

G106.3
Tibet 2021)

« >100 TeV gamma rays from SNR G106.3+2.7
(Tibet ASy Collab. 2021)
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The study of PeVatrons

TeV gamma-ray astronomy by IACTs

« Cutoffs at <10s TeV in SNRs — not PeVatrons - pumsss
* No cutoffs up to 10s TeV in, e.g., Galactic

center and HESS J1641-463
—PeVatron candidate?
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(sub-)PeV gamma-ray astronomy
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+ >25 TeV gamma rays from microquasar
SS 433 (HAWC Collab. 2018)
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« >100 TeV gamma rays from SNR G106.3+2.7
(Tibet ASy Collab. 2021)

* 43 ultra-high energy (Ey > 100 TeV) sources
(LHAASO Collab. 2024)
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The study of PeVatrons
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(sub-)PeV gamma-ray astronomy
by air shower arrays

+ >25 TeV gamma rays from microquasar
SS 433 (HAWC Collab. 2018)
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«  SNRs (Funk 2015)

« >100 TeV gamma rays from SNR G106.3+2.7
(Tibet ASy Collab. 2021)

* 43 ultra-high energy (Ey > 100 TeV) sources
(LHAASO Collab. 2024)
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Current status of the PeVWatron study

PSR/PWN/
TeV halo
8 (18%)

Source breakdown of
LHAASQO’s UHE sources

45

UNID
35 (78%)

(43 sources;
2023 May)

2026-08-31 | TeVPA 2026 4 Naomi Tsuji (ICRR)



Current status of the PeVWatron study

PSR/PWN/
TeV halo
8 (18%)

Source breakdown of
LHAASQO’s UHE sources

UNID
35 (78%)

(43 sources

) Supperbubble
2023 May)

26 (48%)

TeV halo
15 (28%)

(52 sources; 2026 Feb)
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Current status of the PeVWatron study

TeVatron (273)

PeVatron (54)

Source breakdown of
LHAASQO’s UHE sources

3 (1%) [ Gal other 0 (0%)
(43 sources; 35 (13%) PoRIPWN 15 (28%)
2023 May)
23 (8% SNR 2 (4%
VNS (8%) ] (4%)
1)
AL cen || Smrune [ o
son ] went. [
TeV halo
15 (28%)
| will cover microquasars and unlDs in this talk
(52 sources; 2026 Feb) (SNRs and PWNe if | have time...)
4 Naomi Tsuji (ICRR)
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Mqltiwavelength observation
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Radio and X-ray observations
- Distinguish leptonc vs hadronic
- Constrain Emax and B-field

- Identify acceleration sites with better angular resolution
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UNID

Microquasars 26 (48%

TeV halo
15 (28%)




Millions of light years

Microguasars at VHE-UHE gamma rays

Microquasar = “BH or NS binary with jet”
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. SS433W50

- (Mac Intyre+ 2026)
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NuSTAR no cutoff up to 30 keV at e1/w1 (Safl Harb+ 2022) 1

XMM: thermal emission from the north shell (Chi+ 2024)
- XMM: detailed spectral profile along jet (Kayama+ 2025)
Chandra shock speed ~ 104 km/s at e1/w1 (Tsuji+ 2025)

IXPE PD of 38—77% and B fleId paraIIeI to jet (Kaare.t+ 2024)




SS 433/W50

(Mac Intyre+ 2026)

NuSTAR: no cutoff up to 30 keV at e1/w1 (Safi-Harb+ 2022)
XMM: thermal emission from the north shell (Chi+ 2024)
XMM: detailed spectral profile along jet (Kayama+ 2025)
Chandra: shock speed ~ 104 km/s at e1/w1 (Tsuji+ 2025)

IXPE: PD of 38-77% and B-field parallel to jet (Kaaret+ 2024)

X-ray spectral profile along the lobes

photon index

Surface Brightness
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- SS 433/W50

(Mac Intyre+ 2026)

6

0.1 pc

NuSTAR: no cutoff up to 30 keV at e1/w1 (Safi-Harb+ 2022)
XMM: thermal emission from the north shell (Chi+ 2024)
XMM: detailed spectral profile along jet (Kayama+ 2025)
Chandra: shock speed ~ 104 km/s at e1/w1 (Tsuji+ 2025)

IXPE: PD of 38-77% and B-field parallel to jet (Kaaret+ 2024)

X-ray spectral profile along the lobes
(Kayama+ 2022; 2025)

photon index

Surface Brightness
S

[10-12 erg cm-2 ! arcmin'

50
<€—EAST distance from SS 433 [pc] WEST —»



