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High-energy messengers

gravitational waves
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Hlgn-energy messengers




Hlgh-energy messengers
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High-energy messengers
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High-energy messengers
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E > 10" eV, D ~ 10-100 Mpc

UHECRS

I -1
0 ~ 3 X ZLX

Y-rays TS 4@
Hadronic: P/A + YcMB/source ™ X+ 7 — 2}/ h \ ~
Leptonic: e"+y—>e +y Y < E<10% eV, D ~ 10 kpe (Galactic)
p/A+yCMB/source_)X+7T+ — 3u \ ~
T~
E < 10" eV,D > Gpc (cosmological) ey M




High-energy messengers

ﬁ

E > 10" eV, D ~ 10-100 Mpc

UHECRS

I -1
0 ~ 3 X ZLX

y-rays S @
HadrOﬂ.iC: PIA + YemBrsource = X+ = 2y \ ™~
Leptonic: e ty—>e +y \ ~ E <10 eV, D ~ 10 kpc (Galactic)
p/A+yCMB/source_)X+7T+ — 3v \ ~
T~
Ecr : Ey: E, E <10 eV,D > Gpc (cosmological) ey M

-nergy: 015




Diffuse Particle Spectrum

— | |
103 |
AMS-02
AUGER
TA
— protons
T 10 - DAM‘;\\:\ .
5 FERMI All particle spectrum
) HESS %
2 IceCube oe
2 KASCADE o
& 1071 - .'535;:1
2 ([
@ VERITAS 8
> RVIREL Km3NeT ‘Trgfﬁ
g 1072 N neu{rjno & .
p ©
LS T !!!!!!
g\ !;§!§
[ 1 .
10_5 - EI }{o
1077
1le+08 le+10 le+12 le+14 le+16 le+18 1le+20
Energy [eV] 4

winIdadg ) 9y [/ [OA0[ULIRD /Wwod qnjts woij pajdepe ‘Gz)g NOWOUoNI()



Galactic Cosmic Rays
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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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Learning from Galactic gamma-rays: 1st LHAASO Catalog

KM2A (E > 25 TeV) Significance Map Ap)S 2/1:25, 2024

Hadronic Leptonic
: . 14 .
Elc(;z : ]IZV E. ~O(E,) 43 Sources with Ey >1014 eV

-few Supernova remnants (old, E < 1014 eV)

AWC: 0.1km? (2015-) -2 Young Stellar Clusters, 6 Microquasars

HAASO ~1.0 km?2 (2021-)
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Young Stellar Clusters
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Young Stellar Clusters

Cygnus Cocoon LHAASQ. Coll.20.23. .
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+3 Young Stellar Clusters consistent with HESS GC: Ey >4 x 1014 eV
+ several more seen with Imaging Atmospheric Cherenkov
Telescopes and Fermi-LAT

Morlino, Blasi et al, MNRAS 504, 2021, 4



Microguasars

6/ 12 detected with LHAASO at E},

> 104 eV

Cygnus X-3

LHAASO Coll Natl Sci Reviews 2025, arXiv: 2512.16638

E, —4x 101 eV
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Transient and compact (jet)
Orbrtal modulation ~ 5h (30 for LHAASO)

Must be hadronic If orbital modulation Is real
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Galactic cosmic rays
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Component B
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Component B

E? Intensity [GeV m ™2 s~ ! sr1]
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Origin of Component B: Extragalactic?

0 Bister FO, Fiorillo, submitted
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Origin of Component B: Extragalactic?

D). Harari

Bister, FO. Fiorillo, submitted
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Origin of Component B?
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Neutrinos
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Neutrinos
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Neutrinos
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Neutrinos: Looking for a needle in a haystack
60

10 year map lceCube Coll, PRL 2020
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| ikelihood stacking analyses
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Diffuse neutrino flux: Stacking limits

Plot from FO PoS ICRC2021 (2022) 030, based on numerous IceCube analyses, see arXiv:2201.05623 for references
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https://arxiv.org/abs/2201.05623

Diffuse neutrino flux: Stacking limits
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Diffuse neutrino flux: Stacking limits
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Ultra-high energy cosmic rays
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Ultra-nigh energy cosmic rays
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Arrival airections

Auger Coll. 2017 Science 357 6357, (updated 2024 ApJ)
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Amplitude 7.4+109 . o 50,000 Cosmic Rays

—() 8
p-val : 2.6 X 10-8 (6.86) (E>8x 101 eV)




Arrival directions

Auger Coll. 2017/ Science 357 6357, (updated 2024 ApJ

Amplitude 7 4t1007 50,000 Cosmic Rays

—0.8
p-val 1 2.6 x 108 (6.86) E>8x1018¢eV)
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Modael based on 26 brightest nearby jette N.

