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Credit: John Quinn/CfA
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+ high-energetic particles,

M U |t| =Wwave | en gth aStrO N Omy neutrinos, gravitational

waves

synchrotron emission from HE electrons moving through interstellar magnetic fields

y 0.4-0.6 um

10.25,0.75,1.5 keV

>100 MeV

radio microwave infrared I I uv X-ray Y -ray
Wavelength (m)
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High-energy / non-thermal astronomy

* Photons / particles with energies much higher
than their rest mass

e electron: ~5x10°eV ~0.6x 1010 K 3
* protons: ~10%eV ~ 1013 K

» hard-to-achieve temperatures |

lllll

non-thermal processes . ey o
dominate above MeV energies ... \ w;jf;}j:f 'z
g | 10,000°K -~ // E

J=-I3y /////// =

a::': / zg

g lllll 3%

: E

|

- ed Optica ultraviolet
e o o e e e e | M P K
108 12 101 101% 101 1022
’ Lat cp» —
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High-energy astrophysics

\

AGNs, SNRs, GRBs... 4

Gamma rays

Neutrinos

DESY. | Astroparticle Physic®



High-energy astrophysi O\ ®

B
O Y

Synchrotron

e
\ ny
AGNs, SNRs, GRBs... 44 ?/L—L‘
Photon fields (CMB, stellar photons, Y

blcextragalactic background light)
ho Magnetic fields; turbulences

Secondary cascades; f
Heavy ion interaction %“ . e

x —> p'

Inverse Compton

Bremsstrahlung

. 3 Cil LEN
Neutrinos g

P p Pian 2019
B p 1.\.\
p ’ Y Proton Bethe—Heitler Photopion Photopion Photopion
synchrotron pair production (IT* component) (IT- component) (11° component)

'|-|'O

Hadronic

% p 17 \n n/ \p ”,O/Y
¥ Ky

Y

p-p / p-y interactions
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Observatories

Fermi (Gamma-rays) Suzaku (X-rays)

Auger (Cosmic Rays) LIGO (Gravitational waves)

= = South Pole

IceCube Dbt e
(Neutrinos) _'3:'"

IceCube ; ’ ;11 1\\‘1\

Maier




Cosmic Rays

“Cosmic rays are high-energy protons and atomic
nuclei which move through space at nearly the speed
of light. They originate from the sun, from outside of

the solar system, and from distant galaxies.”
(Wikipedia)



Cosmic Ray Energy Spectrum
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98% nuclei, mostly p, He,
but also heavier nuclei

2% electrons

(at a few GeV;

strongly energy dependent)

cosmic rays energies

up to 1020 eV

energy density similar

to star light or magnetic fields



The Cosmic Ray Energy Spectrum
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Cosmic Rays, Neutrinos, Gamma rays

$ Diffuse y (Fermi LAT) @ IceCube (Ap) 2015)

T
&
o
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©
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W
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cosmic neutrino spectrum shows similar energy flux

¢ Cosmic rays (Auger)
¥ Cosmic rays (TA)

14 V %, CR

“®
?Y 7

compared to gamma-rays and cosmic-rays
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e.g. Ackermann et al, ApJ 799 (2015)
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Viktor Hess

1912: Several
ascents up to 5000 m
1936: Nobel prize
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Viktor Hess \\ \ | |

| [ /1/] 1912: Several
| A ascents up to 5000 m
& i \\ \ WAL : :
Electroscope — A\t B2 FJ}\“‘W; 5\ 1936: Nobel prize
measurements | i ~Na T . T e R m———————————
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l ' .. -~ - "‘.“
) - b 2 » o > - »

—y | X

/N

Altitude (km) Change in
lonization
(108 m-3)

0
1,2
3,8

28,7
61,3
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High energy astrophysics in one equation

Ni(E, x,t)dE is density of particles of type i at position x with energy between E and dE

(synchrotron radiation,
jonization loss,
reacceleration, ...)

diffusion with diffusion energy losses and convection with

8]\7 coefficient D 8 gains velocity U

— = (V- (D,;,VN))Y —(dE/dtN;(E)) £ V - @N;(E)

e 1o, x(E, E) o

(B, ) —(p: N - — ’ Ni(E')dE
L) ENGE

cascade term: feed-down from higher
energies and nuclear fragmentation
1 processes

loss term p; = 3=

turbulences & magnetic fields
DESY. | Astroparticle Physics | Gernot Maier



Some of the main
questions In
Astroparticle Physics




Flux (m? sr s GeV)™!