S5 433/W50

~ (Mac Intyre+ 2026)
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e 433/W50 ‘ ﬂ o ' o i é30% flux decrease over 20 yrs at w1-w2
(Mac Intyre+ 2026) s ne s - |* ~80% flux increase over 20 yrs at e2

B XMM 2004
B Chandra 2024

¢ XMM in 2004
¢ Chandra in 2024
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-SS 433/W50 « o U .. « ~30% flux decrease over 20 yrs at w1-w2

(Mac Intyre+ 2026) S . . ~30% flux increage over 20 yrs at e2
| V ’ ' B XMIM 2004
Chandra 2024
% 0.1 pc ®  Chandra in 2024

- Our extensive X-ray survey' B iozz Safi-Harb

: : - rinkmann+ ar-naro+

. Safi-Harb+ | Mac Intyre+ m
5D data will be obtalned —m



-SS 433/W50 e o U .. « ~30% flux decrease over 20 yrs at w1-w2

(Mac Intyre+ 2026) e e . ~30% flux increage over 20 yrs at e2
| V ’ ' 8 XMM 2004
Chandra 2024
% 0.1 pc ®  Chandra in 2024

5D data will be obtained L = 2026 new | SHRIGR* | MeO Tt | 2026 new
(X,Y, E, t, polarization) IXPE Hiromasa’s talk for the study with Xtend ", Tue. afternoon

XRISM/Xtend Suzuki+ in prep. new



2nd example of VHE gamma-ray

V4641 Sgr

- 6.4 Msun BH and 2.9 Msun BOIII star

- Discovered in 1999 during outburst
(Lx~1039 erg/s)

>1 TeV

4FGL J1817.7-2517

4FGL J1822.6-2502
===

dec. (9

V4641 Sgr

276 275 274
RA()

(HAWC Collab. 2024; LHAASO
Collab. 2025; HESS Collab. 2026)

microguasar: V4641 Sgr
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V4641 Sgr

- 6.4 Msun BH and 2.9 Msun BOIII star

- Discovered in 1999 during outburst
(Lx~1039 erg/s)

>1 TeV

4FGL J1822.6-2502
===
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+ W /”
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4FGL J1821.5-2531

~100 pc
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(HAWC Collab. 2024; LHAASO
Collab. 2025; HESS Collab. 2026)
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2nd example of VHE gamma-my microuuasar: V4641 Sgr

V4641 Sgr  (Marti & Luque-Escamilla |
- 6.4 Msun BH and 2.9 Maun B9l star | | 2025) |
- Discovered in 1999 during outburst

(Lx~1039 erg/s)

>1 TeV

4FGL J1822.6-2502
-25 ———— 7

(@
_ | D
= / \
8 V4641 Sgr
T -26
4FGL J1821.5-2531

~100 pc

275
RA()

(HAWC Collab. 2024; LHAASO
Collab. 2025; HESS Collab. 2026)
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2nd example of VHE gamma-;ay micrnuuasar: V4641 Sgr

V4641 Sgr . (Marti & Luque-Escamilla |

- 6.4 Msun BH and 2.9 Msun BOIll star | | 2025) | XRISM/Xtend 1.2-7 keV image

- Discovered in 1999 during outburst * (Suzuki+ 2025)
(Lx~1039 erg/s) Fake M L8

>1 TeV

4FGL J1822.6-2502
===

§ 26 4FGL J1821.5-2531 @ o

~100 pc

275
RA()

(HAWC Collab. 2024; LHAASO
Collab. 2025; HESS Collab. 2026)
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(NT, Tresoldi, Mori et al.,
submitted)

- XMM 40 ks x 4
pointings in 2025

- 2-5 keV

- QPB background
subtracted and
exposure-corrected

Contours:
HESS (3, 5, 7, 9 sigma)
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- Adaptive smoothing
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- QPB background
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(NT, Tresoldi, Mori et al.,
submitted)

- XMM 40 ks x 4
pointings in 2025

- 2-5 keV

- QPB background
subtracted and
exposure-corrected

- Masked point-like
sources
- Adaptive smoothing

Contours:
HESS (3, 5, 7, 9 sigma)

s27?
PMN J1818-2608
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(NT, Tresoldi, Mori et al.,
submitted)

ni
- XMM 40 ks x 4
pointings in 2025
- 2-5 keV wi?

