


Astro-Particles

energetic (elementary) particles
from space (Sun, Milky Way, distant galaxies)
bombard Earth continuously.

Energies from MeV ....>10%° eV

\

most relativistic particles
in the Universe

Astrophysics with photons and particles.

Particle physics with probes of astrophysical origin.



What are these cosmic particles?

must be stable (to survive travel to us)

Cosmic Rays gamma rays

neutrinos

electrically charged . neutral

+ can be accelerated in el.mag. fields + move in straight lines
— are deflected in magnetic fields — secondaries
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Cosmic rays, gamma rays und neutrinos

are closely connected:

difficult
to detect

easy to measure,
but quickly absorbed
at high energies.

Y and 'V travel in straight lines, i.e.point back to sources.

Charged particles are deflected in cosmic magnetic fields.



Cosmic accelerators

The highest-energy particles come
from the most violent environments
(physics in extreme conditions)

The highest-energy CRs, ") and V
come likely from the same sources.

“multi-messenger” approach
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steeply falling spectra,
low fluxes at high energies

require huge detectors



Large, natural volumes become
part of the detectors:

atmosphere,
ice shields,
oceans,



\\ primary particle: E, type, O,

indirect measurement:
extensive showers

(in air, ice, water, ...)

L
T

measure the shower

to identify the primary = Wik
Energy: shower size =
Direction:  timing
Type: shower shape & /

particle contents



CRs: each CR makes an air shower, easy to detect
(difficult to identify the primary)

'Y . each 'Y makes an air shower, easy to detect

(but 100 -10000 x more CRs, separate them from Y)

V: only very few V interact in/near detector,

high-energy e, M, T make showers in ice

(but many atmospheric neutrinos from CR interactions)
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Backgrounds

Height a.s.l. [ km ]

gamma rays
(pointing back at source)

Cherenkov light
emission along
particle tracks

- Gamma
(0.3 TeV)

P W W W W R MR W W W R W W R W W W R W W

1 25

4 20

4 15

{10}

nuclei
(diffuse)

- Proton
(1 TeV)

e W W W W W W W R W W W W R W W W W e

0 200

Core distance [ m |

| 0000x more

ooy / INCOMING
COSMIC RAYS

/
e .o

A s 9 ~
ZENITH ,
-

atmospheric V

astrophysical vV

(dominant at high energies)
N



- - - -

Hadronic Interactions ...

| from MeV ... 102 eV
| very forward directions (~0°)

diffractive / non diffractive / nuclear

heavy quark production and decay

fragmentation, pt, baryons, heavy quarks...

for all particles (primary & secondaries)

needed to connect observables to primary particle.

CORSIKA:
A Monte Carlo Code to Simulate Extensive Air Showers
Forschungszentrum Karlsruhe Report FZKA 6019 (1998)
with interaction models: QGSJET, EPOS, FLUKA, ...

hadrons, “Particle physics with
. astroparticles”
e,e,
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Cosmic Rays RJ=

Pierre Auger Observatory Coitiugco
Argentina: 3000 km?

600 particle detectors +

27 fluorescence telescopes

Ultra High Energy cosmic particles
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The spectrum cuts
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p-p cross-section
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Astroparticle Physics A

Zeuthen °.g<‘rda,,,@uﬂ
https://astro.desy.de
Y ray astrophysics V astrophysics
HESS, VERITAS, lceCube,
MAGIC, Fermi,

Pingu, Gen2
CTA

+ astroparticle physics theory
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large angle

Y rays
Fermi - I.A"l'p

pair-conversion telescope with:

precision trackers
|8 layers tungsten converters

and X, y silicon strip detectors.

calorimeter
96 CsI(Tl) crystals in an
8 layer hodoscope (depth: 8.6 Xo)

4x4 modules covered by
anti-coincidence shield

Y

i Anticoincidence

I z:/ Detector (background rejection)
o :‘ SIS Conversion Foll
; ....................... ﬁ\ ] ,
e e | |\ Particle Tracking ~ | m 2.5 SY
. *\ _______________ Detectors . .

near-perfect rejection of
i charged primaries
Calorimeter

(energy measurement)
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NASA’s Fermi telescope reveals best-ever view of the gamma-ray sky

PKS 1502+106

o
S?n Sun
QOctober 30, 2008 August 4, 2008
PSR J1836+45925
- Geminga
; 7.
LS| +61 303 Lmdert:fed F’KSOES 115 ' :
Vpla '
Crab
NGC 1275 0O
Unidentified
- 3C 4543 O
. 47 Tuc

Credit: NASA/DOE/Fermi LAT Collaboration

Satellite experiment: 100 MeV - 100 GeV

point sources, extended sources and diffuse emission, ...