1. Cosmic Particle Acceleration

= How and where are particles accelerated?

= How do they propagate”?

= What is their impact on the environment?

\

10*

= AGNs, SNRs, GRBs... ) ¢
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2. Probing Extreme Environments

* Processes close to neutron stars and black holes

" Processes In relativistic jets, winds, accretion,
explosions, pulsars

= Cosmic voids

- Pulsars\ ff holes

DESY. | Astroparticle Physics | Gernot Maier



3. Exploring Frontiers of Physics

= What is the nature of dark matter?
Does it exist at all? How is it distributed?

= |s the speed of light constant?

= Do axion-like particles exist?

AGNs, SNRs, GRBs...

rinos

DESY. | Astroparticle Physics | Gernot Maier
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Instruments

How to detect cosmic rays,

gamma rays, neutrinos, ...



Extensive Air Showers

composition of part.

at ground level
(after 25 Xy, 1144t

~ 80 % photons
~ 18 % electrons

~ 1.7 % muons
~ 0.3 % hadrons

~ 106 secondary part.
from 10"1° eV proton

Hadwey'H-")

D A A A A N Lt [ty p——————glll )]))lllililllle, p detectors
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Extensive Air Shower: toy model for particle cascades

N(X) = 2%/* %
n=1
Ey
E X — + -
(X) NX) ¢ e .
E
Nma:v — N(Xmax) — 9 X EQ
Xmaz = )\log (Eo/Ec) x log(Ep) o/ N/ N D\ nHA4
log 2
Heitler Model
« Measure

here: primary particle is a photon
(similar: hadronic showers)

 particles reaching ground
« Superluminal particles create Cherenkov light
« High-energy electrons excite nitrogen which then fluorescence

DESY. | Astroparticle Physics | Gernot Maier 20



Extensive Air Shower
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i FEq
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5 50
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Extensive Air Shower
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Type-1 Station

e B
P g W ——\ ”’""»--.,““‘v«
HV- and Signal -
Connectors ?

Photomultiplier Tube

Light Guide

Detector Station

Pressure Baance
" Vessel (Ar filling)

e/gamma-Detectors

- Liquid Scintillator

“~—_ Muon-Detectors

Plastic Scintillators

Lead Absorber
(10em)
Iron Absorber i _“
(4 cm) o —
YT
Concrete |
77 L 7 v 777 /7 7 LSS 74
K 2400mm )
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The Pierre Auger Observatory

GPS antenna e
~#-+" Communications

antenna

7&
|

Plastic tank with
12 tons of clean water




The Pierre Auger Observatory
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e electromagnetic
energy deposit

Water-Cherenkov

decay to ground state by
isotropically emitting UV photons




Extensive air shower: hadronic interactions

180
o]
£ 160
2140
©
120
100

understanding of extensive air showers relies on extrapolations of
several orders of magnitude using models of the hadronic

Interaction
Pre - LHC
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Extensive Air Showers and Cherenkov Emission

§ charged
/8 particles in

DESY. 26



Extensive Air Showers and Cherenkov Emission

[ /h

emission.
angle
depend on
atmospheric
density

Cherenkov photon densitiy [1/m?]

N

0@ —e— Fluka gamma 500 GeV
""l""l"'QQ'I""I""l""—I—Flukagamma300GeV
N 6 Fluka gamma 200 GeV
A —¥— Fluka gamma 150 GeV
Fluka gamma 100 GeV

—++— Fluka gamma 80 GeV
Fluka gamma 50 GeV

Fluka gamma 30 GeV

—— Fluka gamma 10 GeV

2

-
o

Cherenkov photon

—h

llllllllllllllllllll
-------------

i
350 400
distance to shower [ml

50 100 150 200 250 300

Cherenkov light from air showers:
weak (~10 ph/m2), short (~ns),
blue (300-550nm) flash of light
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Imaging Technique - Air Showers

y-photon

cherenkov
light

shower

camera/focal plane (viewed from zenith)

A
¢

9|0%S™D

shower axis

camera coordinates given in degree

telescope
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Telescopes
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Cherenkov g
- Telescopes
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High-energy section
limitation: effective area

ot i ~”\ :“~ - T : -
T > S v« telescopes with~4-7Tmo &
5\_:{__*__{" MIdSIze telescopes S——— - - —— - energy range > 5 TeV
-~ . limitation: gamma/hadron separation = —_ : e S