- QPB background
subtracted and
exposure-corrected

@

- Likely non-thermal (I'x = 1.9 £0.1stat £0.4syst), thus synchrotron
- See also Chi+ submitted for EP/FXT results
- Ongoing NuSTAR and Chandra observations

s27?
PMN J1818-2608

2026-08-31 | TeVPA 2026 12 Naomi Tsuji (ICRR)

- Masked point-like
sources
- Adaptive smoothing

Contours:
HESS (3, 5, 7, 9 sigma)




- XMM
KMM image

Comparison with Xtend __ .

Extended emission by Xtend

(Suzuki+ 2025) 20" e N DA YA
= BH s
+ unresolved point sources &
+n1 +s1 g
o IRy S
Xtend’s flux is roughly | |
consistent with n1 and s1. _26°00 | | e —

- XMM FoV

18h21m 20m 19m 18m
Right Ascension

2026-08-31 | TeVPA 2026 13

*Including point sources*
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68% containment
Green: XMM
White: HESS
Cyan: HAWC
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68% containment
Green: XMM
White: HESS
Cyan: HAWC

Similar X-ray and gamma-ray morphologies => favors leptonic origin
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68% containment
Green: XMM
White: HESS
Cyan: HAWC

Similar X-ray and gamma-ray morphologies => favors leptonic origin

X-ray knots (3’ x 2) are smaller than the TeV lobes (9—11' x 2-7")

Volume fitting factor: 0.03—1
Enhanced magnetic field region?
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Discussion Similar X-ray and gamma-ray morphologies => favors leptonic origin

X-ray knots (3’ x 2) are smaller than the TeV lobes (9—11' x 2-7")
Volume fitting factor: 0.03—1
Enhanced magnetic field region?

Reg 2
B2

68% containment
Green: XMM
White: HESS
Cyan: HAWC
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n- |
3

Similar X-ray and gamma-ray morphologies => favors leptonic origin

X-ray knots (3’ x 2) are smaller than the TeV lobes (9—11' x 2-7")
Volume fitting factor: 0.03—1

Enhanced magnetic field region?

Electron: index = 2, Emax = 1 PeV

V4641 Sgr North
1011 —— IC & synch (B=3.0 uG) ® XMM-n1 I8 HAWC (f=0.1)
F —— ICa&synch(B=12uG) @ XMM-noth & HESS (=0.1)
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14 ’ \
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68% containment s / \
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White: HESS 10! 108 10° 107 10° 10™ 1013 1015
Cyan: HAWC E (eV)
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Discussion Similar X-ray and gamma-ray morphologies => favors leptonic origin

X-ray knots (3’ x 2) are smaller than the TeV lobes (9—11' x 2-7")
Volume fitting factor: 0.03—1
Enhanced magnetic field region?

Electron: index = 2, Emax = 1 PeV

V4641 Sgr North
1011 - —— IC & synch (B=3.0 uG) & XMM-n1 B HAWC (f=0.1)
—— IC & synch (B=1.2 uG) @ XMM - north 4 HE.S.S.(f=0.1)
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9 AN
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/
68% containment _ 4
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Discussion Similar X-ray and gamma-ray morphologies => favors leptonic origin

X-ray knots (3’ x 2) are smaller than the TeV lobes (9—11' x 2-7")
Volume fitting factor: 0.03—1
Enhanced magnetic field region?

Electron: index = 2, Emax = 1 PeV

V4641 Sgr North
1011 - —— IC & synch (B=3.0 uG) & XMM-n1 B HAWC (f=0.1)
—— IC & synch (B=1.2 uG) @ XMM - north 4 HE.S.S.(f=0.1)
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Discussion Similar X-ray and gamma-ray morphologies => favors leptonic origin

X-ray knots (3’ x 2) are smaller than the TeV lobes (9—11' x 2-7")
Volume fitting factor: 0.03—1
Enhanced magnetic field region?

Electron: index = 2, Emax = 1 PeV

V4641 Sgr North
1011 —— IC & synch (B=3.0 uG) ® XMM-n1 Bl HAWC (f=0.1)
== IC & synch (B=1.2 uG) @ XMM - north 4 HESS. (=0.1)
1012k AA< 1-2uG 4&?@‘?\
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D I p2 \
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Reg 2 TR Req J \
B2 s Uk €g ‘ \
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68% containment - B-field amplified by >2 in n1 and s1 I
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Shown in the same

V4641 Sgr vs SS 433 physical scle —
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Shown in the same

V4641 Sgr vs SS 433 physical scle —

X-rays have ~20 pc offsets — acceleration site?yg
- Both in V4641 and SS 433
- Same physical origin, such as jet collimation

- Accidentally same? / Hidden inner knots in V46417
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Shown in the same

V4641 Sgr vs SS 433 physical scle —

X-rays have ~20 pc offsets — acceleration site?yg
- Both in V4641 and SS 433
- Same physical origin, such as jet collimation

- Accidentally same? / Hidden inner knots in V46417

V4641’s n1: diffuse?

