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Astroparticle
physics

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. Bliimer)



Particle flux
multiplied by E?
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This talk: The Universe at the highest energies
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The first cosmic particle of ultra-high energy

Vorume 10, Numssx 4 PHYSICAL REVIEW LETTERS 15 Fepnuany 1963

Cascade of secondary particles:

_— extensive air shower
EVIDENCE FOR A PRIMARY COSMIC-RAY PARTICLE WITH ENERGY 107 ov?

John Linsley
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts

(Received 10 January 1963) 1
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E=10%0 eV

10

Energy conservation,
overall energy
estimate robust




Cosmic rays of 1020 eV energy exist !

Vorume 10, Numssx 4 PHYSICAL REVIEW LETTERS 15 Fepnuany 1963

EVIDENCE FOR A PRIMARY COSMIC-RAY PARTICLE WITH ENERGY 10 ov' 3 'M 7"’,

l
John Linsley ' ; .
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts I

(Recelved 10 January 1963) .
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FIG. 1. Plan of the Voleano Ranch array in February
1062, The circles represent 3. 3-m' scintillation de-
tectors, The numbers near the clircles are the showers
densition unnlclu /m") registered in this event, No.
2«A4834. Point “A7 Is the estimated location of the
shower core. The circular contours about that point
ald in verilying the core location by inspection,




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

How to accelerate particles to 1020 eV

(Unger, 2006)

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

Hillas plot (1984)
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Examples of astrophysical source candidates

Diffusive shock acceleration

Inductive acceleration

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk Single (relativistic) reflection
’ '? 7 Beam of
radiation
Before merging: After merging:
Rotation o
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Magnetic
axis

Active Galactic Nuclei

380 Arc Seconds 17 Arc Seconds
88,000 LIGHT-YEARS 400 LIGHTYEARS

Magnetic
field
lines

Beam of
radiation

Rapidly spinning neutron stars

National Radio Astronomy Observatory / AUI, Murgia et
al.; STScl (for the inset).
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bursts (GRBs) Tidal disruption events (TDEs)
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Fermi acceleration — a simplified view

First order Fermi acceleration
at large-scale shock fronts

(shown is second order
Fermi acceleration)
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Cosmic rays at the highest energies: extragalactic sources

. Energy spectrum of

10-6 ultra-high energy protons injected by

j isotropic y-ray high-energy - COSMIC rays sources

‘ background neutrinos - (Auger)

Fiit . proton (E~2) ",

. t44, (Fermi) (lceCube) __~ - "~ _“ _____ AN
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10 100 10° 10° 100 10° 100 10° 10° 10" 10 GZK effect:
energy E [GeV] Photo-pion production

Just a toy model to illustrate power

of multi-messenger studies

(mainly A resonance)
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Neutrino production due to cosmic ray propagation

Energy spectrum of
protons injected by
isotropic y-ray high-energy « Uultra-high energy sources
L background neutrinos o, ™, cosmicrays
++*++++ (Fermi) (IceCube) PEeELE “.. (Auger) AN
s . 1n] -2
HESE ~ E
t4 I (6yr) dE
GZK
I e mechanism
-~ cosmogenic
| ' v+ Vv '
| M. Ahlers (2017) . .
10 100 10° 10* 100 10° 100 10°% 10° 109 10" GZK effect:
energy E [GeV] Photo-pion production
(mainly A resonance)
0
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(neutrino + antineutrino flavor) 10



Neutrino production due to cosmic ray propagation

. Energy spectrum of
10-6 ultra-high energy protons injected by
isotropic y-ray high-energy - COSMIC rays sources
‘ background neutrinos «  (Auger)
+++++ (F . =
4 ermi) (lceCube)
107 T AN
T HESE W E2
~J
++++ (6yr) dE
1078 t
10-°
M. Ahlers (2017)

10 100 10° 100 10® 10° 10" 10"
energy E [GeV]

10 100 10°

Very similar energy loss for nuclei,

but different physics process (very few neutrinos) Photo-dissociation

(giant dipole resonance)
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How to identify sources of ultra-high-energy cosmic rays

venty A tte

Galxwy 104 « "l
* - o LoD

Deflection in Galactic and
extragalactic mag. fields

STATONRL DTS
ASK: hate,

Lty

protons

SN AZIC Wnds, ..}
1 N

IChten,

* - 10 Ve

o -
| — — -—

(Kotera & Olinto, ARAA 201 1)
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Anisotropy in arrival direction distribution on
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How to detect ultra-high-energy cosmic rays

g Time structure
E 16
g
g 6
0 20 40 60 80 100 120 140 160 180 20
Time bins (25 ns) : 100%% duty cyc'e
5 : o
! Lateral distribution
} v :
W ‘\\
T
Erec =f('SlOOO,e) e