——

telescopes with 12 m @
energy range: 100 GeV - 10 TeV

-

Low energies
' 3 R SRR Y .Y limitation: photon collection and
Array of >350 telescopes - = %0 gammalhadron separation
factor 10 improvement in sensitivity . . large telescopes with 23 m @
% 20 GeV to >300 TeV energy range - - . 2l s energy threshold some 10 GeV
. significantly improved angular resolution SR T D LR,
twoobservatorles North and South




The Cherenkov Telescope Array - Large Size Telescope

DESY. | Astroparticle Physics | Gernot Maier




Opacity of the Universe to high-energy photons
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Neutrino detection
10732 p=—rm

astrophysical flux:
| O(10%) per km? per year
1 above 100 TeV

Interaction probability

e LA , ...............................
10~ per km water_

10736 ¥/ - — vTotal — o Total |z
v/ - _ §
- - vCC - - v CC
v NC v NC |-
10_37 NEPETETTTY BT T T Y B

102 10® 10* 10° 10° 107 10°
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High-energy neutrino detection

water or ice' detector
string of photomultipliers
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IceCube

DESY. | Astroparticle Physics | Gernot Maier

34



lceCube

® @© icecube - Google-Suche X +

& & @& google.com/search?biw=1253&bih=681&tbm=isch&sa=1&ei=ylhVXcflA_2Ek74P-IW74A4&q=icecube&oqg=icecube&gs_|l=img.3..0j0i67j0j0i6712j0i10j0j0i1... &

G(m:gb icecube A {4 Q

Q Ale [E News Bilder [] Videos ) Shopping i Mehr  Einstellungen  Tools

neutrino detector rapper desy good day icecube neutrino observatory twitter rap elektronen synchrotron south pole deuts

Ice Cube — Wikipedia Ice Cube | Discograph... Ice Cube on Twitter: "See... The Business Behind Ice Cube's Bi... Ice Cube to Release Ne»

\

Ice Cube | Biography, ... Frozen in time: why does nobody want to hear I... Ice Cube Talks New S... Ice Cube: Schluss mit Lustig - Black Music Specia... What Ice Cube Teaches

DESY. | Astroparticle Physics | Gernot Maier
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Amundsen-Scott South Pole station



IceCube

IceCube Lab
X”-‘ e / 'OOTOD
e i = S 81 Stations
50m \’_-:_—‘.:?:—;_._-. - 324 optical sensors
| TR ' ' | I
\ | IceCube Array
| | | 86 strings including 8 DeepCore strings
t 5160 optical sensors
1450m I
DeepCore
8 strings-spacing optimized for lower energies
' 480 optical sensors
Eiffel Tower
324 m
2450 m
2820 m

Glass Pressure Housing

light collection by DOMs
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rgy, allowing
easily identi-
-neutrino as-

side view

IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin
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Sources of Cosmic
Rays

What are they?

Is it a single source? A single source class?

Where are they? Galactic / extragalactic?

How?

acceleration mechanism, feedback on environment, ...



Maximum energy of an accelerator
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Maximum energy of an accelerator
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Hillas Diagram

M.Hillas (1984)
- — E——
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Cosmic Particle Accelerators 2200 sources > 10 GeV

Fermi LAT 7-years sky map (10 GeV - 2 TeV) diffuse emission

Supernova Remnants, Binaries, Star forming regions, pulsar wind nebula, active
galactic nuclei, gamma-ray bursts, nova, diffuse emission, dark matter, ....

DESY. | Astroparticle Physics | Gernot Maier 41



Gamma-ray bursts

DESY, Science Communication Lab
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Tidal Disruption Events

DESY, Science Communication Lab
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Nova

DESY. | Astroparticle Physics | Gernot Maier

DESY, Science Communication Lab
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X-ray heating ..
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Supernova remnants
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Cassiopeia A Supernova Remnant

core-collapse Supernova remnant - ;
4 -.-’: u\ . |

~ VERITAS
historical (1608) |

Dec (J2000)

' | | | | ) y il ' |
’ - " ‘ 351° 350°
- e : . ' P RA (J2000)

4
L 4
Chandra X-ray observations of Cassfcme,ja A:
.."I-IIII'V“‘

Synchrotron emission from energetic electrons '