. .

7 [ 3
I:Iot Pot? ‘s
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o5 »
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4
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SJDifflse?”
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Shown in the same

V4641 Sgr vs SS 433 physical scle —

X-rays have ~20 pc offsets — acceleration site?yg
- Both in V4641 and SS 433
- Same physical origin, such as jet collimation

- Accidentally same? / Hidden inner knots in V46417

V4641°’s n1: diffuse? SS 433’s w1: shock-like
3 sharp edge?
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Shown in the same

V4641 Sgr vs SS 433 physical scle —

X-rays have ~20 pc offsets — acceleration site?yg
- Both in V4641 and SS 433
- Same physical origin, such as jet collimation

- Accidentally same? / Hidden inner knots in V46417

V4641°’s n1: diffuse? SS 433’s w1: shock-like
3 sharp edge?
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SJDifflse?”

Jet-knot misalignment in V4641
- Aligned in SS 433
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Shown in the same
V4641 Sor vs SS 433 physical scle —

X-rays have ~20 pc offsets — acceleration site?yg
- Both in V4641 and SS 433
- Same physical origin, such as jet collimation

- Accidentally same? / Hidden inner knots in V46417

V4641°’s n1: diffuse? SS 433’s w1: shock-like
3 sharp edge?

7 [ 3
I:Iot Pot? ‘s

s
o »
'/ ba %
r 14 : " *I
| I «

’

\J
4
0. b
S mwm

SJDifflse?”

Jet-knot misalignment in V4641
- Aligned in SS 433

No outer and thermal knots in V4641?
- For future/deeper observations
2026-08-31 | TeVPA 2026 15 Naomi Tsuji (ICRR)




E2dN/dE (ergcm™2s71)

Va641 Sgr vs SS 433

- X-ray dominant SED in SS 433
- Gamma-ray dominant SED in SS 433
— Difference of B-field, surroundings, etc?

Shown in the same
physical scale —

1011 K V4641 Sgr - north HE  SS 433 - west
10-12

SS 433 west

V4641 north
10-18 F
1014
10_15 1 1 1 1 1 1

10 103 10° 107  10° 10" 10" 10's
E (eV)
Naomi Tsuji (ICRR)
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Are K-ray knots common in PeVWatron microguasars?

SS 433 and V4641
- X-ray kntos in gamma-ray lobes
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Are K-ray knots common in PeVWatron microguasars?

SS 433 and V4641
- X-ray kntos in gamma-ray lobes

Cyg X-1 and Cyg X-3
- Contamination from too bright central objects...
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Are K-ray knots common in PeVatron microguasars?

SS 433 and V4641
- X-ray kntos in gamma-ray lobes

Cyg X-1 and Cyg X-3

- Contamination from too bright central objects...
GRS 1915+105

- Quiescent phase after 2018

- Chandra observation on radio bow shock (Motta+ 2025)
- XRISM/Xtend (to be checked by Hiromasa, Megumi+)
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Are K-ray knots common in PeVatron microguasars?

SS 433 and V4641
- X-ray kntos in gamma-ray lobes

Cyg X-1 and Cyg X-3
- Contamination from too bright central objects...

GRS 1915+105

- Quiescent phase after 2018

- Chandra observation on radio bow shock (Motta+ 2025)
- XRISM/Xtend (to be checked by Hiromasa, Megumi+)

MAXI J1820+070
- One major outburst in 2018
- XMM + NuSTAR observation in 2026 (led by Caterina Tresoldi)
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Are K-ray knots common in PeVWatron microguasars?

SS 433 and V4641
- X-ray kntos in gamma-ray lobes

Cyg X-1 and Cyg X-3
- Contamination from too bright central objects...

GRS 1915+105

- Quiescent phase after 2018

- Chandra observation on radio bow shock (Motta+ 2025)
- XRISM/Xtend (to be checked by Hiromasa, Megumi+)

MAXI J1820+070
- One major outburst in 2018
- XMM + NuSTAR observation in 2026 (led by Caterina Tresoldi)

What about non-PeVatron (yet detected?) microquasars?
- Ongoing search for X-ray extended emission (with Suzuki, Shidatsu+)
- Radio data also help (Sakemi, Takekawa+)
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Are K-ray knots common in PeVatron microguasars?