see also Harari et al 2016, Mollerach et al

Q.
N >
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From Eichmann, Kachelriess, FO, JCAPO/(2022)06

|9, Mollerach & Roulet 2022, Bister (arXiv.2509.06594)



Arrival directions

~  Auger Coll. 2017 Science 357 6357
Ding, Globus, Farrar, ApJL 913 (2021) |
Allard, Aublin, Baret, Parizot, A&A (2022)
Bister, Farrar Ap] 996 (2024) /|

Bister, Farrar, Unger Ap| 9/5 (2024) |



Arrival directions

Bister, Farrar Ap| 996 (2024) /|
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Arrival directions

Bister, Farrar Ap| 996 (2024) /|

Auger mean iSO’Fropy
| — 99% CL isotropy
dipole R
@  n=0.001 / Mpc?|83IAXIES
v n=0.0003 / Mpc® | jetted
0 4 n=0.0001 / Mpc® | gon
i [upper limits from Auger
Tyl " data
| T O ¢
O | I | ' T
. > 10 15 20

]

Conclusion #1: UHECR sources are numerous
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Arrival directions above 4x 1017 eV

E>4x 1017 eV, 1600 Cosmic Rays

750 Galactic -
60° ™

&
nearest

Centaurus A

45°

30° _— ietted AGN at .
15° -
0 4 +
E 0° wf 150°| 120° 90° GC
-15°
-30° \
-45°
-60° =
-75° longitude .
m BN Horizon - 0100 Mpo
-4 =2 0 2 4

Li & Ma significance [0] Centaurus A: Nobs = 215, Nexp=152
angular radius: 2/deg

post-trial significance: 3.90
Auger Coll, ApJL, 853,129, 2018, Auger Coll 2022,Ap) 935 (2022) 2, 170
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Spectrum and Composition Observaples

Auger Measurements Example Fit
Fractions based on EPOS-LHC 1038 o .Aug.er C.O”’ {CA{DOSI(2OI23)(I)24
103 4
f _.‘.‘.....’o‘.. .0’00. ° TH
Tm 102'E 334 $'...'o¢... l+l{ * —*%
" - P oee ’ " f 3
I + ¢ ' 4 [ + (‘\lm
5 79 b + * + I | + * |
=10 Tes # f - E
D) - ® @\
9] it >
= . 2
IS 100 ¢ Auger all-part. ¢ # | U—]
¢ Auger p 0 —_
¢ Auger N
1 ¢ Auger Fe Y A" R W | SR, G .
101 | | | . 1 | 18.0 18.5 19.0 19.5 20.0
17.0 17.5 18.0 1108g.5 (E/lgf(; 19.5 20.0 20.5 lOglo(E/6V)
10

Auger Coll, PRL, 125, 121106, 2020
Tkachenko for Auger Coll, PoS(ICRC2023)438

Auger Coll, PRL, 134,021001, 2024 73




From identical sources to a population

D. Ehlert, FO, M. Unger, PRD 107/ (2023) 10

-p ~He -N —Si —Fe —sum

5
©
E Near-identical
Y sources
L1}
=
2
c\1> - A=1
0, | —— 2<A<4 \ 4 Fe |
CEU . 5 SAS 22 ‘\ v (_:é 107" . .
o] —— 23<A<38 \ S Non-identical
| — A>39 \ = Ssources
] ' | L ' ' — | ' ' ' ' ‘\I ' ' ' ' k| ' ' ' ' I l ' X 10° - 2
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og10k/eY) 7 P
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10 48 185
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From identical sources to a population

D. Ehlert, FO, M. Unger, PRD 107 (2023) 10

-p ~He -N —Si —Fe —sum

o

-
Oy
oo

M g 101% - i

- X LR Near-identical

_ 9 _| sources

5 g "‘Standard accelerators™ A

Ng IN-source cutoff mechanism? « °:

>

f N \\ / / \‘ \{ S Non-identical
\ 5 SOUrces

) y \ \ l X
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l ‘ |_| E < R CO m OS ‘ t ‘ O n Auger Coll, PRL, 125, 121106, 2020
p Tkachenko for Auger Coll, PoS(ICRC2023)438

Auger Coll, PRL, 134, 021001, 2024

fractions based on EPOS-LHC
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A Curious Composition

Relative abundance

Podlesnyi, FO, Unger, in prep
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A Curious Composition

Relative abundance

Podlesnyi, FO, Unger, in prep
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A Curious Composition
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l ‘ |_| E < R CO m OS ‘ t ‘ O n Auger Coll, PRL, 125, 121106, 2020
p Tkachenko for Auger Coll, PoS(ICRC2023)438