._ , Gamma-ray
"~ Angular
Resolution
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Cassiopeia A - Spectral Energy Distribution

Chandra X-ray

10-8 = ,
Synchrotron e - Suzakq T |
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I ' Inverse Compton
- ; ; 3 Pion Decay ======
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: g’ i J gamma-ray
™ .
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Cassiopeia A - Spectral Energy Distribution

Chandra X-ray

10‘8 3 .
Synchrotron e - Suzakl’! T |
i Fermi F——
. _ VERITAS +—a—
N R XTIy gimoron ——
3 Thermal Bremsstr.
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I Inverse Compton = = =
— ; ] Pion Decay ======
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Supernovae Explosions & Energy Budget

assume Milky Way is filled uniformly with Cosmic Rays (CR), diffuse out diffuse out of
this volume in typically tcp=107y

CR energy density: pe = 0.5 eV/cm3 (similar to starlight)

Lop = V‘iggE ~ 3 X 1O4Oerg/s

DESY. | Astroparticle Physics | Gernot Maier 51



Supernovae Explosions & Energy Budget

assume Milky Way is filled uniformly with Cosmic Rays (CR), diffuse out diffuse out of
this volume in typically tcp=107y

CR energy density: pe = 0.5 eV/cm3 (similar to starlight)

Lop = V‘iggE ~ 3 X 1O4Oerg/s

typical 2-3 Supernovae per 100 y in our Galaxy are
enough to sustain this luminosity assuming a 10%

i i ic- AR E IS

conversion rate from mechanical to cosmic-ray energy BRI A f% Dig

CECRYAV- I AN,

length of Historical Records AR E K% ﬁ =

date visibility remnant Chinese Japanese Korean Arabic European g f % | g ‘ﬁ E % E.E-‘-_;.';f'. :

AD1604 12months  G4-5+6-8 few ~  many -  many EXN R AN
AD1572 18 months G120-1+2-1 few - two - many R A& % MER
AD1181 6 months 3C58 few  few - - - 75 BB AREF X

ADI1054 21 months Crab Nebula many  few - one - v A ij:g %'Zl/\

AD1006 3 years SNR327.6+14.6 many many —  few  two ﬁ@;fé;%‘ﬁ‘g;ﬁ

AD393 8 months — one - - - ~ =% ﬂ-"ﬁ'gﬁiiﬂ

AD386? 3 months = one - - = - E\ %,25 g%g

? _ _ _ — — : i

gigg gg;o;(;hrsnonﬂls - gﬁ: — — - - 4. A% R iﬁ:g
ENE 2B JE-ABAE.

HI\B |9 57| % H

L& %[ X5 0%

DESY. | Astroparticle Physics | Gernot Maier Wenxing Tongkoa (1 1 81.)‘}



Observational Bias...

particle Ph



Active Galactic Nuclel



M87 .

ACtive GaIaCtiC NUCIGi HST optical

oparticle Physics | Gernot Maier




M87 .

ACtive GaIaCtiC NUCIei HST optical

blue light:
synchrotron radiation
from HE electrons

Event Horizon Telescope

| Astroparticle Physics | Gernot Maier



Radio-Loud Broad Line
Quasar Radio Galaxy

Narrow Line
/ Radio Galaxy

Blazar

J et

Narrow line
region

116390507

Broad line
region

Black
hole

Accretion
disc

Dusty
torus

By Emma Alexander - [1], CC BY 4.0, https://
commons.wikimedia.org/w/index.php?curid

Not to scale! Radio-Quiet Quasar
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: = . Doppler boosting of a power-
Doppler boosting in jets law source:

D= VI=F I (v) ocv=@

1—pcos® ]obs _ D3—|—oz]em(y)

1(Dv) = D*I5™ (v)

beam opening angle @b/,»l'a'l'/‘ P
even mildly relativistic jets - | Dideshited,
: : : boosted
result in a large intensity boost
into the forward direction D>1
_____ Observer 1
Observer 5 N S e T
e e (-
D<1 ) o) T
Source ". Seeeol
redshifted, > . T~ _Pgsewer 2
de-boosted ;- D=10-30 . .. Ox,
"' ‘s‘ l/l/$l;l}7"“~\
| ocitv of O 95" ‘\‘ Variability time
D o e . scale shorted
©=5 deg —> D~200 . bv 1/D
K Observer 3 ‘4 y