SS 433 and V4641 : . o : ,

X K . | Footprints of past jet activities in surrounding medium
- X-ray kntos in gamma-ray lobes Westerlund 2 (Fukui+ 2026: Asahina+ 2017)
Cyg X-1 and Cyg X-3
- Contamination from too bright central objects...

GRS 1915+105

- Quiescent phase after 2018

- Chandra observation on radio bow shock (Motta+ 2025)
- XRISM/Xtend (to be checked by Hiromasa, Megumi+)

moderate filling factor large filling factor

MAXI J1820+070 e ®

- One major outburst in 2018

- XMM + NuSTAR observation in 2026 (led by Caterina Tresoldi) e m  aiie
— & @ jet

What about non-PeVatron (yet detected?) microquasars? <é.'/ l ® '

- Ongoing search for X-ray extended emission (with Suzuki, Shidatsu+)
- Radio data also help (Sakemi, Takekawa+)
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UNID

Unidentified UHE sources 5 (5]

TeV halo
15 (28%)




LHAASO J0341 + 9238

m LHAASO J0341+5258
» Extended, unidentified source up to

>100 TeV
* Emax ~ 200 TeV (Cao+ 2021; Kar and
Gupta 2022)

Gamma ray (Cao+ 2021)

(9%
N

[
@
[

12

4FGL J0340.4+588

Dec (deg)

w
N

57 565 56 555 55 545 54 535

R.A.(deg)

Name Size (deg) r

KM2A WCDA KM2A WCDA
LHAASO J0341+5258 0.29 — 2.98 —
1LHAASO J0339+5307 <0.22 — 3.64 —

1LHAASO J0343+5254u  0.20  0.33 3.53 1.70

7 km/s 12CO map (Dame+ 2001)

45-m Nobeyama radio telescope

Observations of
12C0O, 13C0O, and
C180 lines (J=1-0)

XMM-Newton
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LHAASO J0341 + 5258: K-ray ohservations

XMM image (DiKerby+ 2025)

LHAASO WCDA J0343 534 -

New XMM observation with ~90 ks

/ / 2

LHAllso KM2A J0343  OBackground
HER A o
=1 /

j
|
]
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LHAASO J0341 + 5258: K-ray ohservations

XMM image (DiKerby+ 2025)

LHAASO WCDA J0343 534 -

S

New XMM observation with ~90 ks

LHAASO J0341

______
S

o
»
o

3
i Prioay S ot
©,
8
@

gl L PO 2

At the very center of firstly
reported LHAASO emission
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LHAASO J0341 + 5258: K-ray ohservations

XMM image (DiKerby+ 2025)

LHAASO WCDA J0343 534 -

s

______
N

53.0

At the very center of firstly
reported LHAASO emission

New XMM observation with ~90 ks

Newly discovered extended X-ray emission

Power-law with no cutoff
NH = (1.7 £0.1)e22 /cm2
1.9 +0.1
(1.29 £ 0.05)e-12 cgs (in 0.2-12 keV)

I_
F

Softening (I" = 1.8 to 2.3) toward the outer region

—Likely PWN
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LHAASO J0341 + 5258: K-ray ohservations

XMM image (DiKerby+ 2025)

LHAASO WCDA J0343 534 -

S

New XMM observation with ~90 ks

Newly discovered extended X-ray emission
Power-law with no cutoff

NH = (1.7 £0.1)e22 /cm2

r =19=+0.1

F =(1.29 £0.05)e-12 cgs (in 0.2—-12 keV)

______
S

Softening (I" = 1.8 to 2.3) toward the outer region

—Likely PWN

—Follow-up Chandra + NuSTAR

At the very center of firstly . .
reported LHAASO emission observations in 2026
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LHAASO J0341 + 5258: K-ray and CO ohservations

XMM image (DiKerby+ 2025) Nobeyama 2CO image with V =-40 to 10 km/s (Tsuji+ 2025)
LHAASO WCDA J0343 634 7] X-ray: 4 ROSAT sources (Boller et al. 2016)
Pulsar: PSR J0343+5312

() GeV: 4FGL J0340.4+5302
LHAASO J0341

2026-08-31

Ry -
555 5
2 7 | !
. 1 :
.J0343 oBackg_rggnd s g ] LT - *

NS ’ 0]
e —\‘!'."\,! Primary Source

\
\

Molecular clouds

At the very center of firstly * d<~1kpc Wp ~ 10%4-10% erg

e n=100- 3
reported LHAASO emission n = 100-1000 cm
| TeVPAZ020 Naomi Tsuji (ICRR)



Galactic Latitude

LHAASO J0341 + 3298: LOFAR observations (Edier+ 2026)