\ 15% duty cycle

13



Pierre Auger Observatory and Telescope Array

Telescope Array (TA)

Delta, UT, USA Together full sky coverage
507 detector stations, 680 km=2

36 fluorescence telescopes
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Pierre Auger Observatory Auger: TA:
Province Mendoza, Argentina 6.7 x 10* km? sr yr (spectrum) 8.1 x 10° km? sr yr (spectrum)
1660 detector stations, 3000 km? 9 x 104 km? sr yr (anisotropy) 8.6 x 108 km? sr yr (anisotropy)

27 fluorescence telescopes
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Telescope Array (TA)

Talk by Abu-Zayyad

Middle Drum: based on HiRes I
TALE (TA low energy extension)

Communication
Tower
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Results: Flux strongly suppressed, change of mass composition

(RE, Nijmegen Summer School, 2004)

Expected 1100, have ~14 events

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

Fe [ 1] = syst. ¥ QGSIJETII 04 @l EPOS-LHC { SIBYLL 2.3

0.5 h
. 0.0L .“.“i.u‘ﬂ&:.g,g.mmm;ﬁ.m««ﬂ:ﬁ.@‘dn;‘u:.J.. LHC data fOr
= LOF interpretation
'g 0.5 very important
c
O 0.0 !
2 10f |
-~
O 0.5

0.0} ——

1.0 |

0.5

0.0 ]
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'§ ! (] . " < e l)- . . W
6‘10—2, ................. e O SRR B T o B S B oo A uger, pre“mlnary

o 175 18.0 18.5 19.0 19.5 200

1g(E/eV)

Composition could be explained by disintegration of ~ C or Si nuclei,

very hard energy spectrum at injection favored ( ~ E-') 9



Results: Particles are of extragalactic origin

world

TOP10

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

Science BREAKTHROUGH

E>8x1018eV
0.46

Estimated deflection in
galactic mag. field

0.38

, B L 6x10%eV
3uG kpe  ElZ

0~3

Arrival directions follow mass distribution of near-by galaxies
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Intermediate-scale anisotropy: over-densities ~20° size

Ursa Major Cluster
(D=20Mpc)

Perseus-Pisces

Supercluster

Virgo Cluster
D=70Mpc)

(D=20Mpc)

Galaxies with ridanus

D < 45 Mpc UL N ST el L S o M Y . Cl
y LT \ —'u . : Y - USter
2MASS Catalo ..‘., : . J ' & % y
( 9 ' ¢~ ¥ (D=30Mpcq)
—— Fornax Cluster
Centaurus N

Supercluster (D= 60Mpc)

— - — - - —_— — - - - - - - - - - - — — — — -

E>6x10Yev
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Anisotropy — Correlation with catalogs (Auger data)

Starburst galaxies AGNs

Observed Excoss Map - E > 30 EeV Observed Ex .E E
E > 39 EeV s ey mE E > 60 EeV

W =10° " W=7

# events per beam
I -
s 8 & 8

=]

preliminary
Mode! Excess Map - Starburst galaxies - E > 39 EeV NGC 4945
M 83

3.7Mpc

'-
s 8 8 8§

# evenls per beam

NGC 253
2.5 Mpc

o

—
NGC 1068

16.7 Mpc
(Giaccari ICRC 2017)
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Results: Hints for sources or source regions?

Star-forming or starburst galaxies
Significance of correlation with starburst galaxies

e.g. M82, close to the TA hotspot

Active galag(ieé or AGN

e.g. Cen A, close to an Auger hotsi)ot

23



Upgrade of Auger Observatory: AugerP

rrme

% - = Scintillation detector (SSD)
E E w— electrons
‘%o - e NUONS
15 |
15% duty cycle
5L
0 100 200 300 400 500 600 700
t/ns
o.
= 9 E water-Cherenkov detector (WCD)
«
100% duty cycle & = slechns
5
00 100 200 300 400 500 600 700
t/ns
- Composition measurement | 70 —
1 20
lron
. : 50 -
- Composition selected anisotropy £ 4
C - —
u u | | | | 3
- Particle physics with air showers S30} -
Proton
20 + )
10 | ]
0 N,

(AugerPrime design report 1604.03637)

-410 -400 -390 -380 -370 -360 -350
Discriminant [a.u.]
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TAX4 Project

TA SD (~3000 km?): Quadruple area
Approved in Japan 2015
500 scintillator SDs
2.08 km spacing FD

3 yrs construction, first 173 SDs have
arrived in Utah for final assembly, next 77
SD to be prepared at Akeno Obs. (U.Tokyo)
2017-08 and shipped to Utah
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sesssscss TASDISS®

Long “oeecseeserssr
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FD Rotomeocs
. LA R N R T Y

2 FD stations (12 HiRes Telescopes)

Telescopes/electronics being prepared at
Univ. Utah

Site construction underway at the
northern station.

