Conferenza ltaliana di Plas
2026 3 -6 febbraio 2626

LHAASO J2018+5157 *

|
|

Galactic latitude Eg
o

186

The O r”“g”°1iih§ff7:mcosm ic Rays:
themrmportance of multi-

v LHAASO J1908+0621

LHAASO J1849-0003 #® }‘,\{_ I
* LHAASO J1843-0338 |\ @ )

LHAASO J1839-0545

LHAASO J1825-1326

Martina Card:l(o
APS<(NASSE




Credits: C.Evoli

TOPIC: Cosmic Rays (from 1912)
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But also the Galactic
Component s not so bright
and clear

Recent results by 16000
CALET/DAMPE show — 14000
that the region below 1 E
PeV may not be as
featureless as we
LHC ? thought, showing
hardening and
Y| | | steepemailmg between :LOC{DO
GeV and 100 TeV and a
10° 10° 10° bump a 10 TeV L Oncarainy bond 0APE)
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.study CRs
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How can we study CRs?

Direct Detecti
[ ,(‘;Eeflooe Zce\})o 3 J [Space Based J

Particles : .
* Proportional tubes and scintillators (e.9. CREAM, TRACER)
'« Magnetic Spectrometers and silicon tracker (e.g,. PAMELA, AMS-02)

Gamma-rays
»  Silicon Tracker and ca(oww\eter (AGILE; Ferwu -LAT)

Indirect Detection
[ (E>100 GeV) [ Ground Based ]

Particles&Gamma

»  Scintillators and Multiple Resistive plate chambers (e.g. KASC’ADE Cfmmde
Tibet AS gamma, Argo ). * Nt =

. Water Cherenkov (e.g. Milagro, HAWC) {4 |

+  Hybrid: water Cherenkov and fluorescence (e.g. Auger) or scmtl((ators (e.g.
LHAASO)

Gamma-rays
* Imaging Atmospheric Cherenkov Telescope (e.g. HESS, \/ERITAS MAGIC =
ASTRI-MA, CTA) . ,



The issue: Cosmic Ray origin (in a nutshell)

The main: *° ENERGY SUPPLY: Lcg = 10% Lgy
: * COLLISIONLESS SHOCKS: energy dissipated via wave—particle interaction
candidates: instead of particle—particle collisions.
Su pernova STRONG SHOCKS & Diffusive Shock Acceleration
Remnants « MAGNETIC FIELD AMPLIFICATION
* Indirect evidences in the X-ray and optical bands

Direct evidences Sl e ﬂ

our only hope.”

Low -E V\erg[eg Pion bump detection: Pevatrons > g-ray at E>100 H fgb\— E y\erg{es
{_» distinction leptonic/hadronic TeV only of hadronic F I
(from space) only at E<200 MeV origin (maybe...) (from Earth)
Same SEDs rescaled at 500 MeV Possible Detection <
i Confirmation of problem > e I
2 the presence of CRs P 6VO}W ons only in Z
g [Giuliani,Cardillo+2011] the first 100 years ke
£ but no SNRs [MC+2015]
g detected at E>100 Gamma-ray from
o TeV MCs illuminated by

escaped CRS (Gabici
04, Mitchell 21, Celli23)




The issue: Cosmic Rag origin (in a nutshell)
| OTHER SOURCES?

Some First hints of PeVatron emissiom
from different source typology but
~only in the Crab were seen gamma

photons > 100 TeV

LHAASO, Nature, 594, p.33-36, 2021

LHAASO detected a lot oF Pe\/eé‘rom . DY

(Cao+21, Cao+24)

S >
/’.',7

: Good news: »'
‘There are a lot.of poss:b(e candidates e e
PeVatrons ( PWNe, MQs, YMCs, MQs) | e Sz
. Bad news: A ~
~ Also electrons reach’ E>100 TeV > Pevatron
~emission is no move a hint of CR acceleration
* Very low angular Resolution > it is very
fficult to understand the source tgpo(bgy




—— CTAO Northern Array
---== CTAO Southern Array

 Better Angular Resolution > in this way we
can limited the PeV gamma-rayu emission
* ASTRI Mini-Array and the Cherenkov
Telescope Array Observatory (CTAO)>
important need to multi-frequency view

CTA-South
50 hours

E’x Flu

10™" 1 10 10?
Reconstructed Gamma-ray Energy ER (TeV)

» Neutrino detection > If in correspondence of gamma-ray

emission, it can be due only to CRs
« Problem: Current neutrinos detector have no sufficient

sensitivities and data format totally different from the
gamma -rays

+ An MeV-focused Mission in order to detect the pion
bump in corvespondence of the LHAASO candidates

PeVatrons
* Problem: no proposed MeV missions have passed

any selection criteria > MeV gap




cherenkov the observatory for
telescope ground-based
array gamma-ray astronomy

Serra La Nave Teide Observatory A S ey
(Sicily) (Tenerife) = e
Scuderi et-al. 2022, JHEAP, 35, 52 CTA South (C'Ie)
ASTRI Mini- Vercellone et al., 2022, JHEAP, 35, 1 —— R Y
DAl et al., 2022, JHEAP, 35, 139 0 : i A CTAO Southiam Aray

Array '
Sensitivity Satumni et al. 2022, JHEAP, 55,91

S

E? x Flux Sensitivity (erg cm? &)
Angular Resolution (%)

-Array
Angular Resolution

1.00 10.00
Energy [TeV]

1 10 ? 1 10 10?
Reconstructed Gamma-ray Energy E_(TeV) Reconstructed Gamma-ray Energy ER (TeV)

CTA Sensitivity CTA Angular_Resolution

. CTA website (

End to end approach

E? x Flux Sensitivity [erg cm? s7']

Core Science program in the first 4 yrs )