Auger Coll, PRL, 134, 021001, 2024

fractions based on EPOS-LHC
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Thefuture

UHECRs ~ | Koo ks Neutrino - tau-decay
Down-going EAS  _g& ' ‘ (==t 7 & Wp-going from below limb
Fluorescence signal R A y Eherenkov EAS signal

Strawman design_https://arxiv.org/abs/2502.05657 https://arxiv.org/abs/2012.07945

v
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https://arxiv.org/abs/2502.05657

Thefuture

number of GCOS years
0 2 4 6 8 10 12
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O 8 —RG
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@) i
D4 AGN
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O 2
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2 i
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Strawman design_https://arxiv.org/abs/2502.05657 0 2 4 6 8 10 12 14 16 18 20
exposure / (Auger Phase )
TAX?2 AugerPrime Global Cosmic Ray Observatory
| | |
| | | . .
2020 2024 2030s Timeline
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New insights from y-rays!
Wind bubbles? Stellar clusters? Microquasars?

Component B
Must be extragalactic

Neutrinos - probes of Extra-galactic Component B
AGN / Supernovae / Starburst Galaxies main options

New Puzzles at the highest energies
Sources appear to be numerous but near-identical?
Curious Composition?
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Winad pubbles in Active Galactic Nuclel

- —— AGN X-ray spectrum
Energy
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Winad pubbles in Active Galactic Nuclel

10"

E2F(E)

1072}

1073

- —— AGN

X-ray spectrum

- -
=
=
=
=
=
=
=

Soft

| €XCEeSS

o mm mm m e
-—— - - -
=

Compton

/Hump

ergy
roll-over

\ \\\
~—
-~
~
~
~
~
~
~
N

Flux (keV cm~—2 s-1)

SMBH

Energy/[keV]

Disk

Corona

Linda Baronchelli 2020
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Nardinietal 2015

\

103

5x104

|

| | I F"1 T
PDS456
XMM-Newton + NuSTAR

r

5

U S R (I | L
10 20
Rest Energy (keV)

O(100) known so far

Observed in ~40% of jetted and non-jetted AGN



From identical sources to a population

¢O R=7§f@)

A

Prc /

Max. rigidity dN o~ Poon
: : : X
distribution max
" striput dR...
Single Source UHECR Spectrum ' Population spectrum
Power-law distributed maximum rigidity
| ; )
100-§L;uhu_u_h»_=-_:__ﬁ_ _______________ : i:%;\ 10 """““-\\.\\ """"
Source Cutoft s NG & Source Cutoff
1’ —— Heaviside \\ §10_1_ —— Heaviside
10~ ' === eXp \\\ K \Q —=== exp
----- broken — exp E:U \\ é -+ broken — exp =
: super — exp, w. A = 2 % N super — exp, w. A = 2 ‘
-9 e _ — —2 —— —— s
062 10! 100 10! 10 10" 10° 10'
Rigidity, R/Rmax Rigidity, R/Ro
N y R R < R,
— X SIc o X B B
dR PP Y R7whotl R R,

Broken exponential, e.g. Auger Combined Fit (Aab et al 2017/)
Super exponential in case of DSA with synchrotron losses with dN/dR « exp — R*, 1 = 2 e.g. Zirakasvili & Aharonian 2007
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A curious maximum rigidity distripution

o | D. Ehlert, FO, M. Unger, PRD 107 (2023) 10

10 -
3 SIBYLL2.3c
n(z) ~ n(z=0)
() O exponential cutoff
2
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- 2 |
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Individual source Shock
Inverted Spectra Acceleration dN dN B
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spectral Index, Yo 2 dR R ™



A curious maximum rigidity distripution

o | D. Ehlert, FO, M. Unger, PRD 107 (2023) 10

107 ;
5 SIBYLL2.3c
n(z) ~ n(z=0)
2 O exponential cutoff
o,
2.
=
5 L0
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=
E®
-5+
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© 3
O & ‘ 30
>
=
O
.80
«_ 2 |
(i) O
Ry € [Ry, SRyl (907 of sources) :
03 19

_9 ) > l0g10(E/cV)
~Conclusion #2: UHECR sources are few or near- identical Emax
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Spectrum and Composition Observaples
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Spectrum and Composition Observaples

100E
. Jotal — :
2 -~ach source characterised by:
= 107!
E o ‘Rmax
o -Spectral index
102 o
: \ \ -Composition
' Rmax CNOSi e
10 g5 185 190 195 200 205

logio (E/eV)

/408 Mpdlh -

., ¥ s ;
g
¥ I .
- - o™
| : %4 vy .

33



Spectrum and Composition Observaples

100E
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UHECR Composition Systematics
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