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‘A huge range of energy scales...

1 eV Is the Kinetic energy an electron
gains from being accelerated across
a potential of 1V

leVa~1.6x10"]
~ 1.8 x 107 2% kg
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Slides here: tinyurl.com/astroparts
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Credit: NASA/CXC/SAO

Credit: ESO/M. Kornmesser

| ecture

Gamma rays

v Dark Matter
/ Pulsars

Neutrinos
—_—

V

Gravitational Waves

. - hW
Charged Cosmic -~ \~~_>

MOl /I UIAS} P8I

BuISUST SXS HPBID)



Credit: NASA/CXC/SAO

Credit: ESO/M. Kornmesser

| ecture

Gamma rays

R

Neutrinos
—_—

V

Charged Cosmic

| ecture 2

Pulsars

BUISUBT SXS NPBID

MOl /I UIAS} P8I



‘History of astroparticles
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‘History of astroparticles

Primary Cosmic Rays
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‘Detection of cosmic rays (Earth)

s Primary cOsmic ray

Cerenkov radiation
forward emission

_~ Charged particles of
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Fluorescence
(e.qg. Fly’'s Eye, Auger
observatory)

UV fluorescent photons
Isotropic emission

Imaging Air Cherenkov
Telescope (IACT)
(e.g. MAGIC, VERITAS,
HESS, planned CTA)

electromagnetic shower

Ground array and Water
Cherenkov detectors
(e.g. KASCADE-GRANDE,
MILAGRO, HAWC)



‘Gamma rays vs Charged Cosmic

100 GeV
proton

100 GeV 2
| photon

Fig. 1. Schematic views of (a) an electromagnetic cascade and (b) a hadronic shower. In the hadron shower, dashed lines indicate

neutral pions which do not re-interact, but quickly decay, yielding electromagnetic subshowers (not shown). Not all pion lines are > >
shown after the » = 2 level. Neither diagram is to scale. 5km
1510.05675 Credit: Matthews (2005)


https://ui.adsabs.harvard.edu/abs/2005APh....22..387M/abstract
https://arxiv.org/abs/1510.05675

‘Detection of cosmic rays (Space)

Fermi-LAT (2008-)
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Credit: NASA's Goddard Space Flight Center

Detection of gamma-rays
in the range 20 MeV - 300 GeV
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Detection of e™, pi and heavier nuclei
in the range 1 GeV - 2 TeV
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https://arxiv.org/abs/1507.02712

Cosmic ray composition

modulation

300
_— 250
‘0
% 200
'E
S 150

Q

G
m_e? 100
W

25

20

15

10

E 3(I>e+[ GeV'mZsr's"]

Credit: M. Aguilar et al. (AMS Collaboration), 2014

]

\IIII

O
O
o @

llll I

—
Q
~

O
o ®

C

llllll I

Electrons

llllll

O

@

Illllllblllll

Eilllllllllllllllllllllll

(b)

e AMS-02

o PAMELA

~ Fermi-LAT
MASS

- CAPRICE
AMS-01

o HEAT

Positrons

llllll 1

1

llllll

l—L.—‘
lIIIIIIlIIIIIIlII"I_Id_I"II'I

IlllllllllIllllllllllﬁ?ﬁllIIIIlIIlIIIII

10
Energy [GeV]

10

2

Flux, per unit area, unit time and unit energy

dN/dE [m~2 sr™1 s71 GeVv1]

AN/dE ~ E=%" e

T
104 T T T T T TTTI T T 1T R .
10% - 10F —

100 i i

1072 d AMS02 i

B Lol ol el
10 100 1000

1074 |- Particle Rigidity [GV] —

1076 — T

1078 — il .

- it > 1T &
10_10 [ OQ % % ’O ) : N ] O
- o h?b O o 1 A\
M 1010 e koSN heell & ¢ ~+
10712 — g X %ﬂoo OOn % *® ?_ @)
| | OOOO % Q)~?} @\Q\ ? - 3-
10734 |- Six 107" emmg, - Twy %o, ® g0 m S
B OOOOO O% Qﬁb\ %\C} Il D
10716 1 i . ?Kk@ “» 1l S
— +—
i S X 107" @y oo, oy QO\OO\ 3. o il o
ol TR S . A
_ Ar x 107°° gq i °e %\@\ %\.?\ ‘+ é o
10720 — OOOQ O\\. OD.} — O
n Ca x 10 18 C!‘)GO O\O~ \\\ ® ~e _| %
10-22 OOOQO n.\o \t\\ j@ ) * _ 0
u po} RN S 1] ..

—21 .\ é\\
Lo-24 Fe x 10 %OOO% n‘\O\ \\’ ! ] %
i O(b \'\\\ \\?\ Il 9

el s N\\ ! 1"
—28|_ O AMS02 ® HESS LA 1]

10 Ne’

| & ATIC & JACEE .Qb'Q } Il
2 ® BESS ® PAMELA LY
10777 = ® CREAM ® RUNJOB ;% Il
- d CRN ® TRACER . T
10732 - ® HEAO % il
10-34 IR RN N A N N R B R AR T R N N NI R N N Ry
101 10° 101 102 103 104 10° 10°

Kinetic Energy Per Nucleus [GeV]

]


https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf
https://arxiv.org/abs/1701.02212
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.121102

‘Ultra high-energy cosmic rays

E*°F(E) [GeV"® m2 s-1 sr1]

All particle cosmic ray spectrum
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https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf

‘Ultra high-energy cosmic rays
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All particle cosmic ray spectrum

Extragalactic CRs
begin to dominate
above the ankle.
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https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cosmic-rays.pdf

Production of cosmic rays Tycho Supernova remnant

Diffusive shock acceleration (or Fermi Acceleration)
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Production of cosmic rays

Diffusive shock acceleration (or Fermi Acceleration)
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‘Propagation of CCRs

Credit: ESA/Planck Collaboration
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‘Modelling CR propagation

Credit: Vladimir Ptuskin

Parametrize properties of the diffusive halo and solve tfor CR density
(e.g. GALPROP, DRAGON, USINE, ...)
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Typical diffusion distance <R2> ~ D(E)t. Coefficient D(E) grows with E,
steepening the observed CR spectrum...
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http://www.issibern.ch/cargese2013/images/d/d6/PTUSKIN_Cargese2013.pdf
https://galprop.stanford.edu
https://github.com/cosmicrays/
https://dmaurin.gitlab.io/USINE
https://arxiv.org/abs/1701.06149

G/ZK cut-off

Very high energy cosmic rays will be destroyed by interactions with background photons:

P+ YcMB — P + o

ESA/Planck

Cred

Threshold energy for this process gives rise to the Greisen—-Zatsepin—-Kuzmin (GZK) cut-off:

g 19 € 1
py ~ 3.4 x 10 030V e

ra high energy CRs cannot propagate more than around fGZK ~ 50 Mpc before being destroyed.
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Voyager (and solar modulation)

credit: NASA/JPL/Ed Stone VOYAGER CRS
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https://arxiv.org/abs/1612.07698

CCR anomalies and questions

Excess in anti-protons?
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https://arxiv.org/abs/1610.03071
https://arxiv.org/abs/1711.10981

‘The Gamma-ray Sky

Gamma-ray Sky above 1 GeV, according to Fermi:

Credit: NASA/DOE/Fermi LAT Collaboration



https://svs.gsfc.nasa.gov/11342

‘The Gamma-ray Sky

Gamma-ray Sky above 1 GeV, according to Fermi:
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https://svs.gsfc.nasa.gov/11342

The Gamma-ray Sky

Gamma-ray Sky above 1 GeV, according to Fermi:
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https://svs.gsfc.nasa.gov/11342

Cosmic Ray Connection

Pion Decay DOR S o CR protons + gas
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https://arxiv.org/abs/1708.07273

Credit: NASA/STScl

Gamma-ray horizon

Similar to the GZK cut-off...
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https://arxiv.org/abs/1906.05521

Modelling Gamma-ray emission

5

Neutral pion ,
Bremsstrahlung
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Inverse Compton

Fermi bubbles, isotropic
background, Loop |, Earth
limb, Sun, ...

Credit: Christoph Weniger
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https://arxiv.org/abs/1202.4039

Gamma-ray anomalies

Fermi Bubbles Galactic Centre Excess

Fermi data reveal giant gamma-ray bubbles

Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al. Credit: NASA/T. Linden, U.Chicago

and others... ]—-
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Solar Neutrinos

Homestake experiment (1960s)
~600 tons of C2Cl4
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Credit: Brookhaven National Laboratory

Detected rate of ~ MeV neutrinos was
~1/3 of that expected from nuclear processes in the Sun

Neutrinos are produced with a definite flavor (e, u, 7)
but they oscillate between the different tlavors as they propagate.

Need an even bigger detector if you want to search tor rarer, high-energy neutrinos...
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lceCube

1/01.03731
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Sours PoLE NEUTRING OBESERVATORY

Look for the energetic particles produced by Q{
high-energy neutrino interactions over a == = SOmN T
huge volume: - N
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| o © . IceCube Laboratory 86 strings of DOMs, A National Science Fo N
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f_ o sent by satellite to the data

(&)
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& B
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are 17 {
Credit: Hyper-Kamiokande meters
' apart
Digital Optical N
Module (DOM) 2450 m
5,160 DOM
deployed inSthe ice %
|CeCU be: a g Iaﬂt |Ce d@t@CtOF' Antarctic bedrock Y

~1 km3 of instrumented volume

See also SuperKamiokande, ANTARES, planned KM3NET | 2



http://www-sk.icrr.u-tokyo.ac.jp/sk/index-e.html
https://antares.in2p3.fr
https://www.km3net.org
https://arxiv.org/abs/1701.03731
https://icecube.wisc.edu

‘Ultra-high energy neutrinos

‘Big Bird"” - a 2 PeV neutrino, detected by
lceCube on 4 December, 2012
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lceCube ‘high energy starting events’ (HESE)

Conventional
Prompt (1.0 - BERSS)
H+ HESE 7.5yr

N

- After Veto

Before Veto

1 I ||

I

T T
10° 10°
Neutrino Energy [GeV]

2011.035645

B


https://arxiv.org/abs/2011.03545

‘Origin of ultra high energy neutrinos?

Flavour composition can hint at how astrophysical neutrinos are produced:

E.Q. decay of energetic pions:
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https://arxiv.org/abs/1710.01191

lceCube-170922A
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TXS 0506+056 In gamma-rays
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Blazar emission

Electron synchrotron
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https://arxiv.org/abs/1807.04300

Violent and Energetic Universe

A complex and interconnected ecosystem:

2011.03545
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Understanding it could shed light on the most violent processes in the Universe,
and on New Physics yet to be discovered...
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