Important synergies with ~ Northern

1.00 10.00

Enorgy (TeV] ' ground based gamma-ray facilities LST1, La Palma
(Canarian Islands)



https://www.cta-observatory.org/science/ctao-performance/#1472563157648-91558872-faf1
https://www.cta-observatory.org/science/ctao-performance/#1472563157648-91558872-faf1
https://www.cta-observatory.org/science/ctao-performance/#1472563157648-91558872-faf1
https://www.cta-observatory.org/science/ctao-performance/#1472563157648-91558872-faf1
https://www.cta-observatory.org/science/ctao-performance/#1472563157648-91558872-faf1
https://www.cta-observatory.org/science/ctao-performance/#1472563157648-91558872-faf1
https://www.cta-observatory.org/science/ctao-performance/#1472563157648-91558872-faf1
https://www.cta-observatory.org/science/ctao-performance/#1472563157648-91558872-faf1
https://www.sciencedirect.com/science/article/pii/S2214404822000180
https://www.sciencedirect.com/science/article/abs/pii/S2214404822000350
https://www.sciencedirect.com/science/article/abs/pii/S2214404822000350

Multi-frequency and multi-messengers:
FAIR Data policy and standard Format

Toward an Open Observatory:

* MAGIC, HESS, VERITAS:
internally managed and no archives

* LHAASO
releases science-ready products such as
source catalogs; direct access only for the
collaboration.

* ASTRI Mini-Array
initially internally managed experiment,
but it is designed to evolve into an open
observatory

« CTAO s designed as an open. observatory,
data and software available to the
scientific. community according to FAIR
principles (Findable, Accessible,
Interoperable, Reusable).

From GADFE to VODF

GADF - Gamma-ray Astro Data Formats: first step
toward standardization of high-level IACT gamma-ray
data > _Limitations: gamma-only, instrument-oriented,
not multi-messenger ready

VODF — Very-High-Energy Open Data Format for VHE
gamma-ray & neutrino astronomy: open data model &
format.
* Standardizes data from reconstructed events to
high-level products (maps, spectra, light curves,
catalogs).
* A community-driven initiative (CTAO, ASTRI,
H.E.S.S., MAGIC, VERITAS, HAWC, Fermi-LAT,
lceCube, KM3NeT, SWGO, FACT)
* Designed for interoperability, IVOA compliance,
and FAIR data principles.
» Common tools - multi-instrument analyses across
the VHE and multi-messenger landscape.

[Khelifi+2023 ICRC23. proc., Unbenhaum+23]) -



We need to fill the MeV gap
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Waiting for big missions... do Small missions



IMPORTANT MESSAGES

<+ Cosmic-ray origin: a Very Hot Topic since 1912!!

< Several candidates hadroni¢ PeVatrons
> Pulsar Wind Nebulae, Supernova Remants (with MCs), Yoyng Massive Star
Clusters and Microquasars |

< The future in the VHE domain is related to LHAASO, ASTRI-MA and CTA and their
synergy with other instruments
> multi-frequency approachiand FAIR data policy

% The collaboration between gamma-ray and neutrino communities will be
fundamental in order to solve the CR origin issue
> importance of VODF

< We need satellite for the MeV energies
>pion bump. detection from PeV candidates

Co((abomtlon, cross—correlation, transparency and bottom-up approach.
WIll it be ever possible?
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PWNe:
The majority! (statistics)

—— Maximum efficiency 7 Leptonic Or’gln O'F gamma'
¥ LHAASO maximum energy { 37;»? rays > 100 TeV ’s DOSSlble’”
/ | > IC on BKG photon field

(Breuhaus+ 2022]

J1925+1720 J1907+0602~

J2032+4J1129754+2836 |1928+1746 [[/626-1256  2229+6114

; 1838-0537 If there are protons

]1958+2846 X (hadrons): ~few % Of the
BRI Ota| energy (Guepin+ (2020))

and pp emission may show

up in the high energy tale of

1C emission

18410345, ~ 4
) b ¥

J1844-0346 Crab

:]1907+0631 : Very Complex
g : —— Environment and low
; angular resojution
Microquasars
5 MQs detected at 55-5 above 100 TeV (a)
E>100 TeV o

GS433 possible hadroniC#f 55
emission :

- 50
MQs seem to provide
hatural intexpretation

Of both CR.@hd gamma- | 4o
ray data (Kaci, Giacinti, = | LHAASO coll. 2024 (O

Aharoniah 2025) D895 2690 2885 2680 2675 2670 2865

-45

Young Massive Clusters (t < Myrs)

Acceleration at 1 PeV at Wind 4FGL J2028.6+4110e
Termination ShoCks (Morlino Low-energy
2021, Vieu et al. 2022)

—
1

Collective effects Cah geherate
3 Collective ourflows (right
amount of power [Vink 2022))

Several physical ingredients to a

deep analysis (Morlino CTAO
general meeting)

EZ dN/dE [MeV cm™2 s

Cygnus Region
Little contribution to the CR
production to avoid a hew E [MeV]
understanding of the GCR.
trahsport (Blasi 2025)

Supernova Remnants
Cao+ (LHAASO. coll) 2024

Lemoine-Goumard, talk Gamma2022

Several middle aged > how is it

Fermi-LAT poss,ble‘)
§ LHAASO

]
&
o

5

1. Something wrong in
theoretiCal models
2. illuminated clouds scenario

W51 region: Likely, due to
SNR/MC interacCtion or trapped
CR emission (MitchellsCelli2¢,
gunny, Cardillo + iun prep.] >
possible first Case of SNR with
"pion bump” ahd PeVatron
emission

EZdN,/dE, [erg s~ cm™?



