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Introduction

What is Astro-particle physics

« High-energy non-thermal radiation
* Multi-messenger domain

« Where, how, who, what
Cosmic-rays

« History of Cosmic rays

« Radiation processes

« Detection techniques

The Universe at high energies
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The electromagnetic spectrum

High Energy Astrophysics
v <3 x10""Hz; A <0.0lnm; E > 100 keV
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The electromagnetic spectrum

DESY
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Large Hadron Collider
General properties

Maximum energy 6.8 TeV per beam (13.6 TeV collision energy)

Maximum lumincsity 1x1034/(cmZ.s)

Physical properties

Circumference 26,659 metres (16.565 miles)

o i ”

FERMI Telescope

VERITAS




But, what is Astro-particle Physics

Particle Physics

Cosmology --"’:::Astrophysics
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But, what is Astro-particle Physics

Computer
- Particle Physics

big data processing,

Sue)

Cosmology --"’:::Astrophysics
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Astro-particle Physics

DESY

Advanced instrumental techniques (optical telescopes, particle detectors) and analysis
techniques: the high energy domain is characterized by photon-starved instruments that
require powerful statistical tools.

Multi-messenger approach (neutrino, gamma-ray, gravitational waves) to observe the most
energetic phenomena in the Universe

Particle physics: huge gravitational, magnetic, and electric fields; very dense background
radiation; relativistic bulk motions (black hole jets and pulsar winds) shock waves (SNRs),
highly excited (turbulent) media, etc. . .
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Astrophysics vs Astroparticle

Juan A. Aguilar
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Non-thermal radiation

» We are dealing with relativist particles, that is, particles with energy E larger than the rest
energy

* For electrons:

10° eV 1 keV (kilo)
E = mec? =~ 5x105 eV = 0.5 MeV 10°eV 1MeV (mega)
10° eV 1 GeV (giga)
10'2eV  1TeV (tera)
« For protons: 101°eV  1PeV (peta)
10'%eV ~ 1EeV (exa)
E =mpc* =10%°eV =1GeV 1021 eV 1ZeV (zetta)
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Non-thermal radiation

» These particles will loose energy via non-thermal mechanisms:
Let’s calculate the temperature to obtain these energies < E > = %kBT

- ; lev 10° eV 10° eV
m Cz m.c” 106 108 100 1012 i
e IO T ] 013K 1012 - . 7 . - f - —
T~ ~ 0.6 X 10K il jae 1010 X ¢ gamma

kB B 108 |- 7

106

10 billion *K
10% 1 billion *K

100 million *K

Sun surface

=> Such objects do exist (inside stars or in SNR
explosions), but often screened or red-shifted

=> Non-thermal processes dominate MeV - TeV
gamma-ray

We need 10° K to produce MeV gamma-rays B o[ Ghowoshe) 0milion R ,4,/ ? 1
12 Ero2f 100,000° E ]
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High energy Astrophysics

Energy Source
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High energy Astrophysics

Energy Source
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High energy Astrophysics

Energy Source Acceleration Mechanisms

DESY.

Radiation Processes
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High energy Astrophysics

Absorption / Transport

Log (distance / Npc)

~800 pc
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High energy Astrophysics

» Explosions, or shocks with high speed

» Accretion, or accumulation of diffuse gas or matter onto some object
under the influence of gravity

» Rotating fields, or twisted magnetic lines

» Exotic particle, or DM particles annihilation

Explosions Accretion Rotating Fields

Standard particles SUSY particles

Exotic particle
rest mass

DESY. Cuacks. @ tosions (@ Force padicies Sauarks . SUSY force Page 19



High energy Astrophysics

Energy Sources

The energy is obtained by processes related
to explosions, accretion, rotating magnetic

fields, or processes related to annihilation of
exotic particles

DESY. Page 20



High energy Astrophysics
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» Steady magnetic fields cannot accelerate particles
» Static electric fields are quickly neutralized.