Get 19 TA-equiv years of SD data by 2020
Get 16.3 (current) TA years of hybrid data

-\'_'.
C?s
s O
-

(Kido, Matthews ICRC 2017) o

e :.‘ R
ccoace & o |
g4

" TAX4SD oo o

Approved US NSF 2016 "

|0 L\

E > 57 EeV

Black Rock FD * ° :
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oSouthcast- ..
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The quest for an instrument of ultimately large aperture

JEM-EUSO (status unclear)

Worldwide
distributed
hybrid arrays

POEMMA:

PROBE OF EXTREME MULTI-
MESSENGER ASTROPHYSICS
LULHECRS AND NEUTRINOS

Limb

POEMMA
| Nadir.
Ground: | ..
North+South

3

NASA-supported
design study

Ex_gosures ( Lﬁx m*2*s r'er

2

Fluorescence

............... K-EUSO
(Russian Space Agency)

71990 2000 2010 2020 2030 2040

Year



Neutrino production due to cosmic ray propagation

++++
*s

Isotropic y-ray
‘ background
t44, (Fermi)

++H

K2

}

,
[ M. Ahlers (2017)
dhaaal aa a2 ool e e el PP |

high-energy - ultra-high energy
neutrinos 5 ™ COsSMIC rays
(IceCube) proton (E"7 "= (Auger)

| Interplay of
HESE calorimetric
(6yr)
interaction in source

VS.
GZK

e mechanism
- cosmogenic "
“ V+ v '

escape from source

10 100

10°

10 100 10 100 1028 10° 109 10

energy E [GeV]
gy Pion production on any target

@ —O n P

Ve Vu Vi | —
(neutrino + antineutrino flavor) 27



Distance [Mpc]

Propagation distances of different messenger particles

radio/microwave iInfrared/optical gamma-rays neutrinos cosmic-rays

104
| cosmological max of star formation Not visible In Not visible in
10 gamma rays . )
in cosmic rays
(secondary | Foot

10% I nearest blazar cascades) (energy loss effects)
101 -
100 |-

nearest galaxy
10 -
0 Cosmological evolution

galactic center " (M. Kowalski) of sources |mportant
10-3 1 | 1 | | 1 1 | | | | | | |

10° 104 107 100 102 104 10° 108 10 10" 10" 10™ 10'® 10%

Energy [eV]

Magnetic horizon for cosmic rays

(diffusion time exceeds lifetime of Galaxy / Universe)
28



Distance ranges and matter distribution in the Universe
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http://www.atlasof
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High-energy neutrino telescopes

ANTARES, Mediterranean Sea, V ~1/100 km?3

- 12 lines

« 25 storeys/ line
« 3 PMTs / storey
« 900 PMTs

40 km to
shore

|

2500m depth  Junction
== Box

Anchor/line socket __ Submarine links

© F. Montanet

South Pole surface . _ _
Om(A|t2835m) _ e e ¥l m] la ) | e e

- e e = _=_= == = |ceTop surface array
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Lightcone
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lceCube measurement techniques

Charged current ve interaction
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Tau decay length ~50m/1075 eV
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Results: Neutrino arrival directions (i)

HESE 4yr with ., > 100 TeV (green) / Classical vy, + 9, 6yr with £, > 200 TeV (red)
gl NG e Some neutrinos are background events
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Results: Neutrino arrival directions (ii)

Some neutrinos are background events
HESE dyr with Eg., = 100 TeV (green) / Classical vy + ¥y 6yr with Ey = 200 TeV (red) Diﬁerent detection techniques for diﬁerent Sky regions
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Results: Neutrino flavor mixture as observed at Earth

== HESE with temary PID| ©
=== |ceCube APJ 2015

lceCube
Prelimmnary &

= /N /N D
O A" ™ o
O Q QD QD

Fraction of v,

(Bustamante, MIAPP 2018)

VeV, Vo at source
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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

—24A log(Likelihood)

fv, = 0.5110-24
fv, = 0.497013
fv. = 0.0010%0

(lceCube, ICRC 2017)
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lceCube Generation 2 (Gen-2)