Movre kinds of sources are better than one

1020 -

: ““"ﬁ ;__/—ﬁllﬁ

Vieu&Revill 2023 Auger 10% 4 :
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Tunka
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Outer Galaxy
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Pevatrons, shopping list

- " Wide FoV w:th almost homogeneous off-axis acceptance

- v Multi-target fields, surveys, and extended sources (GC, SNRs, TeV I/\alos)
4 Emb\amced chance for serendipitous discoveries

= Sensitivity: better than current IACTS (E > 10 TeV):
v’ Extended spectra for PeVatron confirmation and Iepto/hadro origin
discerning (SNRs, Micro-quasars, PWN)
v Diffusion coefficient comstmmts (Gamma-Cygni; SNRs, TeV I/\alos)

" Emergg/Amgu(ar reso(utlom < 10% / <0.1° (E £ 10 TeV)
v Characterize extended sotirces W\orpb\o(ogg
v Energy dependence

' Y |
[dentification acceleration regions I ot

v MW assoc:atl PR LHAASO diffuse emission)
' ' Burley et al. ICRC23 (Neutrino
4 .Specfzjml Shape (hadrons vs leptons) | BT oot andis S
e - And we would like also e

| | | o ; ’ lec! Now please, tell ine anot
V7 4 = _ " a neutrino detection, thanks! Pl 1




Very well studied phase due to the

“reflection” of particles back and
forward through a source shock
[first order Fermi acceleration]

ACCELERATION

The detection of emission from

ESCAPE | pa"'tl?(@'s (n tlf\ls Plf\ase .I.S very
difficult > theoretical RR 7 Pl
complexity. | g
,“ s The last phase before reaching our
.', g ’
R Earth. Consequently, it takes
£ . PROPAGATION almost all our attention thanks
/ g , f to a lot of data collected in the
| |
I’t‘t (3 “‘ MAKE GIFS AT GIFSOUP.COM (aSt years'



The main
candidates:
Supernova
Remnants

Low-Energies
(from space)

Same SEDs rescaled at 500 MeV
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=
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o
wl

The 1ssue: Cosmic Ray origin

ENERGY SUPPLY: Lcg = 10% Lgy
COLLISIONLESS SHOCKS: energy dissipated via wave—particle interaction
instead of particle—particle collisions.

STRONG SHOCKS & Diffusive Shock Acceleration:

MAGNETIC FIELD AMPLIFICATION P gt
up 3+ M?

Direct evidences

Pion bump detection:
distinction leptonic/hadronic
only at E<200 MeV

Pevatrons - g-ray at E>100

TeV only of hadronic

origin (maybe...)

Confirmation of
the presence of
CRs but not of
fresh acceleration
(likely RE -
accelerated or D

suppression)
[MC+ 2016, Celli+

the first 100 years

Possible Detection
problem >
PeVatrons only in

>
L]
n
L)
E
o
—
w
b
=
=
[+ ]
w

[MC+2015]

2014]

Gamma-ray from
MCs illuminated by

escaped CRS (Gabici
04, Mitchell 21, Celli23)

Mg > 00 , R—> 4

"Help us Molecular
Clouds: you are
our only hope.” |

High-Energies
(from Earth)




Radiative procesess: leptonic vs hadronic problem

>

E*F(E) Lo 0

0
" decay ; 4 Inverse

Compton




1 APEX+Planck: Dust
Galactic Center P
Konsortium/Csengeri+ 201.6)
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"PeVatrons' storm from LHAASO
OUR GALAXY IS FULL OF "PEVATRONS"I!I

LHAASO, Nature, 594, p.33-36, 2021

LHAASO 118490003 *

Conn+L2 1

'S

Galactic latitude (deg)
@

186 185 184 183
Galactic longitude (deg)

Table 1| UHE y-ray sources

Source name
LHAASO J0534+2202
LHAASO J1825-1326
LHAASO J1839-0545
LHAASO J1843-0338
LHAASO J1849-0003
LHAASO J1908+0621
LHAASO J1929+1745
LHAASO J1956+2845
LHAASO J2018+3651

% LHAASO J2032+4102

LHAASO J2108+5157

LIAANCTY

12 "PeVatrons"
discovered with
high significance

i .

LEPTONIC = | §
Or (/ a2 /
HADRONIC?

icance above 100 TeV (xo) E....(PeV) Flux at100 TeV (CU)
0.88+01 1.00(0.14)
042+016 3.57(0.52)
0.21£0.05 0.70(0.18)
0.26 -0.10'01® 0.73(0.17)
0.35+0.07 0.74(0.15)
0.44+0.05 1.36(0.18)
0.71-0.07*%16 0.38(0.09)
042+0.03 0.41(0.09)
0.27+0.02 0.50(0.10)
142+ 013 0.54(0.10)
0.43+0.05 0.38(0.09)




Extended Data Table 2 | List of energetic astrophysical objects possibly associated with each LHAASO source