—

We need strong turbulent magnetic fields, inducing variable electric
fields to accelerate particles

and

Particles should be confined for many acceleration cycles.
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High energy Astrophysics

Acceleration Mechanisms

DESY. | $523 Emma de Ona Wilhelmi, 5 June 2023

» The energy is distributed (mainly) among magnetic

energy and kinetic energy
equipartition: assumption that 50% goes to fields,

and 50% to particles

» The basic processes can be well described according to
the Lorentz factor or speed of the particle flow (BI') and

the magnetization parameter

o = B?/4mpc?

= B?/4mpl'?c?

T=(1-5 )"

» To supersede thermal heating (0>>1), either high
magnetization in relativistic flows are needed or efficient

Fermi acceleration in supersonic shocks.
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High energy Astrophysics

Acceleration Mechanisms

DESY. | $S23 Emma de Ona Wilhelmi, 5 June 2023
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High energy Astrophysics

Acceleration Mechanisms

The high energy regime is dominated by non-

thermal processes, and they require either high
magnetization in relativistic flows or efficient
Fermi shock acceleration.

DESY. | $523 Emma de Ona Wilhelmi, 5 June 2023 Page 24



High energy Astrophysics

» Elementary particles are injected once they are
accelerated and should arrive to us:

» Electrons, protons, and heavier nuclei are charged
=> Deflected by magnetic fields
O U 0 0 O O 0 0 0 U O U U U 0 U 0 Waves » Neutral messengers bring direct information

The Larmor radius, or gyroradius:

v" radius of the orbit of a charged particle (q=Ze) moving in a uniform, perpendicular
magnetic field (B)

v obtained by equating the Lorentz force with the centripetal force:

DESY Page 25



High energy Astrophysics

Radiation Processes

Lamor Radius:

Magnetic
field 2
e B . 2
ion vDh = > =
4 Ty ZeB
| K E 1 e
T = pcC — —
1018eV Z B
Source: euro-fusion.orc
Rigidity:
g _ty pe
Lorentz force versus centripetal force R=r LBC —_ —

ze
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High energy Astrophysics

Looking at the Larmor radius of a particle we can derive simple but solid conclusions:
1/ How is the trajectory of a charge particle, depending on its energy and the medium in which it
propagates

2/ What is the maximum energy / how long can it be confined

DESY Page 27



Messengers ’I'L’:lkpc( E )(i) (&)

1018eV VA B

The deflection angle of a 1000 PeV (108 eV) particle, moving in a direction
perpendicular to a uniform magnetic field (~uB) after traveling a distance dy,,

» High energy charged particles are deflected
by magnetic fields and do not point back to
their origin.

Fotones

Campos
magnéticos

Rayos cosmicos
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Messengers E 1\ [ uG
Particle trayectories i kPC ( 1018‘3V) (E> (?)

» Astronomical messengers should be neutral & stable
» photons and neutrinos fully satisfy these conditions
» partially also ultra-high energy neutrons and protons

neutrons:
d<(E,/mc?)cTt=E,>10" (d/1 kpc) eV Galactic astronomy with E>10"'" eV neutrons

protons:
® ~ 1°if E>102° eV for IGMF B<10° G Extragalactic astronomy with E>102%° eV protons
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Messengers
Maximum energy / confinment

How much can we accelerate a particle on an electric field — how long can we confine it
> Acceleration is always (except for non-ideal cases) carried out by an electric field

» For a particle with charge Z (q), moving a distance L

E= Q| E |L z
» We can define the acceleration efficiency as:
—>/—>
n=B/E L = Size of the source
then: B = Magnetic field in the so
E = gnBL

**For a particle with charge q at speed of light ¢ (c=1)
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1018eV B

Messengers ?‘LflkPC( € )(%) (ﬁ)

We can derive the same condition considering the Larmour radius, considering the
maximum total effective electric field that the particle can experience during its passage
across the acceleration zone

Energy gain timescale : t.cc = NRy/c Ermax = ¢BL/nB.

tesc = L :
e n~1/8,

advective flow speed

Escape time:

Emax = 6(]BL

U R B
Enee 1 (15575 ) () () ™
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Messengers
Maximum energy / confinmen

SNRs?
GRBs?
Galactic BH?
Pulsars?