144 MHz map by LOFAR
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Galactic Latitude

LHAASO J0341 + 9298: LOFAR ohservations (Edier+ 2026)
144 MHz map by LOFAR 10
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Galactic Latitude

LHAASO J0341 + 5258: LOFAR observations

144 MHz map by LOFAR
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Background galaxy cluster? (Edler+ 2026) <
—|f so, not associated with the gamma rays
SNR-MC interaction (Roy+ 2026)
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Galactic Latitude

LHAASO J0341 + 5258: LOFAR observations (Edler+ 2026)
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K-ray and CO studies of PeVatron candidates

First round “dark sources” (X-ray Pl: Kaya Mori)

nature First 12 UHE sources

Explore content v About the journal v  Publish with us v Subscribe source name source type X' ray Co
natue » atiles » artce LHAASO J0341+5258 PWN-like? Extended Yes
Article Published: 17 May 2021 ’?
Ultrahigh-energy photons up to 1.4 petaelectronvolts LHAASO J2108+5157 ; No Yes
from12y-ray Galacticsources 1LHAASO J0622+3754 | Pulsar + halo Point-like Nobeyama 2026
Zhen Cao 9, E. A. Aharonian &, Q. An, Axikegu, L. X. Bai, Y. X. Bai, Y. W. Bao, D. Bastieri, X. J. Bi, Y. J.
Bi, H. Cai, J. T. Cai, Zhe Cao, J. Chang, J. F. Chang, X. C. Chang, B. M. Chen, J. Chen, L. Chen, Liang 1LHAASO J1956+2921 PWN? |_|ke|y extended Yes
Chen, Long Chen, M. J. Chen, M. L. Chen, Q. H. Chen, ... X. Zuo  + Show authors
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K-ray and CO studies of PeVatron candidates

First round “dark sources” (X-ray Pl: Kaya Mori)

nature First 12 UHE sources

Explore content v About the journal v  Publish with us v Subscribe

nature > articles > article

Article Published: 17 May 2021

Ultrahigh-energy photons up to 1.4 petaelectronvolts
from 12 y-ray Galactic sources

Zhen Cao 9, E. A. Aharonian &, Q. An, Axikegu, L. X. Bai, Y. X. Bai, Y. W. Bao, D. Bastieri, X. J. Bi, Y. J.

Bi, H. Cai, J. T. Cai, Zhe Cao, J. Chang, J. F. Chang, X. C. Chang, B. M. Chen, J. Chen, L. Chen, Liang
Chen, Long Chen, M. J. Chen, M. L. Chen, Q. H. Chen, ... X. Zuo  + Show authors

OPEN ACCESS

The Astrophysical

Source name Source type X-ray CoO
LHAASO J0341+5258 PWN-like? Extended Yes
LHAASO J2108+5157 ? No Yes

1LHAASO J0622+3754 | Pulsar + halo Point-like Nobeyama 2026
1LHAASO J1956+2921 PWN? Likely extended Yes

Second round “off-plane and dark sources” (Pl: Jooyun Woo0)

First LHAASO catalog Source name Source type X-ray CcoO

THE ASTROPHYSICAL JOURNAL 1LHAASO J0007+5659 Dark Yes
I LHAASO J1821+0726 Microquasar N)ﬂg.l:.n ATR No
The First LHAASO Catalog of Gamma-Ray Sources 1LHAASO J1839-0548u Young PWN? in 2026-2027 Yes
Zhen G0, ANaronan, @ An Axikegu, 1. X. B2l Y. W Bao, D Baster X. . 1, Y. 4 81, . . Ca 1LHAASO J1954+3253 | Bow-shock PWN? Yes
oA s St S e Penut region Dark — No
1LHAASO J1959+1129u LMXB? — No

1LHAASO J1740+0948u PWN Extended No
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K-ray and CO studies of PeVatron candidates

First round “dark sources” (X-ray Pl: Kaya Mori)

nature First 12 UHE sources
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OPEN ACCESS

Source name Source type X-ray CoO
LHAASO J0341+5258 PWN-like? Extended Yes
LHAASO J2108+5157 ? No Yes

1LHAASO J0622+3754 | Pulsar + halo Point-like Nobeyama 2026
1LHAASO J1956+2921 PWN? Likely extended Yes

Second round “off-plane and dark sources” (Pl: Jooyun Woo0)