LHAASO Source Possible Origin Type Distance (kpc) Age (kyr)® L, (erg/s)® _Potential TeV Counterpart®
LHAASO J0534+2202 PSR J0534+2200 /PSR '\ 2.0 1.26 4.5 x 10%® | Crab, Crab Nebula
LHAASO J1825-1326 PSR J1826-1334 PSR 3.1+0.27 21.4 2.8 x 1035 | HESS J1825-137, HESS J1826-130,
PSR J1826-1256 / PSR \ 1.6 14.4 3.6 x 10%6 | 2HWC J1825-134
LHAASO J1839-0545 PSR J1837-0604 PSR 4.8 33.8 2.0 x 106 | 2HWC J1837-065, HESS J1837-069,
PSR J1838-0537 / PSR \ 1,5° 4.9 6.0 x 10%® | HESS J1841-055
LHAASO J1843-0338  SNR G28.6-0.1 SNR \ 9.6 + 0.3/ < 2f — HESS J1843-033, HESS J1844-030,
/ 2HWC J1844-032
LHAASO J1849-0003 PSR J1849-000’ PSR 79 43.1 9.8 x 10%% | HESS J1849-000, 2HWC J1849+001
w43 YMC 556 — —
LHAASO J1908+0621  SNR G40.5-0.p SNR 3.4 ~ 10 — 20V - MGRO J1908+06, HESS J1908+063,
PSR 1907+06(2 PSR 2.4 19.5 2.8 x 1036 | ARGO J1907+0627, VER J1907+062,
PSR 1907+0631 PSR 3.4 11.3 5.3 x 103 | 2HWC 1908+063
LHAASO J1929+1745 PSR J1928+17}6 PSR 4.6 82.6 1.6 x 10%6 | 2HWC J1928+177, 2HWC J1930+188,
PSR J1930+18p2 PSR 6.2 2.9 1.2 x 1037 | HESS J1930+188, VER J1930+188
SNR G54.1+013 SNR g3ina 1.8 —3:3F —
LHAASO J1956+2845 PSR J1958+2846 PSR 2.0 217 3.4 x 10% | 2HWC J1955+285
SNR 666.0-0.6 SNR 2.3 £0.2¢ — —
LHAASO J2018+3651 PSR J2021+36 PSR 18t 172 3.4 x 10%% | MGRO J2019+37, VER J2019+368,
Sh 2-104 5\ H II/YMC 3}3 +0.3™/4.0 £+ 0.5" = - VER J2016+371
LHAASO J2032+4102  Cygnus OB2 YMC 1.40 + 0.08° — — TeV J2032+4130, ARGO J2031+4157,
PSR 2032+4127 PSR 1.40 + 0.08° 201 1.5 x 10%° | MGRO J2031+41, 2HWC J2031+415,
SNR G79.8+1.2 \SNR candidate e - s VER J2032+414
LHAASO J2108+5157 — \ — / — — — —
LHAASO J2226+6057 SNR G106.3+2.7 SNR 0.87 ~ 107 — VER J2227+608, Boomerang Nebula
PSR J2229+6114 SR 0.87 ~ 107 2.2 x 1037




LHAASO .first catalog T keey, ;

(Cao+2024) IR the Nopgye

Sarce o
SO J1219+2915 0.99:+£0.07

£0.03

0.490.08 309+

1410 63.77

+000((

11809191 KM2A -19.9 3 < £0.26 ESS J1809-103 (0.2

11813 0.01 6.86:0.16 3 012 MGRO J1908+06 (0.07)
7.970.
AASO J1814
ASO J0249+6022
J1912+101du
AASO J

0.56) SO J1913+C
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30 (0.14)
10, 0.15)

10.40-0.56 2.

J1831-098 (0.2

307.90

0.004
0011

WCDA

HAWC 3 KM2A®

3051.1+00.3 (0.29 oA

0-£0.03 8 LHAASO D84+-5157 (0.06)
AASO 1 ] : : 201 g 5 (0.09 = e -
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12 PeVatrons

Possible SNRs



o Mini-Array|

e 7 out of 9 telescopes fully assembled
® Remaining 2 telescopes to be delivered next year
e Second camera scheduled for installation next month

e Subsequent cameras to be deployed in the following months

Themis

‘Giuliani talk at PeVatron meeting
2025






Radiative procesess (MW importance)

Synchrotron Radiation

Magnetic-field lines

\i’:;‘f’"
i

\Gamma ray

- 88
Positively charged %
nucleus

Bremsstrahlung

Meson Decay

(1) Proton hits nucleus

g
J\1\1\4‘

(3) Meson decays into
gamma rays

PR f“\r

Fast moving
eleclton

jv
\ _____ '
/ Low-energy V%

photons

Bt

Inverse Compton Scattering

ngh energy
gamma ray

P+ Ptarget 2> P T Ptarget T T

0

1TO—>y+y

>

But we have
a big
problem...

No deviations = source
direction

Same spectrum of primary
protons

@ =10% Ef

Ev:demce Pion bump

E~2 dN/E




| Theory | Where do most CRs come from? . (Observations |

< Energetics
Per ~ 10 - 10%* erg/s

< Power-law injected spectrum
= Required from DSA theory

% Maximum energy
= They must explain the PeV
proton energies

“* Anisotropy
* Source distribution has to be
correlated with CR anisotropy
(at PeV, ~10-3)

<. Composition
» Theymust explain CR
composition and its energy
dependence

Receipt to
bea CR
source

MC&Giuliani 2023

s Detected VHE-UHE Ewmission

 Spectral curvature
= Signature of Emax, KN,
spectral breaks

< Spatially -resolved emission

< Correlation with target material
* Not perfect: i.e. emission (s
convolution of CR distribution
with gas

< Energy-dependent morphology
= Expected in general due to
energy dependence of transport
and/or cooling

* A multi-wavelength counterpart!



Other sources!?
B.L.



Okoo. : . ' ’
' NOT 1F I
We have some hints of . s"gaﬁ:{; MNOT

emission around 100 TeV, .
but [us’c one PeVa’cron (’che

Crab)... ‘
And it could bC q ICPJCONIC | ORIFIM NOT{SURE OF BEING
| SURBAT|ALL

z one

‘ ...when suddenly...



Other sources?
A.L.
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ASTRI Mini-Array

Location 28" 18" 04" N
167 30" 38" W
Altitude [m] 2,390
FoV 9.6°

Angular Res. 0.05% (10 TeV)

Energy Res. (12)% (10 TeV)

Energy Range (0.3-200) TeV

ASTRI Mini-Array |

MAGIC VERITAS H.E.SS.