R, (=E/gB) <R =>E, _ = gBR

magnetic field B

GT

MT ¢

kT

Aartsen et al (lceCUBE) 2017

km Mm GmAU

characteristic size R

pc kpc Mpc cHO_ 1
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Messengers Aartsen et al (IceCUBE) 2017
Maximum energy / confinment onron S
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Messengers

Radiation Processes

» Gamma rays are the highest energy form of light
» Produced in leptonic and hadronic radiation processes
» Blocked by the atmosphere

—_— - R —— - —— —
Atmosphere Opaque Radio mﬂm 7 Atmosphera Dpague Atmosphers Opague
o WirvalengIhs { | tn Wirerdengths 1o Wavclengtin
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Messengers

» Neutrinos have very large energies and tiny cross-sections => very difficult to detect!

» Produced in hadronic radiation processes

I Mb Xc
[
- !

1 kb -

Cross section (barns/atom)

%X 1 barn = 102 ¢m? ]
L e A

Photon-ma_ltter
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T | D T T I

(a) Carbon (Z=6)
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Neutrino experiments need _
to be large, and hence, made of relatively
inexpensive material

IceCube Lab

e R leeTo
= =M S tations
500m ——n. = -"_-_.'_-'_-'_ _______ / 324 optical sensors
| |
Antarctica !
’ | |
Py, |
v 193 o )“f s I
W iraciiiia. - | IceCube Array
%i*.w i \ 86 strings including
P NG o 8 DeepCore strings
"ﬂ | oY¢ g 11 5160 optical sensors
i L s South Pole b |
ﬂ.’d # :j.: # 4 F
-‘f‘é % " 1450 m DeepCO re
3 : ¢ 8 strings-spacing optimiz
L EEL s for lower energies
E j y 480 optical sensors
3
e, o
it Eiffel Tower
2 : 324 m
1 2450 m
KM3NeT
2820 m
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DESY.

Neutrino experiments need |
to be large, and hence, made of relatively
inexpensive material

Global Neutrine. Network

ANTARES
deep water
0.02 km?
2007 -

e
i "

-

KM3NeT
deep water
1++ km3
construction

~
wy

GVD (Baikal)

deep water
~1km?3
half-complete

IceCube
deep ice
1km?3
ICECUBE 2011 -
\/
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DETECTION PRINCIPLE

- A neutrino interaction will usually create a
number of charged particles

- When these travel through the ice faster than
light, they emit Cherenkov radiation

- This UV /blue light is the same as can be seen in
nuclear reactors

- Optically transparent ice allows this light to
reach some of the 5160 photosensitive sensors
in the ice

DESY. Page 38






Messengers

» Gravitational waves are ripples in space-time produced by accelerated
masses.

» They can be detected by interferometers, the pulsar timing array, or their imprint in the
CMB polarization.

THE SPECTRUM OF GRAVITATIONAL WAVES @esa

Observatories Ground-based Space-based observatory Pulsar timing array Cosmic microwave
& experiments experiment : # background polarisation

Cosmic
sources

Page 40
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Recap

Astroparticle physics study non-thermal radiation from relativistic particles in extreme
environments

v <3 x10"Hz; A <0.0lnm; E > 100 keV

« The energy is obtained by processes related to explosions, accretion, rotating magnetic
fields, or processes related to annihilation of exotic particles

« The high energy regime is dominated by non-thermal processes, and they require either
high magnetization in relativistic flows or efficient Fermi shock acceleration.

« High energy charged particles are deflected by magnetic fields and do not point back to
their origin. Neutrinos and gamma rays produced in cosmic-ray interactions can be used
to trace back the cosmic-ray sources. Neutrinos are the smoking gun signature for
hadronic interactions, while gamma rays can also be produced in leptonic processes.

DESY. || SS23 Emma de Ona Wilhelmi, 5 June 2023 Page 41



But what are these high energy particles or cosmic rays?