First LHAASO catalog Source name Source type X-ray CcoO
THE ASTROPHYSICAL JOURNAL 1LHAASO J0007+5659 Dark Yes
I LHAASO J1821+0726 Microquasar N)ﬂg.l:.n ATR No
The First LHAASO Catalog of Gamma-Ray Sources 1LHAASO J1839-0548u Young PWN? ig 2026-2027 Yes
o i 0. kg X B s 0 st kBBt (L HAASO J19544327 T T T R B
Penutregion  Ryohei’s talk for CO studies ™.Mon. afternoon
1LHAASO J1959+1129u LMXB? — No
1LHAASO J1740+0948u PWN Extended No
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Unassociated gamma-ray sources

“Isolated black holes in MCs as dark PeVatrons”

SSK, Tomida, Kobayashi, Kin, Zhang 2025

Molecular Cloud

Rye~10°=10%em”  (Kimura+ 2025)

= K-ray hinaries?
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Unassociated gamma-ray sources = K-ray hinaries?
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Unassociated gamma-ray sources = NK-ray binaries?

“Isolated black holes in MCs as dark PeVatrons” “Microquasar remnants as hidden PeVatrons”

M (7 < o) MOR (& > 1)

SSK, Tomida, Kobayashi, Kin, Zhang 2025

’ Pool of nonthermal parficles

Central engine shutdown
Binary system e o

4 Overpressured cocoon

Sh IgeO ’S tal k M: |V|0n . afte rnoon (KImU ra+ 2025) Injection of relativistic particles M(t;l::l:lu:(;l&t;d (Abar0a+ 2025)

(terminal jet)
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Unassociated gamma-ray sources

“Isolated black holes in MCs as dark PeVatrons”

SSK, Tomida, Kobayashi, Kin, Zhang 2025

Shigeo’s talk ° Mon afternoon

(Kimura+ 2025)

10910L > 100Tev (€r9/S)

K-ray binaries?

“Microquasar remnants as hidden PeVatrons”

MQR (¢ > 7o)

M ( < £o)

.

Pool of nonthermal parficles

Central engine shutdown

Binary system e o

4 Overpressured cocoon

Molecular doud

Injection of relativistic particles
(ot to scale)

(terminal jet)

(Abaroa+ 2025)

30.5 31.0 315 32.0 32.5 33.0 335 34.0
T T 1
------- LN B B e S B B B B B B B B B B B e B e
O not visible by LHAASO J10%
L1 visible by LHAASO OI N O 6
i ivera-Nieto+ 202 ongmoo™ .
goODOOoQOOOODOQ
L -OD.DQoool:\OODOQOQOOOO J10%
oongo?DOODOOQDU
L oo@RO 41028
oo
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MOUNOANOYTNNRONMO >0ONNOITOAOORNAHRNNTONNNTROAMAMATINOMN—AOENTIYIT OVRNEOEMON N TG
NMOAXNOANNTNOINMIOTANNONTIORNANYNATINNONTNHONMNMANTIARONMANNODROO g SO0NINGmFso LY
QOO LAdTA+ANTOTMIDN+ONOWMMOON OMNM\DOQNHVNNONNQQHVOQO NN 20NQYNET Ao 0
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Unassociated gamma-ray sources

“Isolated black holes in MCs as dark PeVatrons”

SSK, Tomida, Kobayashi, Kin, Zhang 2025

Shigeo’s talk “,Mon. afternoon = (Kimura+ 2025)

Binary system

Injection of relativistic particles
(terminal jet)

K-ray binaries?

“Microquasar remnants as hidden PeVatrons”

M (7 < o) MOR (& > 1)

Pool of nonthermal parficles

»

Central engine shutdown

4 Overpressured cocoon

Molecular cloud
(ot to scale)

(Abaroa+ 2025)

10910L > 100Tev (€r9/S) Binary,
30.5 31.0 315 32.0 325 33.0 335 34.0 7(13%)
T T 1
— T T T LI B B B e e e
gmsa_ O not visible by LHAASO J10%
L1 visible by LHAASO O H H
L | livera-Nieto+ 2026 o800l I
E coogoomeoo09e0Con? 26 (48%)
G100k 000000QQQROQO J10% 0
A OOQDQIODIDQ
noonomo¢moQD
F o0k 4oBod H10%
a [ LT N TN T T T TN Y N N T T T T YN Y N O U T T T Y NN A A T T T ST Y Y AN T T T T YO Y O N S T W T Y Y O N T T T T Y Y Y O T T W W
MONANOTANNRONMO »ONNPITOAOONHIONNTONNNHROIMAMATNOMAN—TRENTITITORNSOEMONN T
MO AX NN TINRANMIOTNNONTORNA Y MNATNNORNYINANNMANT AR MANNO0RNO G >N PN EmMFToL?
QOO PTATH+ONTOTMINAN+OIHONMSON ER R S B A I S e R CE- Rt NALA0NNINNET A8
P LD SR TNV D+ MAR G SO MA TR+ +MO DG ATM PRI NMNARASED b NARZdddRedor+2niaN+2s 15 (28%)

