Cosmic Rays

& other particles from outer space
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What is astroparticle Physics?
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Which is electromagnetic radiation

‘ " / photons coming from space
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|s there anything else
coming from space?
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What is a particle?
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions, half-integer spin) (bosons, integer spin)
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Quarks Hadrons
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The building blocks of matter
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The building blocks of matter

Quarks Hadrons

~10" m ~10"%m

Immeasurable = 0.000000000000001 m = 0.0000000001 m
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Particle physics research
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Particle physics research

Run: 263962
Event: 20805
2015-05-05 09:39:47 CEST
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Astroparticle physics research

KIT
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Astroparticle physics research

e Astrophysics:
We look at particles to understand
the universe

e Particle Physics:
We look at the universe to
understand particles

e Cosmology:

We investigate the nature and the
history of the universe
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A brief history
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The electroscope
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A gold-leaf electroscope
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The electroscope

A gold-leaf electroscope

Electroscopes
discharge naturally
due to the ionization
of the air
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The electroscope

A gold-leaf electroscope

Electroscopes
discharge naturally
due to the ionization
of the air
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Radiation causes ionization

e We know that radiation causes ionization

e There MUST be some kind of natural, “background” radiation present at all
times in the air

e Where does this radiation comes from?
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Radiation causes ionization

e We know that radiation causes ionization

e There MUST be some kind of natural, “background” radiation present at all
times in the air

e Where does this radiation comes from?

From the ground

A\‘(IT A sample of Uraninite, a radioactive mineral
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Radiation causes ionization

e We know that radiation causes ionization

e There MUST be some kind of natural, “background” radiation present at all
times in the air

e Where does this radiation comes from?

From the ground From above
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A\‘(IT A sample of Uraninite, a radioactive mineral 2 3



The discovery of Cosmic Rays

e The decisive experiment Victor Hess
was performed using
hot-air balloons

= EIN SR |

*‘(IT Victor Hess, center, departing from Vienna
[ S\ on a hot-air balloon, about 1911



The discovery of Cosmic Rays

e The decisive experiment Victor Hess
was performed using
hot-air balloons

e The amount of natural
radiation INCREASES at

high altitude ‘ /
e There is radiation coming | }’
from space 0

Nobel Prize in Physics in 1936
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[ S\ on a hot-air balloon, about 1911



History of Cosmic Rays

Cosmic rays are a natural source of high energy
particles

S8 e Discovery of new particles:
| o Muon (1936)
o Pion (1947)
e Discovery of antimatter (1932)

Discovery of the positron, the first

animatior pariide, by Ancerson i~ EVET MOre refined experiments showed that this

1932

radiation is mostly composed of protons and nuclei

A{]]




Today

Open questions:

e Where do Cosmic Rays come from?

o How do these particle accelerate to high energies?
e What exactly is their composition?

o How many protons

o How many irons

o etc..

e What happens along the way?
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Today

Open questions:

e Where do Cosmic Rays come from?

o How do these particle accelerate to high energies?
e What exactly is their composition?

o How many protons

o How many irons

Experiments in space:

o etc..

e What happens along the way?

OBSERVATORY
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Let's have a break
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Arrival directions
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Cosmic Rays are deflected by the
Galactic Magnetic Field
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The arrival direction does not correspond to the

AT position of the source 32
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More Energy -> Less Deflection

Anisotropy at high energies: extragalactic sources
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Candidate Sources

Neutron Stars

Starburst Galaxies
Active Galactic Nuclei
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How do we detect
Cosmic Rays?
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Air Showers

30000 m

Secondary
cosmic rays
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Drescher, Frankfurt U.

time = -200 us

40



Hajo Drescher, Frankfurt U. time = -100 ps




A\‘(IT Hajo Drescher, Frankfurt U.




Hajo Drescher, Frankfurt U.
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How do we measure
a particle shower?

44



KASCADE




A{]]

Pierre Auger Observatory

In Argentina ==

e ~ 3000 km?

e ~1500ma.s.l.

e 1660 stations
on the ground

The largest Cosmic
Rays Observatory in
the world!
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Pierre Auger Observatory

Loma Amarilla ! In Argentina -

e ~ 3000 km?

e ~1500ma.s.l.

e 1660 stations
on the ground

The largest Cosmic
Rays Observatory in
the world!

fi/’ q
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Each station is a tank
full of water

Particle detection with
Cherenkov light
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Cherenkov light in a nuclear reactor
IT

Cherenkov light

Speed of light in water ~ 75% of speed of light in
air/vacuum

When a charged particle is faster than the speed of light
-> “sonic boom”

But with light

This phenomenon emits a blue light called “Cherenkov
light”

hoch-
energetisches

e  Teilchen
""‘"-v,

48



A{]]

Pierre Auger Observatory
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Pierre Au Observator
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Pierre Auger Observatory

Hybrid Detector
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Pierre Auger Observatory
Fluorescence
Detector

Surface Detector

Observes shower

Samples shower on in the atmosphere

the ground

A[{]] Hybrid Detector 23



Pierre Au_ger Observatory

Surface Detector A“d also TNy | Fluorescence
' o Detector
v -

“~ Observes shower

Samples shower on 8 < in the atmosphere

the ground

A[{]] Hybrid Detetor 24
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What about neutrinos?
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Neutrinos
are elusive
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This is annoying...
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Underground
laboratories
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Photons take a long and tortuous path

But:

200,000 years

Neutrinos give us
real time
information about
the core of the Sun

2 seconds

Neutrinos zip though quickly Neutrino Ve
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Neutrinos travel in a straight line from their source

AT (just like photons) 50



Supernovae also
produce neutrinos

KIT

. 99% of the energy of

a Supernova
explosion goes to

- neutrinos
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Super-Kamiokande IceCube

[E77475
W7
“e

2 mm?{\\“\i\k X

Amundsen-Scott

1450 m South Pole
Station
A Antarctica
2450 m
2820 m Eiffel Tower 324 m
bedrock
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IceCube

Super-Kamiokande
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Gravitational Waves
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Spacetime is bendy...




... which means you can have waves of spacetime

65

BRSO A T
S s,»»m&m.% %
£)
R
0,
R0

TR XK
B

\ X

\"00 A
Oé’( KK X .m«.“ N
AR

\A

B0
&l

aa&&

KIT



How to observe GWs
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How to observe GWs

LIGO Hanford LIGO Livingston
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LIGO Hanford LIGO Livingston

Discovery of Gravitational
Waves in 2016 by LIGO

Nobel Prize in Physics in 2017 6 8
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Current Observatories

Einstein Telescope
A Maastricht*®

Virgo ~A

LIGO Cosmic Explorer
Hanford + | NW USA*

LIGO Einstein Telescope

Cosmic Explorer © ™\ Livingston s

SW USA* /5
LIGO
India

<

Cosmic Explorer
NE Brazil* vV

Cosmic Explorer
SW Australia*

-50° 0°

Longitude A [deg]

Proposed Observatories marked with a *
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Sources of GWs

Massive astrophysical events

e Two black holes merging
e Spinning Neutron Stars
e Supernovae

Simulation of merging black holes
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The three messengers
All for one, and one for all
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Thank you
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