The Cosmic ray see

DESY. Page 42



Hlstory of Cosmlc Rays

The discovery of Victor Hess In 1912, after 9 balloon ascents to
i oot _ i g _ record ionization levels with charged
_oret an 100,000 cosmic rays will hit each of you during electroscope, Victor Hess concluded
this lecture
that
o 1 i - " " = -
£ I “A radiation of very high penetrating
i T " g " power enters our atmosphere from
-] Chamber 2 B abOVe”-
20p- r [—J
L The newly discovered radiation was
dubbed “cosmic” by Robert A. Millikan
in 1925.
I 1 s
‘ Aln"tude lk:n) ‘ Altitude (km)
Fligure Q:Flncr(;a‘sc 1}1{1 rlalt_iliation witil}zilt;til;dzalas mcasmicd li\\f \li' Ilc?s il_(l 1912 and In 1 936, V|Ct0r HeSS was awarded
then confirmed by Kohlhorster in 1913 mage credit: Wikimedia Commons, . . v "
https://common;f,.uikimedia.org/uiki/Filek\’ZBAHess]{ol.jpg). Wlth the NObeI PI’IZG fOI’ hlS dISCOVGI’y
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History of Cosmic Rays

The discovery of Victor Hess

>
>

No day-night variation was detected => No solar origin
East/West effect: In 1927 variations of the cosmic-ray intensity with latitude were detected =>
cosmic-rays are mainly positively charged

In 1934 /1937 air showers of secondary cosmic 0 .9 o
rays were discovered (Bruno Rossi/Pierre Auger) ") g o

In the 1920-1950 studies of cosmic rays led to a SR\ B .
revolution in particle physics: discovery of positron, : \From Eas

muon, pion, strange particles..

86% protons

11% a-particles
1% heavier elements (up to Uranium)
2% electrons

Geomagnetic field B

O

small portion of positions and antiprotons (secondary origin)

Figure 10: East-West effect.
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Cosmic rays
Spectrum
Relativistic particles of cosmic origin hitting the top of the atmosphere at a rate of ~1cm2s-!

Solar Modulation C::Z«;i% E
i Ryan et al. —— | :
m R p— » CRs are charged particles => deflected by
Ake 4 . .
) alkparicle  Tien Shan  + magnetic fields
P CA —o— | > Statistics! the observed flux is low
] "ol i T —
i po;sitrcns'r ia :—2 - I . .
o Wic - » Mainly protons (+electrons and heavier nuclei
> g e v | coming from beyond the Solar system and
S | g AGASA —e—: | extending >10 decades in energy
£ i HiRes —e—
% 10® |- antiprotons 2nd Knee : m
NLLI 3
% . 10°eV  1keV (kilo)
10° | Ve 10eV 1 MeV (mega)
i 10°eV  1GeV (giga)
s {‘-m 10'2eV ~ 1TeV (tera)
" 1015eV  1PeV (peta)
L 10° 1(')2 164 1106 1(']3 10°  10™ IO: eV 1EeV (exa)
Eyn (GeV/particle) 101 eV 1ZeV (zetta)
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Cosmic rays

Spectrum
Relativistic particles of cosmic origin hitting the top of the atmosphere at a rate of ~1cm2s-!

. ' ' ' ‘CAPRICE —&— 34
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‘How do we detect them?




Messengers: neutral particles

» Hadrons inelastic collisions with matter

>

E2F(E)

Inverse
Compton

low-energy xX-ray
hoton

- clectron

13



Radiation Processes

Leptonic Radiation

» Electrons accelerated in the presence of fields:

» If magnetic field => Synchrotron emission
" . » lfphoton field => Compton emission
E*F(E) > If matter

=> Bremsstrahlung

Inverse
Compton

Synchrotron

h

*

—

~~<|

S
|

low-energy
1 ‘I ! "
it ‘ﬁ — _Lh_{_::gl:t'llu Field Line

P

-
- electron >
,J-'

E
13
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* Imaging: transform directions into points in a focal plane

* The photon detector in the focal plane can be a
photographic film, the retina or an electronic device

L

A A
)

\
|

lane T\ convergen
i ' \§’%/ Ieng t

XN

Q

¥

| \\‘V
il

Mirror

)

focal
plane
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DEar.