31° 40" 30" N 237 16" 18" 5

28" 45" 22" N

17°53" 30" W 110°57 78"W 16" 30 00" E

007" (1TeV) 0.07 (1TeV)
17% (1 TeV)

(0.08-30) TeV

0.06° (1 TeV)
16% (1 TeV) 15% (1 TeV)

(0.05-20) TeV (0.02-30) TeV©

HAWC

18" 59' 41" N

a7 18" 21" W

4,100
2sr
(0.15-1)«
30% (10 TeV)
(0.1-100) TeV

Mini-Array

LHAASO

20" 21" 31" N
100° 08" 15" E

4,410

2 ar

~ 0.2°" (10 TeV)
60% (10 Tev)®
(0.1-1,000) TeV

= Wide FoV.with homogeneous off-axis acceptance.
v Multi-target fields, surveys, and extended sources

v Enhanced chance for serendipitous discoveries

31
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Q

K- A ; o ® : ; cta cherenkov  the observatory for
A , an A ‘ d o l ' telescope ground-based
S R l\ ’ M ' V\'l Vray a V\- A array gamma-ray astronomy
Ll

Mini-Array
-10
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» : W - : 025 T lll' T LI | llllll T il IIIIII T K= lllll[’

q:: - - Sf\é(;iph HAWC e : - B —— CTAOQO Northern Array % \ ]
}E “ _ \ 5507 days : i I T L CTAO Southern Array ]
2, = 0 heurs : P- — - .
. = . ASTRIMA N = 5 - ]
o - : - O 2\

(D) = 0.15—= ) -

N oa-12 — S B Z i
. 10 = = 8 » » "
RN | ]
~ -~ CTA-South \{ TNGH JPZ s .S o1 =

o K 50 hours i G 3 1 2 - .
ﬂ 1()—].z ,___ 0000000600008 20AGA Nspsssesesccsssensnssssssas . pasesesescsdy .‘.l ..... . ] l/ < ™ n

E 0.05— Angular ]
- Sensitivity - vesolution e—r ]
1()_]4 | L L 1 | l L L L L ] L | I L ] | L i L N O_ ool Lol ol vl ]
I 2 3 4 5 10 16™ 1 10 102
loe (E ] GeV) Reconstructed Gamma-ray Energy ER (TeV)
©10

= Sensitivity: better than current IACTs (E > 10 TeV):

v Extended spectra and cut-offs contsraints Vercellone+ 2022,
Scuderi+ 2022,

CTA website,
» Energy/Angular resolution: < 10% / £ 0.1° (E £ 10 TeV) MC&Giuliani 2023
v’ Characterize extended sources morphology



!MPORTANT MES’SAG ES

o Coswuc mg owgm a \/ery HYt TO}OIC since 1912108

4

X TI/\e main candidates b\adromc PeVatrons are Pu(sa MWind Nebulae, Supernova
Remants, Yoymg Massive Star. Clusters and M:croquasars |

2 The Future in the. \/HE domain (s related to LHAASO ASTRI -MA amd C’F”A( and
their synergy w:tI/\ other instruments -

% We need satellite for the MeV energies (pion bump detection) [Ackermann+ 2025]

< The collaboration between gamma-ray and neutrino communities will be
fundamental in order to solve the CR origin issue = importance of VODF (Very-
high-energy Open Data Format [Khelifi+2023 ICRC23 proc., Unbenhaum+23])

< A lot of work to do: from simulation and software to data analysis totheoretical
interpretation
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Total known galactic SNRs: 310 (Green 2025,
Ferrand and Safi-Harb 2012)

Chandra X-rays: 144 (Chandra SNR catalog)

Fermi -rays: 30 + several candidates (Fermi’s
First SNR catalog, Acero+2016) y

+Additional data from HESS, HAWC, VERITAS,
MAGIC, and LHAASO

Sort into three catalogs

» Tier 1: Extremely likely to be hadronic

» Tier 2: Hadronic at low energies, inconclusive
at TeV

» Tier 3: Possible sub-dominant hadronic
component with relatively high flux

Green's
Chandra
Fermi
Sun

Background image: Gaia DR3,ESA/Gaia/DPAC, Stefan Payne-Wardenaar
Approximate distances from: Chandra, Ranasinghe+2022, Wang+2020




NB Here the

e Radiative, processes pp mtemctlom
index i -
calléde");leita" | p + ptarget 2 p + ptarget + T[

>ty

 Kelner 2006, Cardillo+ 2016

Delta approximation

lEp N !)(Ep) (5(E 0 — f w0 Ep, s_‘.-‘z.n.) (-Tpp(Ep) Ngas €

Ny(E,) x E;°F

GeV  TeV K.
*  Gamma-ray spetrum reflects the proton one

*  Gamma-ray spectrum is symmetric with
respect to “=~70 MeV (neutral pion rest mass)

Ecr

*  Known relation betweenenergies: E, ~ ==




TS A0 e S TR B

X-RAY

BAND

=

OPTICAL BAND

Indirect evidenceg

M agmefic Fielg

Amplification

e Inthe X=ray band, young SNRs show very
o 1 o001 pc due to S‘gmcb\mtmn emission. ln 30

[6B - By = D(E) =

‘TL(E)C]

.pc = B~ 100uG

3
\/D(E)Tsync ~ 0. 0431020 p
—> |CR

acceleration

» Neutrals leads to a third component in the Balmer lines
spectrum due to Neutral return flux

> In presence of accelerated CR
* Narrower broad line > T,,,,. > CR pressure

Broader narrow line

> Steepening of CR spectrum

in rims of about
m diffusion limit

b V= 3000 km/s

22000 1000 0 1000 2000

Morlino” ét al 2012
1CJ{ Vg 4000 km/s 3.5, Ny ?% — ]v
ng=0.1cm” -y '
o8



pp interaction:

p—&-p—)p—&-pﬁ—ﬁoﬁ—fﬁ—&-ﬁ_

0 5y 4y
Ti—mzi—s-l A7)
;1 — et + U, (V) + Ve(De

o
[I}!i--hi;-_lh{:.E:i ) =uvny I

S

1r|-LI|:E- ““E

0 7. (E
Tinel = (34.3 + 1.88L + D.ESL'_}}I _ |2

not only gaw\ma ~rays

Final Drodu w,' ‘, OF prOtoh p'rOton
interactions g¥e not only gamma raY

' photons but
also neutrinos, anti-neutrinos, ele
ahd positrons - .=
Ecr
ek e

) F.(x, E./.