Y 4
' 4
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Active Galactic Nuclei - leptonic emission

‘33 \b . N 4 .
) o . @ 2l )
o R VY o
/ onockwave ;",)' (4
s 73 ok

v LY _
¥
e \1\ /"JJ e\ }A*
B e
]\ ‘\/\/\’\’\ 7 e+
Electron Inverse Compton Photon—photon Electron—positron
synchrotron scattering pair production annihilation

Pian 2019

Leptonic
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Active Galactic Nuclei - Hadronic emission

\f/f Pian 2019
B p \‘\

| |

Proton Bethe—Heitler Photopion Photopion Photopion
synchrotron pair production (IT* component) (I7- component) (11° component)

1{/ 11/ \ 11/

" i 4

Hadronic
(DI
<2\
K :

5 | Gernot Maier
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RESEARCH ARTICLE SUMMARY

NEUTRINO ASTROPHYSICS

Multimessenger observations of a

flaring blazar coincident with
high-energy neutrino IceCube-170922A

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,

INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*{
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New Physics

Random example!



Lorenz Invariance Violations

« Standard Model and General Relativity:
best theories describing the four fundamental forces

* no conflict between them - but fundamentally different
« —> Quantum Theory of Gravity?
 z0o of theories of Quantum Gravity

 predict in general new physics at the Planck Energy
Scale

Fp; ~ 1.2 x 1012 GeV

DESY. | Astroparticle Physics | Gernot Maier
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LIV: arrival time measurements

* new dispersion relation

2 2 2 2 2
¢"p=E[1£E,E ,/JE,c+E,(E/E )5 )£...]
depending on sign: subluminal or superluminal case

 time delays in arrival times of photons

AE |
S| B2 | 2

\gaEPl) C

DESY. | Astroparticle Physics | Gernot Maier
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Events/0.005

Events/0.005

LIV: arrival time measurements - pulsars

Rotation
1, =0.3983:0.0013 (55 GeV <E <100 GeV) 11 =0.4035:0.0047 (600 GeV <E, < 1200GeV) ~A¢=0.0052:0.0049 Axis

MAGIC 2017 | o .

500

400

300

200

T T L T T

100

o
© IFFII TR

-100

u¢=0.4032x0.0063 (400 GeV <E <600 GeV) u¢=0.4035:0.0047 (600 GeV <E  <1200GeV) A¢=0.0003+0.0078

|

100

SdBNEEENEE!

Upper limits:
~ 1017 - 1018 eV

02 04 06 08 4 TTHI T4 T T8 T s
Pulsar Phase, ¢

Relatively nearby - but repeating gamma-ray source
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LIV: arrival time measureme

:
:
)

[ LAT ' £ 10 — | - - |

| (> 100 MeV) ! _ '3 s | | 4
| | € - - |
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| B 5 10 5 0 ]
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O e ‘n”unn LI ﬂ!_J‘ﬂfLIU] i m T
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- |_L” i J H ””H H H ” i Time since trigger (s) |
1. ] |

20 0 20 40 60 80

Time since trigger (s)

GRB 080916C
at z=4.3
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LIV: arrival time measureme

[ LAT ' ' c 10 — | - - |
| (> 100 MeV) ! ! ﬁ | | !
' it - ' i
Jn ol '8 ./%P/ﬂ; M
I | R 5 10 15 |
- I i Time since trigger (s) :
I Lol i |
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@ 40 extrapolation of LAT spectrum -

GRB 080916C 2 L0 K :
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LIV measurements: pair production threshold

» opacity of Universe to TeV gamma
rays due to pair production on
extragalactic background light

* LIV: change in pair production
threshold

2 4 E2
Emin — il S !
E, AEpry

* LIV: change in Compton
scattering cross section (at
source)

DESY. | Astroparticle Physics | Gernot Maier
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LIV measurements: pair production threshold

/ /
10° 4 / /
| S,
« opacity of Universe to TeV gamma | / /
rays due to pair production on Y
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LIV measurements: pair production threshold
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e cOsMmic rays - cosmic. enwronment fundamental
physics § A

« exciting new results from ,neutrlno and grawtatlonal
.wave observatorles -

- W'

* large number of new |nstruments comlng onllne in the
next years

¥ . Cherenkov Telescope Array

 « lceCube 2
. Auger upgrades | _
. Grawtatlonal wave observatorles

Credit: F. Acero & H. Gast