2000 e o
......... = Importance of veto array
1000 N LN e ot Surface Area: ~6.5km? (0.9)
R Instrumented depth: 1.26 km
BRIANE-: (1.0
1000 .-.... . :. - . 3
ses® e B Instrumented Volume: 8 km
-2000 . .
9000 -1000 O 1000 Order of magnitude increase
[m) of contained event rate at high
| | energies. Air shower event

- IceTop: E, ~1 GeV
- IceCube: E, ~ 500 GeV

Astrophysical
neutrino event
(simulation)

- lceTop: veto array
- IceCube: neutrino

(Karle, MIAPP 2018) track or cascade




KM3NeT: ARCA and ORCA
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Detection of neutrinos of ultra-high energy

ANITA balloon flights POEMMA
neutrino detection

A\ \
\ .
\S

Detection of ultra-high-energy neutrinos: ARA

South Pole Ice is very transparent at
radio frequencies, at 0.1 to 1 GHz: > 1km V

Fun (SO m) : : P

Admunsen-Scott
South Pole Station

-~
0 = 56*
Central Station Electronics
Interaction Vertex
SIY A
O U
Y large A add
» ;;“ ® ./" :
| Sl ' Radio emission ﬁc /f’\>>\>\);,.
| "
| Vi
Downhole :
Instrumentation | Ve - * Antenna optimized for horizontal showers
T * Bow-tie design, 3 perpendicular arms -
+ Frequency range: 50-200 MHz =~ (B -
= - - . * Inter-antenn : 1km
Different concept in ice: ARIANNA bar-SnterEl Boacing Ve




Gamma-ray production due to cosmic ray propagation

isotropic y-ray high-energy « Ultra-high energy
. background neutrinos o, ™, cosmicrays
. ton (E- -
(Fermi) (IceCube) et I, '~ (Auger)
- | Interplay of
=~ - S calorimetric
D (e | - interaction in source
o -~ VS.
Vy+ V GZK
N Lt mechanism
8yr) | > escape from source
y-rays from - cosmogenic ",
n Y decay V+ VU '
| M. Ahlers (2017) - .
10 100 10° 10 10° 10° 100 10° 10° 100 10"
energy E [GeV] |
Fion production on any target
0
v —Y

@ —O n P

(neutrino + antineutrino flavor) 38



Distance [Mpc]

10°

10°

radio/microwave

e AN R R
ool ARG O e o3
LN .

Gamma-ray cascading down to ~ 100 GeV

infrared/optical

gamma-rays neutrinos cosmic-rays
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f—

nearest galaxy

galactic center

l

|

cosmological max of star formation

Pair production on
CMB and other
background photons

(M. Kowalski)
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Photons “pile up”
at low energy
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Detection methods
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Results: Examples of measurements

MAGIC telescopes

¥ 1 incoming gamma ray

—

electron-positron pair

Fermi Large Area Telescope

3FHL: 1556 sources in catalog

Galactic Latitude
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Cherenkov Telescope Array (CTA)

20 GeV -3 TeV

Vulcano Llullaillaco
6739 m, 190 km east

80 GeV - 50 TeV | T ———

K~*§“ -
‘Q\‘ _— K\“
) - \ -
. A Ow\ @ .

1 -300 TeV

Cerro Paranal
’: . ,.'..'
VISTA Very Large
Telescope

Southern site: Paranal, Chile

Northern site: Southern site:
-4 LST -4 LST
-15 MST - 25 MST 5Ty o i
- 70 SST =F=s e e
Northern site: La Palma;*Spain#
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HAWC, LHAASO, Southern Gamma-Ray Observatory

300 tanks,
SmXx /m
22 000 m?
4100 m
ety 6c T,

s‘ s,., °°°° ‘Z 2, 32 2‘°3'°: .3&69”’1 o0
2HWC LATTES concept for southern observatory (LIP)
catalog 2017 3600 stations (very compact)

Total area ~20 000 m?
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Multi-messenger astrophysics with gravitational waves

arv

W WL
et RB

Publication 16 Oct 2017 in ApJL —. 2N shteurve from Fermi/GBM (10 — 50 keV)
70 collaborations, 953 Institutes, 3500+ Autoren il j

20(N) !
Auger: limits on neutrinos (and photons)

'

Fvent rate (.-um,:s_,'g

1750 - ST ]lflj[!
1 () + ﬂ
1250 +
FIRST CosmIC EVENT OBSERVED — oen [ Lighteurve from Fermi /GBM (50 — 300 keV)
IN GRAVITATIONAL WAVES AND LIGHT 00 - l
Colliding Neutron Stars Mark New Beginning of Discoveries p— |

1 OO0 4

Collision creates light across the

entire electromagnetic spectrum.