"—Tinel—(_")—l— 5+1\\L+|}) L ]

{1 — ( %; ) . mb

o O L
107% 1072 107" 1 10!
E, , TeV

Kelner 2006, Cardillo et al 2016

P

mb 102 10° 10




HESS collavoration 2016
'+ HESS collaboration 2018

Other Sources? - Galgctic Center Region

\

APEX+Planck:

- Dust
(ATLASGAL -
Konsortium/Cse
ngeri+ 2016)

E2x flux (TeWem—=2 s

o
g HESS
2B collaboration
2016

=== - Model: diffuse emiss
[ HESS 1745290

-
-

3585

2 act e 1on: egrecs)
’

* Perfect correlation between molecular gas distribution
and gamma-ray emission seen by HESS

* CR energy density 10 times greater than CR sea

* CR spectrum with and index Yy =2.3-2.4 up to 100
TeV (but with large error bars)

o Spatial distribution with 1/r (continuous injection)

> Magbe from SgV‘ A (Rodriguez-Ramirez et al., 2019)

4 * First spectro-morphological analysis (HESS2018, Devin talk
Energy, &V Gamma 2022.)

Jlem® wsec)

@ .'I."

]
Ll

H  MAGIC Galactic diffuse




Other sourcés? — From GCR to Superbubbles

Hot and mreﬁed extended cavities formed by OB stars winds [Bykov
192 X ,
« Multiple shocks and winds -
> enhainced turbulence and acce(emtlom
' No radiative phase 6.
*» > larger acceleration eFﬁc:emcg
+ Low-energy spectium slope similar to the one measured by Voyager
+  Explanation of some CR composition anomalies - ,
- > Be abundarices [Tatischeff 2018] - e
+ Spatial and spectral behavior similar to the.GC one [Aharonian 2.018] :

1y

(Tevom=s )

 HAMWC
-4 Feeni 4FGL

Fasmi-LAT Collabaration (2011)

i

(R PP KON |
B LN = O = NDWhAh v
: T

Alamaanalal (20159)

ARGO

85 84 83 82 81 80 79 78 77 76 75 74

I1°]




Otl/\er Sowces?

CRAB NEBULA

j“ ¢ | , .
X-RAYS GAMMA RAYS

RADIO INFRARED

E? dN/dE, eV/(cm’sec)

Detection

above 1 PeV!I!

VISIBLE LIGHT ULTRAVIOLET _

’e but...

Crab

CRAB NEBULA

Standard Camd(e
for Gamama-ray
astromowxg (when it
is not flaring)

A

"‘-E.h‘umﬁso collaboration 2021

i,

Crab (s a
PWN

(leptonic source)

Leptons Or Hadrons?

So...

Acceleration or

Reacceleration
(Spencer+23)



Other sources? - Gamma - -ray bmawes &..,Mtcroq,uasars
Binar ste((ars steW\s BS/BH+COW\ anion ” P s o R
Y Y ¢ p ) T ’ﬁ' . .

Cyg X-1, ng X-3 amd ss 433\(em1ttmg X - mgs) e Mameteeubu
show HE ewission up to GeV. Se T o )x, »

3'@

SS 433

HAWC (HAWczoisj " Fermi-LAT (Fang+2020)

Fermi-LAT
o

HESS -

E|

El
NPZ

Significance (o)

= best-fitting model
= observed, this work
§ previous work

[T
°
3
&
-~
@
—
v
2
v
0
©
(U]

([_S-Z_LUJ-/\B_L)

(]
°
=1
=
B
©
=1
8]
=
9]
0
©
O

Pre-trial significance, o

(1=S+z-Wd-ABL) 25,3

= best-fitting model

Olivera-Nieto Gamma2022 | TR T . -:- zt::vei;vuesd.wzhriks work
HESS24, Science
Bosh-Ramon CTA symp 24

10!
Energy (TeV)

Galactic Longitude



And for the propagation: TeV HALOS

. B | | - . Botb\ pu(sar e

~' | emission evaded detection for
7 long time
'+ Escaping electrons and
positrons form an extended
halo of Gev amd TeV / 9201000~

104 0 10 20 30 40 50
R.A. [deg] Distance from Pulsar [pc] : Vags
-4 -3 =2 -1 0 1 2 3 4 5 HAWC Collaboration, Science, 358, 911 (2017)
Significance [sigmas]

1
%]

I

£

o
>

[
o
~

i i
o
—

Geminga
HAWC 2017

Surface Brightness
o o o

TeV Halos as

-+ TeV halo candidate near the new source
~ QGalactic plane in a non- ' class
crowded region. 3
» This TeV halo candidate Propagation
f , shares similar characteristics study
PSR Jossdesaia to others, suggesting that
s el o S TeV halos could be a general ]
. feature of middle-age ‘/’@%
FEE S FEEE pulsars. Sl =




- Pulsar Wind Nebulag 50
e The majority |
could be PWN!!! -~

3

?E " e 'T 10—11
5 = ”
2 ’ 0 D -5 i3
LHAASO J1825-1326 e 3 ;
g statistics 3 £
5 g S
U LHAASO J2226+6057 ch
- i 5°° o
r: L = 107134
E 2 = |
o LHAASO J2018+5157 # % o w |
§ A % 4 g |l—_eHwcng2s.134 |
3 X o/,
3 Energy (T N\ LHAASO0 12032 = -
W ki e )\LHV\SO”O‘ 4102 186 185 184 183 w g3 eHWC |1907+063
g ey Y Galactic longitude (deg) | eHWC J2019+368

» LHAASO J1956+2845

R A— Crabl\lﬁ ula
— I

eysekara et al- 202

Energy (TeV)

102

Energy (TeV) HAASO J1929+1745

LHAASO J1825-1326 J— - | | LHAASO J1908+621
PWN? SNR? PWN?SNR?