Cherenkov Telescopes

most sensitive instruments for
gamma ray astronomy.

30 GeV .... 300 TeV

air shower only in dark nights

(10% duty cycle)
require good knowledge
of atmosphere

Fast charged particles in shower
produce Cherenkov light. |
(forward emission) 5‘"

“Photograph” shower with an
imaging telescope.

Reconstruct identity (Y, p, ...) and energy
of primary and direction to source.

Cherenkov light
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Shower images in a PMT camera

*******

*******

Entries 1
Mean 20.78
RMS 44.53

1o
255
234

213
192

o 1m
lm
129

108
87
66
44
23
2
-19
-40

ALPHA

DIST—1"

éé; WIDTH

LENGTH

image analysis:
form and orientation
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HESS

Current imaging
Cherenkov Telescopes



Source Types
6 PWN
'm 6 XRB PSR Gamma BIN

6 HBL IBL FRI FSRQ LBL
AGN (unknown type)

background image: now: >170 sources (> 100 GeV) U
Fermi sky map (MeV-GeV) gal./ extragal./ unid. :Starbwst |
b DARK UNID Other
gamma ray emission is present ® 2 cgion Globuiar Custer
Cat. Var. Massive Star
wherever there are shocks and relativistic flows (lass unclean WR o



Supernovae produce TeV Y rays

RX J1713.7-3946 a supernova remnant shell



Galactic

centre
(H.E.S.S.)

CRs interact
with molecular
clouds

Supernova Remnant G0.9+0.1

HESS J1745-290 (The Galactic Centre)

Emission along the Galactic Plane

Mystery Source HESS J1745-303




A PeV-atron in the
Galactic centre

Nature 531, 476-479 (2016

H.E.S.S. 2016:
diffuse emission in
Galactic Centre Ridge region

Presence of protons of = 10'° eV

Dataset: 2004 - 2015
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untypical for extended emission densities from molecular line surveys. 5



Variability
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BL Lac object z=0.116
bursts on minute scales
I' = 100 are required
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Science Areas:

Pulsars § PWN

Origin of the galactic cosmic rays
Also UHECR signatures

Role of ultra-relativistic particles in

in clusters of galaxies, AGN, Starbursts... S oo qua

The physics of (relativistic) jets and shocks bl

Dark Matter annihilation / decay
Lorentz Invariance violation

cosmic FIR-UV radiation,
cosmic magnetism

15 Time after the BigBanain 10 vears O




The future with ...
cta

cherenkov telescope array

... an advanced facility for ground-based gamma-ray astronomy

CTA is the global, next-generation project with
largely enhanced performance,
two observatories (South and North)

probing the extreme universe with huge potential for
extreme astronomy and fundamental physics with TeV photons.
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- High-energies
10 km? area at
- >[00TeV

70 4-m telescopes f

Low-energies

- >30 GeV
few 23-m telescopes

30 GeV ... 300TeV

. central energ range:
mCrab sensitivity
- 0.1-10TeV

- 25 12-m telescopes

Not to scale !



10X more sensitive than current instruments,

much wider energy coverage and fiel-d:-'»-
substantially better angular and energy resolut

Design: o- 1.

Y Prototypes: 2011-14

‘:,\. | g Pre-constr.: 2015-16
| Construct.: 2017-21
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CTA QM Mi (Steady sources)
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Variability and Short-Timescale Phenomena
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Current Galactic
VHE sources (with
distance estimates)

CTA will be the
ultimate instrument

for surveys
400x faster than HESS

for transients
at 25 GeV,
104x better than Fermi




Source Number Sround-based

gamma ray astronomy
becomes “mainstream”.

10000
0
g Fermi CTA
= 1000 | e y =
O 7
Y0 X-ray ,/
100 Satellites " HEss,
N A O MAGIC,
VERITAS
HE y-ray
Satellites
io|, J 4
Ground-based
VHE Y-ray obs.
T 4l /S
1960 1970 1980 1990 2000 2010
Adapted from Year

Tadashi Kifune
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Neutrinos

IceCube @ South Pole

| km3? 5160 sensors,

~2 km deep in ice

Neutrinos go through

the earth.
(E = 10'1-10'>eV)

digital optical module
with 10 inch PMT
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digital optical module

86 strings with 60 sensors each

digital
electronics

|0 inch PMT
(Light sensors)
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Neutrinos create charged particles
which in turn produce Cherenkov light.