Joint observations independently confirm
Einstein's General Theory of Relativity,
help measure the age of the Universe,
and provide clues to the origins of

heavy elements like gold and platinum

Tol) 4

Event rate (counts/s

Lightcurve from INTEGRAL/SPI-ACS
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On August 17,2017, 12:41 UTC, Within two seconds, NASA's

LIGO (US) and Virgo (Europe) detect Fermi Gamma-ray Space Telescope
gravitational waves from the merger detects a short gamma-ray burst from a

of two neutron stars, each around region-of the sky overlapping the LIGO/Virgo
1.5 times the mass of our Sun. This is position. Optical telescope observations

the first detection . of spacetime ripples pinpoint the origin of this signal to NGC 4993, ’ ()
from neutron stars a galaxy located 130 million light years distant
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Multi-messenger Observations of a Binary Neutron Star Merger
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Abstract

On 2017 Augus 17 a binary ncutron star coalescence candidate (later desipnated GWIT0817) with merger time
12:4]1 04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The

Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
~ 1.7 s with respect 1o the merger time. From the gmvnanonal-waw signal, the source was nitally localized to a sky
region of 31 dcg at a luminosity distance of 40 Mpc and with component masses consistent with neutron stars, The

COMPONCNL MAasses were later measured to be in the range (.86 to 226 M .. An cxtensive obscrving campaign was
launched across the clectromagnetic spectrum leading 1o the discovery of a bright optical transient {(SSS17a, now with

world
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GW170817: Neutrino flux limits by Auger Observatory
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First source of astrophysical neutrinos at high energy?

Cherenkov
Swift Telescopes —
()
\ ' SN/GRB

TXS 0506+056

3FGLJ0509.4+0541

* Increased sensitivity
for transient neutrino
sources

» Source identification

Iridium / —
IceCube (A. Franckowiak)

050548, 1333

10
TITLE: GCN CIRCULAR
NUMBER: 21916
SUBJECT: IceCube-170922A - IceCube cobservation of a high-energy neutrino candidate event el |
DATE: 17/09/23 01:09:26 GMT
FROM: Erik Blaufuss at U. Maryland/IceCube <blaufuss#icecube.umd.edu>

Claudio Kopper (University of Alberta) and Erik Blaufuss (University of Maryland) report on
behalf of the IceCube Collaboration (http://icecube.wisc.edu/).

25

Relative Flux > B00 MeV

On 22 Sep, 2017 IceCube detected a track-like, very-high-enerqgy event with a high probability

1 ]

’ . , : . = +
of being of astrophysical origin. The event was identified by the Extremely High Enerqgy 4.1, 14, | :
(EHE) track event selection. The IceCube detector was in a normal operating state. EHE events Y " : ; J‘

. e ™ .

typically have a neutrino Interaction vertex that is outside the detector, produce a muon
that traverses the detector volume, and have a high light level (a proxy for enerqy).
_2'5 'S A 'S A A e A A
After the initial automated alert 239855818 270099818 300339818 330579818 350815818 391059818 421299818 451539818 481779818 512018818
(https://gen.gsfc.nasa.gov/notices amon/50579430 130033.amon), more 2008 MET 2017

sophisticated reconstruction algorithms have been applied offline, with the direction refined

to: FERMI: flare (found 6 days later)

Date: 22 Sep, 2017

Time: 20:54:30.43 UTC

RA: 77.43 deqg (-0.80 deg/+1.30 degq 90% PSF containment) J2000
Dec: 5.72 deg (-0.40 deqg/+0.70 deqg 90% PSF containment) J2000

We encourage follow-up by ground and space-based instruments to help identify a possible ICeCUbe 1709922A, pUincatiOnS in preparatiOn

astrophysical source for the candidate neutrino.



APPEC Roadmap for Astroparticle Physics

APPEC - AstroParticle Physics European Consortium

- European Astroparticle

22 Physics Strategy
APPEC 2017-2026

Roadmap, Brussels, Jan 2018

APPEC agencies invest “80 Meuro/year in APP

[y
N
o

. Capital investments

[

Q dark energy

m Exploitation expenses

gravitational waves

Expenses (M€)
s 3

60 y-ray telescopes

40 iy m,mm?.nﬁn?mu
o 'ﬁ""”“”""lé“"i'!llnlllm"".fll"z;ml;_!llllillllllllll’IIII?llll'5I|||3I|”U|”m"ﬁm '
| o
20 dark matter
underground laboratories
0

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Excludes EU structural/regional, PP, ASTRO, non-EU funding «++ Year

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
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