« LHAASO J1843-0338

[MC&Giuliani 202.3] . . [MC&Giuliani 2023]

}_s‘zs-f}q E>10 TeV HESS
~°" PSRY1826-1256 -
/ : =>Eel associated

{

SNR G40.5-0.5 Q

nsze-128 §1° NAAG Y COVV\PIQ

Environment
and low
angular
resolution

Dec. (J2000)
Dec ()2000)
Galactic Latitude

, 1 IAWC J1825-13 £
v ESS J1825-137

HEs 3020//' 2?079%’]\ “200:)4’“ 2m sehaom RA (Jz;oyoo)gur)gs’ess-l- 24022

CI"eS%WfH‘ 2 027 Galactic fg;\gitude



PM{SQV WH/\.d Nebula@ 140 .\/er-ce((o'me+ 2022

LLeptonic origin Of gamma-rays > 100 TeV is possiblet!t O T e
> 1C.on BKG photon field (ho KN effect due to ah T oo s e e fotal
inCrease Of the Cooling time in radiation dominated e i
env:ronments [IOw BJ) (Breuhaus+ 2022J 201

% Protons:
Acceleratnon IS limited by the maxnmum potential drop f 10-13 zp—ff;%

(n0t|nthe Crab) \ N
) 101 102 e

Energy [TeV]

$ MAGIC # LHAASO -

—— Maximum efficiency
# HESS 4 Tibet ASy —=Hadrons

vz LHAASO maximum energy
o HAWC ¢ ASTRI Total
(2] 10 11
o
|
e 19254720 L 11907+0602 e
e o
12032 4J1129754+2836 11928“746 /1826 1256 J2229+6114 o Protons:
9, = 6
\ 1838-0537 < Y =5 x 10°,
W > - .
J1958+2846 = Xp = 4%; \
%W 10713 "
Crab Nebulal™

\ : N
A
SO

P + I %849-0001 10! 102
3 K Energy [TeV]
o b If there are protons (hadrons):
T 4 . ~few % Of the total energy (Guepin+
| 1190740631 B1823-13 (2020))
DeOnaWilhelmi= * PP emission may show up in the high
2022 energy tale of 1C emission

E [erg/s]




Young Massive Star Clusters (ms:de superbubb(es)

Clusters with age < few Mgrs that cam reach M up to ex10* Solar masses

Acceleration at 1 Pe\/ poss:b{e at \/\/md \Termination Shocks [Morlino 2021

) :et R T
al. 2022] ‘ _ .

> Collective effects in the most compact clusters (size of a few pc) can generate
a collective ourflows (right amount of power [Vink 2022])

-+ Several plag’sié'a( ingredients.to a deep analysis (cluster population, stellar

population inside, stellar wind, cluster wind, PA model, gas dlstwbutlom)
[Morlino CTAO general meéting]

- Recent estimations (based on the grémmage} :’Mp(ies that YMCs can
contribute only with a little percentage to the CR production: otherwise we. ~ e g s ey s g g s g
need a new understanding of the GCR transport [Blasi 20257 Cygnus Regiom

10°°

-~
\\\\\
‘‘‘‘‘‘
________
> ———

—7
10 SUZAKU
Fermi-LAT 4FGL

FGL J2028.6+4110e Bay\{'k 2022 ARGO

HAWC
LHAASO

Ao ayuam
—44°30/ © HESS J1640-465
HESS J1641-463
PSR J1648-4611
SR A PSRI1650-4601
45700 0 4U1642-45

30

1

3 —46°00

30

‘
pl
=
5
2
El
g
W

§  HESS J1646-458 combined
—47°00

16h50m 48m 44m 0" === [eptonic model

107%10°10%102 1 102 10* 10° 10 10'°10'210'*10'10"®
E [MeV] E (ineV)

Right Ascension

@ Westerlund 1




And Fma(l 3 - The Su 6VV\0\/6{'; Remnants

LHAASO J2226+6057 (direct mtemctlon SNR/ MC) 0.1 GeV < E< 500 GeV M (o) 60-30Tev

Milagro

[e2]

[o] @oueolUDIS

~ o

LHAASO J2226+6057 LHAASO

DEC [deqg]
o == N W

Significance [0]

MAGIC coll-
2023

T(D
5
£
(&}
=y
3
)
kS|
=
o
K
w

dV/dE x E* (TeVem™® s7)

h m m m m
22:30™ 28 33825 3375 33675 336.0
RA [deg]

N Fang+ 2022 | 7 10 Synchroron
: 2 | ; A MAGIC detecti £y
v g 1 B Corn -LAT and MAGIC detection B
Tibet AS collaboration 2027 Caot (LHAASO coll) 2027 - favoured hadboneron N /M c
interaction 5

W51 REGION (illuminated MCs?)

2-25TeV 25-100TeV >100TeV

Fermi-LAT
§ LHAASO

Dec (deg)

24m 22m 19°2¢ 24 2
RA (deg) RA (deg) RA (deq)

Likely, due to SNR/MC interaction or tra E ped CR emission [Mitchell&Celliz4] =>
possible first case of SNR with "pion bump" and PeVatron emission



A LHAASO |
Q41745

LHAASO J1825-1326 | ' \ : T@V HALOS

HESS J1826- 130
PsRusi‘é 1256
! .

\. e Several
| W= VAVANNG,
“sources could be
- TeV halos!