Muon-tracks
good pointing (<| degree)
large event rates due to long muon tracks

10 TeV 6 PeV

o
90 Wi : PP

R Ay R S P IR0 oG S i
00 B K R AR e A Sk /
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o SRR R
o hiSeeRisn TO0 000 i 0 e Stata®
y 9
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PINDIPPIIODAAD O 0C ’ Ve

signature of v,
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Particle cascades
V.,V
good energy resolution,
little background

Lili e Segdel
tPedaves

375 TeV

signature of v, signature of v_
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High-energy Vs detected.

Clear evidence for
astrophysical origin
(>50)

worid

BREAKTHROUGH
OF THE YEAR

\\
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-

Nov 2013

42




Events per 1347 Days

Spectrum

54 events observed,
2016 expected from atmosphere

E> I0/° eV

1.1+0.17 PeV

— e p——————
2 Emm Background Atmospheric Muon Flux
10 3 71 Bkg. Atmospheric Neutrinos (#/K)
- Background Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit) :
=== Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ **) |]
- « Bkg.+Signal Best-Fit Astrophysical (fixed slope £?) |
101 . ...Y.le%e Data :
- . lceCube Preliminary
= o - - -y
’ !
10° B SO WULI AT S
; o— ‘q
//ﬁ A A A A A I :
10° 10° 10*

Deposited EM-Equivalent Energy in Detector (TeV)

now: ~7/ O evidence for
extra-terrestrial Vv

size of a
football stadium,,



Sky Map

ICECUBE PRELIMINARY __———— _of 54 high-energy starting events

..........................................

..................................................................

Galactic

0 TS=2log(L/LO) 10.9

+ cascades
Largely isotropic = extragalactic origin x track-like
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Events

Ratio

Neutrino properties

*Normalization has been fixed at the horizon

0.0

250 | L !
[ceCube Preliminary '
200 fsimemy S
100 ~— MC with osc.
: - == MC no osc.
50 . f Data
0 1 i ]
-1.0 -0.8 -0.6 -0.4 -0.2
COS(OI'CCO)
1.4 : :
1.2}
1.0

0.8
0.6

0.2 i ' i
-1.0 -0.8 -0.6 -0.4 -0.2
COS(OFOCO)

0.0

cosmic ray
with air shower

rth

detector with atmosphere

4.0 : , : ‘
== |ceCube-86 (first year), 68%
- |ceCube-86 (first year), 90%
3.5|| = SuperK 2012 (2-flavor), 90%
-  MINOS 2012, 90%
= 3-0F ‘
o : .
é IceCube Preliminary
<525 |
a
2.0
060 065 070 075 080 085 090 0.95 100
sin2(202«,)

First determination of 023 and Am? with a neutrino telescope.
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Beyond IceCube:

Gen2

PINGU

Neutrino properties

3 & 8

a multi-purpose research
infrastructure at the South Pole.

Multi-km?2 Surface Detector

" Atm. neutrino veto
CR physics

Multi-km?® Neutrino

Telescope
Neutrino astronomy

Distance to the center of IceCube grid north-south [m)

g
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Other “astro particles”:
Dark Matter :

indirect detection
(annihilation/decay)

u ST DM
Wimps ? \ /
277

1on

No signs of Wimp DM g
in any type of search. §§

Stringent upper limits SM DM

for My — | ... |O4 GeV production at
colliders
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I T I T
Inspiral Merger Ring-

Gravitational Waves: + T H

event GWI50914 : Merger of two black holes 1.0k _
29 and 36 solar masses T 05 ﬂ | i
9 i 2 |
.3 x 107 light years away S 0.0 V\,\»—
S-o05t -
()
New messenger in the multi-messenger approach -1.0 [ umerical relativity | -

N Reconstructed (template)

to high-energy astrophysics.

So.6f : ' | Py
2 0.5 H == Black hole separation -3 'S
Do grav. events produce also other measurable outputs S g L= Black hol relative velocty 12 %
: . . o o 41 ®
(light, neutrinos, gamma rays)!  Some might ... >03F—— : ' Lo &
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sSummary:

Astroparticle Physics is a highly productive and exciting field.

Highest-energy particles ...
— probe the most violent environments in the universe
— are rare & difficult to detect
— provide most energetic particles in universe
— Energetic CRs, gamma rays & neutrinos are connected

(likely from the same sources).

Experiments are getting better in detecting them and
identifying their origin.

Multi-messenger approach to appreciate all aspects of sources.

Thanks to M Kowalski, T Karg, S Klepser for slides and inputs. 49



