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e Main research Interests:

e Ultra-high energy cosmic rays (sources,
bhenomenology)

e Astrophysical sources of high-and ultra-high energy
neutrinos

e Active-galactic nuclel as cosmic accelerators
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Lecture plan

Experimental facts and basic theoretical concepts

Requirements for astrophysical accelerators of high-energy cosmic rays/
nigh-energy neutrinos (generic source properties)

Overview of candidate astrophysical sources (Active Galactic Nuclel/
Starburst Galaxies/Gamma ray bursts/Pulsars/Tidal Disruption Events)

constraints and prospects
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High-energy messengers of the non-thermal Universe
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radio/microwave iInfrared/optical gamma-rays neutrinos cosmic-rays
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Cosmic rays

In early 1900s electroscopes detected
radiation In atmosphere;

In 1912, Hess rode a balloon with
improved equipment to okm altitude;

—le found that above | km, the radiation
intensity steadily increased

ess was awarded the 1936 Nobel Prize In
Physics for this discovery. ==
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Righest-energy cosmic rays

Equivalent c.m. energy Vs, (GeV)
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Extragalactic origin

Size of the Milky Way ~ kpc [ 108 AU] e
halo

Galactic B-field ~ 3 UG

(Galactic disk

Larmor radius of cosmic rays
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|+ Observational evidence: No anisotropy from the Galaxy]



econdary messengers
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Cosmic-ray accelerators pZ

TeV = 1012 eV puismEs
Minimum requirement: Confinement

PeV = |0l> eV

E

Rsource > Marmor = 7Bec
Maximum energy,

Emax — ZeCBRSOUI'Ce

B R
E..x~1EeV Z —

1 uG 1 kpc

EeV = |018 eV, ZeV = |02l eV
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500 days in Super

The Sun 7 -~ . N Kamiokande

The first astrophysical neutrino source
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(Super)-Kamiokande
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https://en.wikipedia.org/wiki/Cerenkov_detector

Supernoval 987A

The second astrophysical neutrino source
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What happens at higher energies!’
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H igh - e n e rgy n e utri n O d ete Cti O n ANTARES (2.5 km under the Mediterranean Sea )

Huge volumes needed: water/in-ice Cherenkov detection

lceCube - South Pole

\ IceTop

. - 80 Stations, each with
| il 2 IceTop Cherenkov detector tanks
2 optical sensors per tank
320 optical sensors

IceCube Lab

50m

2010: 79 strings in operation
2011: Project completion, 86 strings
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60 optical sensors on each string
5160 optical sensors
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https://en.wikipedia.org/wiki/Mediterranean_Sea

Righ-energy neutrino detection

Water/in-ice Cherenkov detection
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Righ-energy neutrino detection
Backgrounds g

Active galactic nucleus

Ahlers, Helbing, Perez de los Heros, 2018, EP|C
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lceCube, Science 342, 1242856 (201 3)

lceCube, Phys. Rev. Lett. (2015)
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Flavour identification

Double Bang

(00 < cascade)

also NC vi (00 = 10°)
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For astronomy we need high angular resolution

Example, IC-17 (cascade):

@) Portal Simbad VizieR Aladin X-Match Other Help

SIMBAD: Query by coordinates

other query Identifier | Coordinate | Criteria Reference Basic Script TAP Output Help
modes : query query query query query submission options
Enter coordinates:
Coordinates: 16 29 36 +14 30 00 | The following writings are allowed:
' ; 20 54 05.689 +37 01 17.38
10:12:45.3-45:17:50
15h17m=11d10m
15h17+89d15
275d11m15.6954s+17d59m59.876s
12.34567h-17.87654d
350.123456d-17.33333d <=> 350.123456 =-17.33333
define the input : system : FK5 $| epoch: 2000 | equinox: 2000 |
or choose :  -- a predefined frame -- % |
definearadius: 116 | deg %/
.submit query; _cIearJ @ PreviewJ ;09542
objects
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Sky distribution of the neutrinos
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~ 100000 neutrinos per year
~ 100 astrophysical
~ |0 neutrinos with energy E> 60 TeV (high probabillity of being astrophysical)
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Sky distribution of the neutrinos

Through-going tracks (>200 TeV) Cascades

Starting tracks
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Galactic fraction < 15 %
No very strong association signal (few ~3c analyses)



South North
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Isotropy not unexpected. Universe homogeneous and isotropic at large scales

NGC 1068 (AGN/starburst galaxy), 2.90 (i.e. chance probability 0.187%, or 1 in ~500)



Energy flux

Equal energy content per decade
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Lecture plan

-xperimental facts and basic theoretical concepts

Requirements for astrophysical accelerators of high-energy cosmic rays/
nigh-energy neutrinos (generic source properties)

Overview of candidate sources (Active Galactic Nuclel/Starburst
Galaxies/Gamma ray bursts/Pulsars/ Tidal Disruption Events) constraints
and prospects
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Generic source properties/requirements

e Hillas criterion for acceleration and plausible sources
* Waxman & Bahcall neutrino bound (possible connection to UHECRS)
* Neutrino source energy budget

* Neutrino source number density

27



Hillas criterion
1 au 1 pc 1kpc 1 Mpc

07 g ~PeV E ~E,J20
ax,IC v p

m

Magnetic Field Strength [G]

107" E_ = ZecBR

Source

—7 | B R
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1 uG 0.1 kpc

104 107 1000 103 106 109 102 10
Comoving size - [" [cm]
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Hillas criterion
1 au 1 pc 1kpc 1 Mpc

Magnetic Field Strength [G]

107" E_ = ZecBR

Source

—7 | B R
10 Emax ~ 1017 CV Z source
1 uG 0.1 kpc

104 107 1000 103 106 109 102 10
Comoving size - [" [cm]
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Hillas criterion
1 au 1Pc 1ll<pc 1Mpc

Magnetic Field Strength [G]

E_ .. = ZecBR

Source

—7 | B R
10 Emax ~ 1017 CV Z source
1 uG 0.1 kpc

108 107 10 101 106 109 1022 10
Comoving size - [" [cm]
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Hillas criterion
1 au 1Pc 1I$pc 1Mpc

Magnetic Field Strength [G]

107" E_ = ZecBR

Source

—7 B R
10 Emax ~ 1017 eV Z - SOurce
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Hillas criterion
1 au lpc 1I$pc 1Mpc

Magnetic Field Strength [G]

107" E_ = ZecBR

Source

. Milky Way

—7_

10 Emax ~ 1017 CV Z source
1 uG 0.1 kpc

108 107 10 101 106 109 1022 10
Comoving size - [" [cm]
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Hillas criterion

1 au 1 pc 1kpc 1 Mpc

Neutron stars

Magnetic Field Strength [G]

Milky Way
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Hillas criterion
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Hillas criterion

1 au 1 pc 1kpc 1 Mpc

Neutron stars

GRBs

Magnetic Field Strength [G]

Starbursts

Milky Way
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Hillas criterion

Magnetic Field Strength [G]

1 au 1 pc 1kpc 1 Mpc
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Hillas criterion
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Hillas criterion

Magnetic Field Strength [G]
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Hillas criterion for 1020 eV CRs

Magnetic Field Strength [G]
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Take home messages

e [wo known astrophysical neutrino sources: Sun & SN 1987A
e |ceCube has revealed an extra-Galactic (cosmic) neutrino flux but not the sources yet

e Many different source classes can possibly accelerate neutrinos in the lceCube energy
range

* Fewer If we require a connection to ultra-high energy cosmic rays
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