[M C&a l'u (l'aV\.l' 202 3] : : - 293.00° 292.50° 292.00° 291.50°

o
o
o
N
Z
c
S
-
© .-
&
o]
@
o

Dec. {J2000)

Right ascension (J2000)

30m 2m 18h20m

HESS coll 2079 RA (12000)

-20 -10 0 10 20 30 40
Excess counts

LHAASO- J2032+4—102 £ : LHAASO J2108+3651

Erec > 100 TeV,S=8.50

LHAASO J1956+2845

DEC (Degree)

Significance(o)

First source PSF
discovered at UHE

300.000 299.500 299.000 298.500 298.000 297.500 297.000

85 84 83 82 81 80 79 78 1 . 318.5 317.3 316.1

Abegsekam+ 2021 (H R.A. (deg)

RA (Degree)

28



Remnants

(d) 6.0 -30 TeV

Milagro

And finally.. The Supernova

LHAASO J2226+6057 0.1 GeV < E <500 GeV

*+,LHAASO

LHAASO J2226+6057

", LHAASO

[o] @oueolUDIS

e
i

-
o
3,
[

o = N W A~ 0o

MAGIC coll-
2023

'm
@
G
>
2
Ly
*
W
=
=
=]

ibetASY

E2dN/dE (erg cm2 s7")

h m m m m
2230 287 267 124 33825 3375 33675  336.0
RA RA [deg]

Fa/?g'/' 2022 : o 10_11;— Synchrotron

334 336 338 340
Right ascension (°)

102
Energy (TeV) Energy (TeV)

Tibet F)S collaboration 2021~ Cao+ (LHAASO coll) 2021 Fermi-LAT amd MAGIC

- N detection favoured hadrons

Propagation stud sl | L . "
pag g W“i - from SNR/MC interaction |
Gamma Cygm (/WF)G/C co//aboratlon 2079) . T T T

Energy [eV]

10712;

10—13 L

E2dN/dE [erg cm~2s~

i Prelimidary

Celli Talk Gamma2022

E (GeV)

]
g

HESS J1801-233

prehmlna
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HESS J1300 240 RA 120000 (hrs
18h03m

R T i W28 (Aharonian et al- 2008)
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Sources

Emax
(Pev)

Origin

Neutrino
constraints

Favoured
model

LHAASO J0341+5258

not defined

not identified

no

few information

LHAASO J0534+2202

0.88+0.11

Crab PWN

yes

(Huang+22a,b,

Abbasi+23)

Lepto-Hadronic
(Nie+22,
Vercellone+22 )

not defined

TeV halo

PWN

no

challenging

LHAASO J1825-1326

042+0.16

TeV halo,
PWN, SNR

yes
(Huang+22a)

Leptonic
(Burgess+22)

LHAASO J1839-0545

0.21+0.05

PWN,
MSC

no

Hadronic
(Banik+21)

LHAASO J1843-0338

0.26331%8

PWN, SNR

challenging

LHAASO J1849-0003

0.35+0.07

PWN,
MSC

challenging

LHAASO J1908+621

0.44 £+ 0.05

PWN,
SNR

yes
(Huang+22a)

Lepto-Hadronic
(DeSarkar+22)

LHAASO J1929+1745

O:71:0ac

PWN ,
TeV halo,
SNR

challenging

LHAASO J1956+2845

042+0.03

PWN ,
TeV halo,
SNR

challenging

LHAASO J2018+3651

0.27 £+ 0.02

PWN,
YMC

Leptonic
(Yang+23)

LHAASO J2032+4102

142+0.13

YMSC,
PWN, TeV
halo

yes
(Banik+22)

Hadronic
(Banik+22)

LHAASO J2108+5157

0.43+0.05

TeV halo

yes
(Kar+22)

Hadronic
(Kar+22)

LHAASO J2226+6057

057+0.19

SNR,
PWN

no

Hadronic
(Fang+22,
MAGIC23)

GaooD
ANGUKAR

RESOLUTION

MC&Giuliani
2023

WIDE BAND
SENSITIVITY

NEUTRINOS




2023,
Ve ry rece:(xt results (espec:ally Fr " ICRC € 2023) v Tevea 2
& 12 PeVatrons studied with LHAASO-WCDA [Chuamdomg IC LeTome iﬂ\ér\:czqza

% First LHAASO catalog with a to
( WC DA+KM2A) hitps://arxiv.org/abs/2305.1 7030

j _LHAASO J1959+2850 coincident with PSR J.’LQS8+2845 and

LHAASO J1908+62% showsla break in the spectrum
LHAASO J2032+4102. shows a possib(‘e Cut-Off . .

[ of 43 camd:date PeVatroms'

LHAASO J2002+3238 coincident with SNR G64. 7+1.0 [Hou et al. ICRC23]

SNR G66.0-0.00 + associated MC [Yu et al. ICRC23]

LHAASO J1740+1000: could be a bow-shock pulsar tail [Xu et al. ICRC23]
LHAASO J1922+1403: W51¢ up to 300 TeV! [Chen et al ICRC2023]

SNR G150.3+4.5: coincident with 4FGL JO426.5, could be a PWN or a
SNR/MC [Zeng et al ICRC23]

GAMMA CYGNI: KM2A detected PeV emission! [Feng et al. ICRC23]

Import
< Further studies from the other instruments (see ICRC23 presentations) of cm_?s”ice
> tb\e most analysed: Corvelatip,

LHAASO J2108+5157 (VERITAS&HAWC [Kumar et al. ICRC23] and MC [To(edano—
Juarez ICRC23] )

LHAASO J2226+6057 (HAWC [Son et al. ICRC23] and VERITAS [Park et al. ICRCZBJ)
LHAASO J1825-1326 (HAWC [Goksu talk])


https://arxiv.org/abs/2305.17030
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