X-ray and y-ray astronomy

keV MeV GeV
| I I I I I I
= >« >
Focusing instruments Coded masks, collimators  Pair conversion telescopes
(i.e. INTEGRAL) (until ~300 GeV)

Compton telescopes
s . [compPTE

Y
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DES

* High energy photons are very penetrating...
is it possible to build mirrors for them?

FOCAL
SURFACE

* Grazing incidence mirrors made of heavy metals
(Au, Ir) effective up to E~10 keV. What can be
done at higher E?

152



E=10keV - 10 MeV

Generalization of the principle of
the pinhole camera (the simplest
imaging device)

iy

Coded aperture masks:




Compton scattering detector.

incoming

gamma-ray gamma-ray

27, scatters in first layer
%,

* first detector laye

s
4
scattered
scattered gamma-ray gamma-ray
is absorbed :

in second layer L

pair-production telescope

electron

e
A<

detector
material

gamma-ray /
Y &

positron

second detector layer

Recoiled Electron E
(Inoized Electron) e

Pair conversion

Outgoing Photon '.E L 0
§ 3
s 1 |
$ 05 \ 2 Total
Q
S 01 - f
% - \\"" Photoelectric
S C
= 0.03 /‘
g 001 [Ravicigh Compton |
s g
= pr on
S 0.003 \\ ;/
-01 PO S S T T AN 48 4 aaas L A4 i asa Rk
B 10 100 1,000 10,000
Energy (keV)

Main idea: To convert photons into
electrons that we can measure their

current
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Once the gamma-ray has transferred all or
part of its energy to secondary electrons,
these have in turn to be detected:

» Gas-filled detectors (i.e. Spark chambers)
» Scintillator + photomultiplier tube

« Semiconductors
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Gamma-ray detection

Satellites (E > 100 MeV)

Based on Pair-Conversion mechanism

Large Area Telescope (LAT)

Observes 20% of the sky at any instant, views entire sky every 3 hrs
20 MeV - 300 GeV - includes unexplored region between 10 - 100 GeV

/

Can easily go
>300 GeV

Gamma-ray Burst Monitor (GBM)
Observes entire unocculted sky

Detects transients from 8 keV - 40 MeV

DESY.

High Electric Pair e-
) Field
W o Bt 1 A AN p——— |-

Z=74
Tungsten
e_
e+
Y
QED Process
Z

Tungsten Conversion Foils

¥

Position Measuring Detectors

I
1
L
I
e © Measured Track
o -
% lf co-ordinates

r \ Plastic Scintillation

counters to veto entering

charged particles

Calorimeter to measure
gamma-ray energy
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Three main parts: ks
A tracker to ggﬁﬁf’dﬂ%%’ﬁ”“ SPARK CHAMBERS (<'E)
determine the
trajectory of the e* =
. | -
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measuring the ' = —
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Gamma-ray detection

Satellites (E > 100 MeV)

Based on Pair-Conversion mechanism

Signal: Photons from source

Background: Photons from diffuse CR

Tungsten Conversion Foils

~

/

Position Measuring Detectors

© Measured I'rack
co-ordinates

[™\_Plastic Scintillation

counters to veto entering

charged particles

Calorimeter to measure

gamma-ray energy
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Gamma-ray detection

* Main background => Gamma-ray diffuse emission from the CR sea
* Works very well for low energies (<1 GeV) with limited PSF

« At E few tens of GeV small effective area results in extremely low
detection rates, even for strong sources :

Fcrab Nebula,Es100Gev @ 100 photons/m2/year

That means: 1 gamma-ray / 3 hours above 30 GeV

 Calorimeter depth < 10 radiation lengths, which corresponds to ~1 ton per m2
(which is hard to put into orbit) => VHE showers leak out of the calorimeter

=> Solution: a “pair conversion telescope” in which the atmosphere is part of the detector

DESY Page 61



Gamma-ray detection

Ground-based detectors (E > 50 GeV)

DESY.

