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Very rapidly developing field

Largely driven by observations


Enormous diversity

- Cosmic rays

- Gamma rays

- Neutrinos

- Gravitational waves

- Dark Matter

- Axions etc.

- Astrophysical objects

- Quantum gravity & 

Space-time fluctuations


Multi-messenger physics

(J. Blümer)



This talk: The Universe at the highest energies
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Particle flux 
multiplied by E2

Energy density per decade Energy density per decade similar 
in all three messenger particles 

E = 1020 eV



The first cosmic particle of ultra-high energy
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 Scintillator 

E = 1020 eV

Energy conservation,

overall energy

estimate robust

Cascade of secondary particles: 
extensive air shower



Cosmic rays of 1020 eV energy exist !
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 Scintillator 



How to accelerate particles to 1020 eV
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Need accelerator of size of Mercury orbit 
to reach 1020 eV with LHC technology

(Unger, 2006)

Large Hadron Collider (LHC),  
27 km circumference, 
superconducting magnets

Hillas plot (1984)

(Kotera & Olinto, ARAA 2011)



Examples of astrophysical source candidates
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Inductive acceleration

Active Galactic Nuclei

Rapidly spinning neutron stars

Single (relativistic) reflection

Diffusive shock acceleration

Gamma ray 
bursts (GRBs) Tidal disruption events (TDEs)



Fermi acceleration – a simplified view
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First order Fermi acceleration 
at large-scale shock fronts 

(shown is second order 
Fermi acceleration)



Cosmic rays at the highest energies: extragalactic sources
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Energy spectrum of 
protons injected by 
sources

CMBCMB

GZK effect: 
Photo-pion production
(mainly Δ resonance)

CMB

Just a toy model to illustrate power 
of multi-messenger studies



Neutrino production due to cosmic ray propagation
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Energy spectrum of 
protons injected by 
sources

GZK effect: 
Photo-pion production
(mainly Δ resonance)

CMB
(neutrino + antineutrino flavor)



Neutrino production due to cosmic ray propagation
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Energy spectrum of 
protons injected by 
sources

CMB, IR

Iron

Photo-dissociation  
(giant dipole resonance)

Very similar energy loss for nuclei, 
but different physics process (very few neutrinos)



How to identify sources of ultra-high-energy cosmic rays
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Deflection in Galactic and

extragalactic mag. fields

Anisotropy in arrival direction distribution on

small, intermediate and large scales

(Kotera & Olinto, ARAA 2011)

protons

1018 eV 3x1018 eV

1019 eV 1020 eV



How to detect ultra-high-energy cosmic rays
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Example: event observed with Auger Observatory

Lateral distribution

Time structure

Longitu
dinal profile

15% duty cycle

100% duty cycle



Pierre Auger Observatory and Telescope Array
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Pierre Auger Observatory
Province Mendoza, Argentina 
1660 detector stations, 3000 km2

27 fluorescence telescopes

Telescope Array (TA)
Delta, UT, USA
507 detector stations, 680 km2

36 fluorescence telescopes

Together full sky coverage

TA:

8.1 x 103 km2 sr yr (spectrum)

8.6 x 103 km2 sr yr (anisotropy)

Auger:

6.7 x 104 km2 sr yr (spectrum)

9 x 104 km2 sr yr (anisotropy)



The Pierre Auger Observatory 

4 fluorescence detectors 
(24+3 telescopes in total)

High elevation 
telescopes

 Infill array of 750 m,
 Radio antenna array 

Southern hemisphere:
Province Mendoza, Argentina 15

Surface array: 1664  
particle detectors



Telescope Array (TA)

Northern hemisphere: Utah, USA

507 surface detectors: 
double-layer scintillators
(grid of 1.2 km, 680 km2)

3 fluorescence detectors 
(2 new, one station HiRes II)

Middle Drum: based on HiRes II

LIDAR
Laser facility

Electron light 
source (ELS): 
~40 MeV

Infill array and high
elevation telescopes

Test setup for 
radar reflection
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TALE (TA low energy extension)

Talk by Abu-Zayyad







Results: Flux strongly suppressed, change of mass composition
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(RE, Nijmegen Summer School, 2004)

20.0

Composition based on fluorescence telescope data (15%  duty cycle)

Expected 1100, have ~14 events

Auger, preliminary

Composition could be explained by disintegration of ~ C or Si nuclei, 
very hard energy spectrum at injection favored ( ~ E-1 ) 

LHC data for 
interpretation 
very important



Results: Particles are of extragalactic origin
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Arrival directions follow mass distribution of near-by galaxies 

6.5% dipole at 5.2 sigma 
Science 357 (2017) 1266

Galactic centerEstimated deflection in 
galactic mag. field



Intermediate-scale anisotropy: over-densities ~20° size

21

Galaxies with 
D < 45  Mpc

(2MASS catalog) 



Anisotropy – Correlation with catalogs (Auger data)
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Starburst galaxies AGNs

(Giaccari  ICRC 2017)



Results: Hints for sources or source regions?
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Significance of correlation with starburst galaxies



Upgrade of Auger Observatory: AugerPrime
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15% duty cycle

100% duty cycle

(AugerPrime design report 1604.03637)

Water-Cherenkov detector (WCD)

- Composition measurement 
up to 1020 eV 

- Composition selected anisotropy 

- Particle physics with air showers

Scintillation detector (SSD)

Deployment fast: ~ 5 -10 stations per day

2016-09-15: first station in field



25(Kido, Matthews ICRC 2017)



The quest for an instrument of ultimately large aperture
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POEMMA:  
Probe of Extreme Multi-
Messenger Astrophysics 
UHECRs and Neutrinos

JEM-EUSO (status unclear)

K-EUSO 
(Russian Space Agency)