D gamma-ray sources spatially correlated w
gamma-ray activity linked with radio jets
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What's true fraction of PeVatrons,
including the southern sources?
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summary

m (Sub-)PeV gamma-ray astronomy

=> Diverse classes of Galactic PeVatron candidates
» Microquasars and Dark/unlD sources
* SNRs, PWNe, Star clusters, and GC (not covered in this talk)

m Microquasars
» Extensive X-ray survey of SS 433 and V4641 Sgr with Chandra, XMM, NuSTAR, IXPE,
XRISM, and EP/FXT
» X-ray knot-like emission both in SS 433 and V4641
- Acceleration sites?
- Common key features in PeVatron microquasars?

m Dark/unlID sources
* Our X-ray survey revealed PWN-like emission in a few LHAASO unID sources
* Are unlD gamma-ray sources microquasars?
« — Ongoing MWL studies
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UNID

sliperiova remnants 26 (45%)

TeV halo
15 (28%)




PeVatron SNRs?

T TTTT

s (Funk 2015)
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SNRs have cutoffs at 10s TeV
—Challenging to be PeVatrons
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PeVatron SNRs?

i we (Funk 2015) E
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SNRs have cutoffs at 10s TeV
—Challenging to be PeVatrons
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The latest >100 TeV detection from
several SNRs revived the interest of

PeVatron SNRs (LHAASO Collab. 2026)
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Cas A: NuSTAR located the most energetic electrons

NuSTAR (15-50 keV)

2.4 Ms NuSTAR
observation in 2012
(Grefenstette+ 2015)
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Cas A: NuSTAR located the most energetic electrons

Hard X-ray flux decreased

by 15% over 10 years
NuSTAR (15-50 keV) —requires freshly injected

accelerated particles
(Woo+ 2025)

HEAO 1 A-2 (1978)
CGRO (1996)
RXTE (1996)
BeppoSAX (1997)
Suzaku (2006)
NuSTAR (2013)
NuSTAR (2023)

15-50 keV flux

He R x4+

Fis_s0 (ergs

1990 2000 2010 2020 2030
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Multi-epoch NUSTAR observations of young SNRs

1) NuSTAR spent mega-seconds to look for Ti44 nuclear lines

2) We can search for hard X-ray variability (synchrotron) over ~10 yrs

~1900

Slide by Kaya Mori
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Presented by M. Lundy
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at Columbia U



Multi-epoch NUSTAR observations of young SNRs

1) NuSTAR spent mega-seconds to look for Ti44 nuclear lines

2) We can search for hard X-ray variability (synchrotron) over ~10 yrs

-1.5 to +1.5%/yr changes in

Supernova type

Age (yr)
Distance (kpc)

350
3.4

~1660s

Analyses done by
Ceaser Stringfield, Lain
Brewer, Matthew Lundy
at Columbia U

young SNRs

—m—

100
8.5

420
6

450
2.5

+12
(3

-15% /10yr

Flux change (15 -50 keV)

~20 keV)

% /8yr 0% /10yr

(15 - 25 keV)

Preexisting [ =24
Electron =
T E.t <4TeV

r<22
E.ue < 36TeV

Injection r

spectrum

r=22
E.u < 10TeV

Eoue <32TeV

<22
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Binary,
7 (13%)

LJ UNID
Pulsar, PWN, TeV halo 26 457

TeV halo
15 (28%)




Three PWN evolution stages

® Many PWNe are associated with Galactic TeV sources.

® PWNe are powered by pulsar’s rotational energy:

® Particle injection, propagation and cooling => complex MW morphology

Young PWN (T < 108 yrs) Middle-aged PWN(T ~ 10%-° yrs) Pulsar halo (T > 10° yrs)

Slide by Kaya Mori B. Olmi (2024)



Some of the middle-aged PWNe are PeVatrons PWN evolution models
(Gelfand+ 2009, Torres+

NuSTAR LP program of 8 TeV-detected PWNe (PI: K. Mori) 2014, Park+ 2023)

Fit two different PWN SED models (1) Inject pulsar’s spin-down
— One-zone time evolution (VIPER; Gelfand group) @) ET;T\?Z \I/\r/]ittﬁ lcj:c\f\clnwr?g
— Multi-zone and Monte-Carlo simulation (An group)

‘- Electron

7250,

Emax ~ 1-2 PeV => PeVatron PWNe

||||||
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