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Multi-messenger astronomy

AGNs, SNRs, GRBs...
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Multi-messenger astronomy
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The photon and the neutrino domain

» Neutrinos allow us to observe the universe that iIs opaque to electromagnetic radiation.
» (Extragalactic) astronomy at PeV energies can only be done with neutrinos !
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Astrophysical environments opaque to EM radiation ...

DESY

-

chocked jet GRB / SNLS
v only

Ando & Beacom, PRL 95 (2005)

Core-collapse SNe

Cores of AGNs

m Intense radiation fields / high matter
densities absorb high-energy photons in
some astrophysical environments

annihilation

velocity
distribution

v mteractions

Dark Matter
annihilation in the sun



Neutrinos carry flavor

very strong

m Study of flavor ratios free decay of » % magnetic
can help to distinguish secondaries o fields
production processes strong
and environments D magnetic fields

m Flavor ratios at Earth
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neutrino oscillations.
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Neutrino oscillations
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over cosmic baselines ' ot 1.0 o 7 decay: (1:2:0)q
New pRysics: 0.1
-d d: (0:1:0
- v decay-like 0.9 W p-damped: )s
m A unique window into non-standard model New physics Ut g decay: (1:0:0)g
physics Lorentz violation (5
0.7
0.4
) %
O <.
S 05 ©
e 2
& 0.6 O
v
g 04 77
Qr 0.7 i
Propagation over 00
0.8
Mpc — Gpc | | 0.2
0.9 / —TIceCube 8 yr (68%)
1:2:0 IceCube 15 yr (68%) 0.1
0 1 0 1.0 " IceCube 15 yr + Gen2 10 yr (68%)
1:0:0 00 01 02 03 04 05 06 07 08 09 10
Flavor composition at source Fraction of v,

Flavor composition at Earth
DESY. 6



Neutrino oscillations

over cosmic baselines

m A unique window into non-standard model

physics
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Neutrino telescopes - . :
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Neutrino telescopes — IceCube

a“ - ‘\‘

-

IceCube array
80 strings
5160 optical
sensors

» Completed in 2010

» 1 km?3 instrumented
volume




Gamma-ray telescopes
On the ground

In orbit

Fermi LAT Instruments HESS, MAGIC, Veritas
30 MeV -1 TeV Energy range 50 GeV - 100 TeV
20% of the sky Field-of-view ~ 0.02% of the sky

~1 m?2 Effective area ~10000 m?2

85% of the year Duty cycle 10% of the year

DESY.



The extragalactic gamma-ray
and neutrino flux



The extragalactic gamma-ray and neutrino flux

B Cumulative extragalactic particle flux (astrophysical sources and other contributions...)
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The extragalactic gamma-ray background (EGB) spectrum
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IceCube tracks, Aartsen et al., ApJ, 2022
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IceCube Glashow, Aartsen et al., Nature, 2021
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m Most of the extragalactic gamma rays can be
attributed to resolved and unresolved sources.

m Important constraint on gamma-ray yield from

any exotic physics process
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The EGB and primordial black holes

100 | . | . | . | Carr et al, PlRD, 2019
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Decayi N g DM |20, Blanco & Hooper, JCAP, 2019
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(Annihilating) DM constraints from Galactic gamma-ray emission

Di Mauro, PRD, 2021
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m Compatible with expected DM density profile

m But also compatible with unresolved astrophysical
sources, e.g., millisecond pulsars
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DM constraints

Limits from observed
antiproton flux (AMS-02)

m Compatible with non-observation

of Dwarf Galaxies

B Not compatible with antiproton flux at Earth for
measured CR halo size of ~ 4 +/- 1 kpc

Limits from non-observation of Dwarf Galaxies
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The cosmic neutrino spectrum and flavor composition

107> -
: 191 IceCube tracks, Aartsen et al., Ap), 2022
HH lceCube showers, Aartsen et al., PRL, 2020
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» Independent results from shower-like (all flavors, CC + NC),
track-like events (nu-mu CC), and Glashow events (resonant nu-e scattering)

» Spatial distribution of events consistent with isotropic distribution

DESY. 1 7



The cosmic neutrino spectrum and flavor composition

107> - lceCube Collaboration
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» Independent results from shower-like (all flavors, CC + NC),
track-like events (nu-mu CC), and Glashow events (resonant nu-e scattering)

» Spatial distribution of events consistent with isotropic distribution

DESY. 18



Flavor composition of cosmic neutrinos

» Tau neutrinos with E> 100 TeV can be identified based on special signatures in lceCube.

V1 - INteraction

DESY.

» - - -
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E=10 PeV vz in lceCube (simulation)

T - decay

Distance;

CT =
E/PeV
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Flavor composition of cosmic neutrinos

The first tau neutrino candidates

lceCube Collaboration, arXiv:2011.03561

== Double, no brights

<+ Exp. Data

== Single, no brights

=== Double, with brights
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Transient sources




Transient sources and Lorentz Invariance Violation Constraints
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TXS0506+056: The first candidate neutrlno source

and its relation to Lorentz invariance violation constraints side view
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B In case of Lorentz invariance violation, energy loss process

of neutrinos during propagation in vacuum could be allowed
(Cohen and Glashow, PRL 2011)

\\

0 25I00 3000
\ ‘ﬁ top view| PP 7 eseeends 125m

le—8 lceCube and other collaborations, Science, 2018

5

----- lceCube-170922A ;
}  Fermi-LAT

|
i

Al
Fi
i ++ Wi +++++*++, I i +++ Bt R

1SN

m Pair creation of electron/positrons would be
dominant energy loss
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m Limit on Mqg > 100 Mpjanck (for n=1)
(Wang et al., PRD 2020)
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Gamma rays and neutrinos from binary neutron star mergers

m GW170817
resolved
several
longstanding
questions In
astrophysics in
a single instant

m Neutrino
production
expected but
not observed
with current
Instruments

DESY.
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Future instruments



Funk, 2013

Gamma-ray telescopes

cherenkov, telescope array '.
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IceCube Upgrade and IceCube-Gen2

=

Radio Array | Station TR L Surface Array | Station

Optical Array | Sensor =— oS8 et IceCube | Laboratory




IceCube Upgrade and IceCube-Gen2

vy Gen2-Radio

Optical Array | Sensor = .. S IceCube | Laboratory
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lceCube-Gen2 — Expected performance

m Flavor composition measurements in energy bands
m High-precision spectral shape measurements fz
m >1 transient / year o
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Summary

B Multi-messenger observations are a valuable tool not only for astrophysics, but also for particle physics.

B Gamma-ray and neutrino observations yield leading constraints on
m Dark matter annihilation cross section / lifetime
® Primordial black hole density in the universe
B Lorentz Invariance Violation

B Measurement of the flavor composition of astrophysical neutrinos is unique:
m Study of neutrino propagation over baselines of billions of light years

B Sensitive to many new physics effects

B Future instruments will not only be great for astrophysics, but also significantly extend the phase space
of BSM physics that can be tested.
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