Multi-Messenger ASpects
of GR and UHE-Astrophysics

Finding and understanding the
sources of the most powerful
cosmic accelerators drives
the entire field !

Original MM idea: high energy v’s
and y’s arise from UHECR interactions

proton
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UHECR Hybrid Multi-Particle Observatories

Pierre Auger just upgraded to AugerPrime

Observatory
Argentina, 3000 km?

Telescope Array
Utah (USA), 700 km?

to be extended to 2800 km?2
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Auger: A 47 MM Observatory

Neutrons and charged CRs: © < 80°

Photons: 30° < © = 60°
zenith range to be extended

Down-Going Neutrinos: 60° < © < 90°

Earth Skimming Neutrinos: 90° = © < 95°

extremely sensitive to EeV neutrinos

BSM Particles: © > 95°
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What do GRS andusecs
observatories CONIINULE
to MM physics 2
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wnat do cns and UHECR * Constraining EHE (1020 eV) source properties:

_ a) source luminosity X volume density
ohiservatories Gﬂll“'llllltﬂ b) maximum rigidity
to MM physics 2

c) chemical environment

* Constraining EHE source classes by anisotropies

* Robust input to flux calculations of cosmogenic
neutrinos and photons

* Unprecedented sensitivity to EHE neutrinos and
photons by UHECR observatories
— partner in transient follow-up searches

+500 sec time-window
ANTARES

* Constraining redshift evolution of UHECR sources
IR E e - Start to constrain galactic and extragalactic B-fields

E/GeV

* Constrain bursting source scenarios
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UHECR Energy Spectrum
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UHECR Luminosity

Measurement of local CR energy density

- Auger 2019
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UHECR Luminosity
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Measurement of local CR energy density
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Note: plot applies both for steady and transient sources, when
assuming a characteristic time spread of 7 = 3 - 10° yr.
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UHECR Luminosity and Acceleration Requirements
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Auger combined with TA: > 38 EeV

Eankle = ( 5.08i 0.06i 0.8) EeV

~——
Es=(39+ 2+ 8) EeV

Eqi,=(23% 1% 4) EeV

Auger Collaboration, PoS(ICRC2023)544
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Testing Correlation with Catalogues

Auger Collaboration,Ap] 935 (2022), PoS(ICRC2023)352, 521 relative CR luminosities
scaled by y-ray luminosity;

map smoothed with 25° top-hat . |
Galactic coordinates scan of Ew W, sign. fraction

Y-AGN :3.3 0
E:n = 38 EeV, W=23°, a=6%
\ SGB : 4.6 O (incl.TA)

E:n = 38 EeV, W=25°, a=9%

Correlation
with Cen A:4.00

need also isotropic bkg —

these sources contribute
only 10-20% of CR flux!

50 discovery level expected 52025
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CR Energy Spectrum and Mass Composition

CR mass fractions from longitudinal shower development: Combined fit of E, Xmax, 0(Xmax) ; JCAP 05 (2023)
Xmax, 0(Xmax), PRD 2014 note, nearly mono elemental compositions|
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very hard nuclear spectra escaping from sources (assuming steady EG sources)
Karl-Heinz Kampert - University of Wuppertal 14 Gérlitz Workshop, March 2024



GZK-Effect

Greisen Zatsepin Kuzmin
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Energy threshold E;~6- 1017 eV

Almost no protons above GZK
threshold — strong reduction of
cosmogenic s and ¥’s

18.0 18.5 19.0 19.5 20.0
logio(E/eV)

Nuclei suffer photo disintegration

at Ea= 5- 1019 eV \‘1/6; E < E,/A = cosmogenic fluxes
down by orders of magnitude
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Bounds on cosmogenic neutrino fluxes

Auger Collaboration, JCAPI0 (2019) 022

Confidence level [%]