NASA-supported 
design study

Worldwide

distributed

hybrid arrays



Neutrino production due to cosmic ray propagation

27(neutrino + antineutrino flavor)
CMB

Pion production on any target

Interplay of 

interaction in source 

vs. 

escape from source



Propagation distances of different messenger particles
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Not visible in 
gamma rays 
(secondary 
 cascades)

Not visible in 
in cosmic rays 
(energy loss effects)

(M. Kowalski)

Magnetic horizon for cosmic rays 
(diffusion time exceeds lifetime of Galaxy / Universe)

Cosmological evolution 
of sources important



Distance ranges and matter distribution in the Universe
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High-energy neutrino telescopes
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ANTARES, Mediterranean Sea, V ~1/100 km3 

IceCube, 
South Pole 
V ~ 1 km3



IceCube measurement techniques

31Tau decay length ~50m/1015 eV

Charged current νe interaction

Charged current νµ interaction

Charged current ντ interaction

High energy starting 
events (HESE)

Veto technique

Only muon neutrinos

electron neutrinos
(NC muon & tau neutrinos)

Breakthrough 
in 2013



Results: Neutrino arrival directions (i)
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(Ahlers & Halzen, PTEP 2017)

Some neutrinos are background events 
Different detection techniques for different sky regions 
No obvious clustering with Galactic plane or Center

No significant correlation with UHECRs found

IceCube data



Results: Neutrino arrival directions (ii)
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(Ahlers & Halzen, PTEP 2017)

Some neutrinos are background events 
Different detection techniques for different sky regions 
No obvious clustering with Galactic plane or Center 
First source candidates can be excluded

Assumption: 
IceCube flux is diffuse, 
no local source seen

IceCube data



Results: Neutrino flavor mixture as observed at Earth
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(IceCube, ICRC 2017)

Neutrino oscillations from source to Earth 
- 0:1:0 only pion decay, strong muon cooling 
- 1:2:0 classic pion and muon decay 
- 1:0:0 neutron decay (anti-neutrinos_e)

IceCube: 
2.83 tau-neutrinos expected, 
0 observed

(Bustamante, MIAPP 2018)



IceCube Generation 2 (Gen-2)
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(Karle, MIAPP 2018)

Air shower event
- IceTop: Eµ ~ 1 GeV
- IceCube: Eµ ~ 500 GeV

Astrophysical
neutrino event
(simulation)

- IceTop: veto array
- IceCube: neutrino  

track or cascade

Importance of veto array



KM3NeT: ARCA and ORCA
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ORCA could be first 
experiment to determine 
neutrino mass hierarchy



Detection of neutrinos of ultra-high energy
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Different concept in ice: ARIANNA

νta

u

POEMMA 
neutrino detection

Detection of ultra-high-energy neutrinos: ARA

ANITA balloon flights



Gamma-ray production due to cosmic ray propagation

38(neutrino + antineutrino flavor)
CMB

Pion production on any target

Interplay of 

interaction in source 

vs. 

escape from source



Gamma-ray cascading down to ~ 100 GeV  
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(M. Kowalski)

Pair production on 
CMB and other 

background photons

Em. Cascade of 
pair production and 
synchrotron radiation in 
external magnetic fields

Photons “pile up” 
at low energy



Satellite

Cherenkov

Telescopes

Extensive Air 

Shower (EAS)

arrays

Primary particle 
oflow energy     high energy

Detection methods

(slide by Ruben Conceição)



Results: Examples of measurements
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Fermi Large Area Telescope Today: 210 sources in TeV catalog

MAGIC telescopes

3FHL: 1556 sources in catalog



HESS

MAGIC

HAWC

ARGO

VERITAS

        Built IACT

        Built Array

        Planned IACT

        Planned 
Array

LHASSO

RPCs

WCDs

(slide by Ruben Conceição)



Cherenkov Telescope Array (CTA)
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Northern site: 
- 4 LST 
- 15 MST

Southern site: 
- 4 LST 
- 25 MST 
- 70 SST

Southern site: Paranal, Chile

Northern site: La Palma, Spain

23 m

11.5 m

4 m

20 GeV – 3 TeV

80 GeV – 50 TeV

1 – 300 TeV



HAWC, LHAASO, Southern Gamma-Ray Observatory
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LHAASO in China (under construction)HAWC, Mexico

2HWC 
catalog 2017

300 tanks,

5m x 7m

22 000 m2

4100 m

Pb

RPC

WCD

50
 c

m

300 cm

150cm

LATTES concept for southern observatory (LIP) 
3600 stations (very compact) 
Total area ~20 000 m2



Multi-messenger astrophysics with gravitational waves

45

Publication 16 Oct 2017 in ApJL 
70 collaborations, 953 Institutes, 3500+ Autoren 
Auger: limits on neutrinos (and photons)
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GW170817: Neutrino flux limits by Auger Observatory
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∢

θ

ApJL (2017), special issue (70 collaborations)

Data of all relevant detectors, including Auger



First source of astrophysical neutrinos at high energy?
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2008 2017

IC170922A

TXS 0506+056

z = 0.33

IceCube 1709922A, publications in preparation

MAGIC: flare E > 100 GeV

FERMI: flare (found 6 days later)

(A. Franckowiak)



APPEC Roadmap for Astroparticle Physics
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APPEC – AstroParticle Physics European Consortium

Roadmap, Brussels, Jan 2018

Very rapid progress in understanding 
Largely driven by observations 

Actively observed messengers 
- Cosmic rays

- Gamma rays

- Neutrinos

- Gravitational waves


Multi-messenger physics of 
transient phenomena is the next step 

Powerful detectors for all messenger 
particle needed to optimally use 
scientific and financial investment