—=—=—= AGN (Murase 2014) 5.0 | — | | | 100
, 90% CL - Pierre Auger, Jan 04 - Aug 18
— = Pulsars SFR evolution (Fang 2014) Single flavor 45 CRPropa | Proton spectrum at injection: |
— = Cosmogenic: p SFR (Aloisio 2015) bop=1:1:1 ; E=25, Eppay = 6 X 102 eV 50
i i 17 eV (Ahlers 2010) | Ve;vu AR 4.09 \'\ -
- Cosmogenic: p, Fermi-LAT, Eqin =3 X 10
. o ’ _ v Pge(2) x (1 4+2)"
Cosmogenic: p, FRIl & SFR source evol. (Kampert 2012) 7 3.5 ! SIC 60
. Cosmogenic: p or mixed, SFR & GRB (Kotera 2010) // §3 0 \ 9% CL_ ]
Cosmogenic: Fe, FRII & SFR source evol. (Kampert 2012) ,/ N \'fna gy 20
— 7 2.5 '
—
| 7 90% CL limit Auger s i
* 10 ; N (Earth-Skimming) 7’ 90% CL limit 2.0 -
- 190% CL limit N\, // ANITA [+11+I1l (2018)
" |Auger (2019) N\ _- 1.5
A 1.0
D ! |c9e%ﬁbCeL<26n1'§> S - - - 2.0 2.5 3.0 3.5 4.0 4.5 50
é Waxman-Bahcall bound (2015) . m
S 1078- - cosmological evolution of sources could be
[ : —
90% CL limit constrained up to [,=0.|
9 Auger (2019) P fP
-"'CJ; f
= ; expect up to 6 Vs for pure p-composition
T 10 B
N and spectral cut-off be caused by GZK-effect

10—10

1018

1017

10-11

Karl-Heinz Kampert - University of Wuppertal

1020

16

Gérlitz Workshop, March 2024

—— expect up to 0.4 vs for pure Fe-composition

— and spectral cut-off be caused by GZK-effect
104+ — *

. expect up to ~0.001 vs in Auger (& lceCube)
for maximum source energy scenario




Neutrinos in Air Shower Experiments
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Neutrinos In Air Shower Experiments

=

V Muons

Neutrino search using inclined air showers p

Vertical depth of atmosphere: 11 Ar = 30 Xo /i
5

=> zenith angle > 60° : 22 A1 = 60 Xj
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EeV Photon Limits challenge protons suffering GZK-losses
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PRELIMINARY

Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.

Auger SD 1500 m (2022), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.

Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

GZK proton | (Kampert et al. 2011)

GZK proton Il (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)

CR interactions in Milky Way (Berat et al. 2022)
SHDM la (Kalashev & Kuznetsov 2016)

SHDM Ib (Kalashev & Kuznetsov 2016)

SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018)

Similarly, photon upper limits start to constrain

cosmogenic photon fluxes of p-sources and SHDM models

Karl-Heinz Kampert - University of Wuppertal
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Neutrino Upper Limits for GW170817

GW170817 Neutrino limits (fluence per flavor: v, +7y)

IceCube up-goin ). y
=== TeeCibe Aomir B

——— QW (90% CL)
+ NGC 4993
¥ neutrino candidate (IceCube)
¢ neutrino candidate (ANTARES)
= = === [ceCube horizon
— = ANTARES horizon
[ ]Auger FoV (Earth-skimming)

[ ]Auger FoV (down-going)

Karl-Heinz Kampert - University of Wuppertal
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Absence of neutrinos consistent with
SGRB viewed at >20° angle

May have seen neutrinos if jet were pointing towards us

LIGO,ANTARES, IceCube, Auger,

The Astrophys. J. Lett. 850 (2017) L35
20
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Combining BBH Mergers

| —— DGL

/ Auger ES ES
| 10° -
Auger DG L/H \
o ‘>
<l
vlO
<
10—1_

1072

solid angle 70 75 30 85 90 95
mtegratlon effective area oL" ]
Z p .
N L At d2 Number of expected neutrinos per source proportional to
; weighted overlap area integrated over time time
sum over Ium|n05|ty . ) . .
all sources distance of SoUrce Li: Neutrino luminosity (to be constrained)
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Combining BBH Mergers
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— ES
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Integration effective area oL" ]
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all sources distance of SoUrce Li: Neutrino luminosity (to be constrained)
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Combining BBH Mergers

| — DGL
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50 | — ES
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2 :
Pop |55y ] :

solid angle
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Nv,i R Li At 2 / 72 Number of expected neutrinos per source proportional to
i over S N weighted overlap area integrated over time time
uminosity , . . .
all sources distance of SoUrce Li: Neutrino luminosity (to be constrained)
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Isotropic Neutrino Luminosity Bound from BBHs

M. Schimp; Auger Collaboration, PoS (ICRC2021) 968, subm. to Ap| 2024

90% CL upper limit of energy emitted in s within 24 hrs

60 day integration

""" 1= GWTC-1 (2015-2017); first 10 sources ceov [1] = GWTC-1 (2015-2017): first 10 sources
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50 eh 1054 .
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Neutrino emission energy limit ~ M@cz/300 as compared to ~ M@c2 radiated GWV energy

assuming isotropic emission and E~ flux

\_ J
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Source models and challenges

Problem 1: injection of mainly heavy elements
Problem 2: ions have to leave source

Problem 3: hard source spectrum

Problem 4: source population diversity
Problem 5: large degree of isotropy

Problem 6: it may be bursting sources

CR confinement

CR (Unaer. Farrar. Anchordoaui. PRD 92. 2015)
><‘IO36
magnetized region w. CR sources : ¢ Auger 2013 prel.
(Murase 2019) ” — UFA model
10° = 1<A=<2 7<A<19 20 <A =39 40 <A <56 T
= - > 60
— - — - injected _ i d
= 10 = N(D 50 :_ ®
ANini o1 R T o I
O i s o
dE m 1 S >
o> F N 9,
O i — \ m
= = - - < 10" G \LI-J/
Nuclear disintegration in source A " o 20f
- . . - LL] -
region (scaling with mass A) = \ :
" F \ :
(G/Obus et al. 2015, Unger et al. 2015, E | | | | | | | | | | | | | | | | | | | | | | | | | | | O : o - 11+ B 1 11 I 1 1 1

Fang & Murase 2017) 17.5 18 18.5 19 19.5 20 20.5 175 18 185 19 195 20 205

lg(E/eV) Ig(E/eV)
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New generation of complex model scenarios
@7 E g J Interplay between

FS confinement in source
cD and disintegration of nuclei:

3 @ j . hard energy spectra
(Aloisio et al. 2014, Taylor et al. 2015,

Globus et al. 2015, Unger et al. 2015,
Proto{\ Fang & Murase 2017)

Nuclei

Engine-driven SNe

/ N Reverse shock scenario in
—

fo C, O, Ne, Mg - -
si, s low-luminosity long GRBs

e (Zhang, Murase et al 2019+)
10 N I I I | ]
L ¢ ¢ TA (2015, energy scale - 13%) —_— e— == 3<=Z<=8 ]
[ e @ Auger (ICRC 2017) — — — 9<=Z<=13 |
ExGal e 14 <=Z <=19 ]

[ === z=1 —- -- -- - 20<=Z<=25]
i —_——— - — - - Z=2  sssssssssssssss Z =26 ]

Cen-A burst & deflection on
Tidal disruption events (TDEs) Council of Giants, solving isotropy

of WD or carbon-rich stars and source diversity problem
(Farrar, Piran 2009, Pfeffer et al. 2017, (Taylor et al. 2023)

Zhang et al 2017)

One-shot acceleration in Relativistic reflection of

rapidly spinning neutron stars existing CR population
(Arons 2003, Olinto, Kotera, Feng, Kirk ...) (Biermann, Caprioli, Wykes, 2012+, Blandford 2023)
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Snowmass Whitepaper

® UHECR whitepaper prepared for U.S.
Snowmass survey which is about
particle physics in the next decade(s)

® WP covers particle and astrophysics
aspects of UHECR

® almost 100 authors + 200+ endorsers

B 283 pages (with front- and back-matter)

® to be published in Astroparticle Physics

® |[nput from the community via
workshops and via topical conveners

® WP makes general recommendations
and outlines a plan for experiments
over the next decades

® caveat: Snowmass targets U.S. funding
agencies and particle physics community

see references in WP for material shown here:

https://arxiv.org/pdf/2205.05845

28



Summary and Conclusions

* 1020 eV regime accessible only by cosmic rays

* UHECRSs provide important input to Multi-Messenger physics
e.g. EHE neutrinos and photons, source composition, interactions within sources,
burst rates,...

e ... and benefit from several other observations
incl. B-fields, neutrinos, photons, GWVs...

 UHECR observatories Partner in follow-up observations
ACME within Europe, AMON in USA

* Multi-Messenger Astrophysics of key importance to understand EHE Universe
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