Cherenkov
Light

A

'

IMAGING ATMOSPHERIC /
CHERENKOV TELESCOPE f

Incoming gamma ray

/.‘II’ Collision with atmospheric
/| nucleus
/|

/ f ’I

Particles from air shower penetrate
particle detectors, interact and are
detected

Extensive Air Shower

PARTICLE
DETECTOR ARRAY

ARRAY /

T [anayaas saoqu ayBisH

Credits: Richard White, MPIK

From the ground

VHE
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Gamma-ray detection

Extensive Air Showers (EAS)

e Discovered in 1938 by Pierre Auger

Most frequent processes in showers:
e Electromagnetic showers:
- y —> e’ e (pair production)
- e*——— y (bremsstrahlung)
e Hadronic showers:
— CR + atm. nucleus—— n°, n* + N*

- ° ——> yy —> e.m. showers

DESY.

high energy
gamma ray photon

“pool” of
Cerenkov light

ground-based
telescope
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Gamma-ray detection

Extensive Air Showers (EAS)

Electromagnetic Hadronic

Y primario Rayo cdsmico (p, alfa,...)

Niicleo atmosférico
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Gamma-ray detection

Extensive Air Showers (EAS)

Simulated gamma Simulated proton
50 GeV ' 100 GeV

Fabian Schmidt, Leeds university [ Fabian Schmidt, Leeds university
http://www.ast.|eeds.ac.uk/~fs/showerimages.html| ! http://www.ast.leeds.ac.uk/~fs/showerimages.htm|
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Gamma-ray detection

Extensive Air Showers (EAS)

1 TeV gamma
Simulated gamma

Rough 1TeV
dimensions

JN

~5 km

~10 km above
sea level

> Fabian Schmidt, Leeds university
http://www.ast.|eeds.ac.uk/~fs/showerimages.html|
~20m

(note that x-axis scale is always
exaggerated for viewing purposes)

DESY.
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Gamma-ray detection

Extensive Air Showers (EAS)

* Particle detectors can be scintillators or water tanks (or both)

* The altitude of the detector helps on detecting showers at different energies
* How to detect particles that does not reach the ground? Cherenkov radiation

€

10
Zc: i 0s 09 ! 1.1 12
~ T 0.7 _— 7| 24 e 1.3
-~ 06—+ L , -,
e 8 o 0.5 -7 - 0 i 3 ZE}}JPV
6 =07/ e
4t T A7 7= §
77 AN < TR
. ’? ]
L - . o T~ %-—N B
O I L PR A AN T N WO T T A |_ o | -:I—\r%_l_rl_ 1 i

DESY.

Rossi & Greisen B, EM shower, longitudinal development

5 10 15 20 25 30 35
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Gamma-ray detection

Cherenkov radiation

* Emitted whenever a charged particle traverses a medium at a speed larger than that of

light in the medium

* The radiation results from the reorientation of electric dipoles induced by the charge in the
medium. When v > ¢/n the contributions from different points of the trajectory arrive in

phase at the observer as a narrow light pulse

O OC%f%SE;%)()c
900050056
S eed2390
O3 Qa0 O
0 0ad &g 00
0000000 og
SResss

-

DESY.
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Gamma-ray detection

Cherenkov radiation

Arrival of Cherenkov light on the ground

* Good news: the effects of the interaction of a
VHE g-ray in the atmosphere are spread over
a large area on the ground
=> very large effective areas are achievable

=> VHE g-ray astronomy is feasible despite
the low fluxes

CORSIKA simulation, A. Moralejo

Problem: CR showers are more numerous and represent an isotropic background
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Gamma 50GeV Proton 100GeV

k 4

Gamma-ray detection

Arrays of particle detectors

* Detectors sample the tail of atmospheric shower that reaches the ground.
* Available information: particle density and arrival time at each detector position.

 SHOWER w0 SHOWER e Angular and energy resolutions are

i W P limited: we are only sampling the tail.
o b, XN REPN D * g-hadron separation possible
NN TN TN N\ through density inhomogeneities in
N Ot Tk N T . T CR showers, specially “muon
e N NN e tagging.”
R MLk . W * Duty cycle 100%: operate day and
[ = oty KE Nl - night.
'|Arrival times | <. . * Large FOV: several srad.
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Gamma-ray detection

Arrays of particle detectors

* Particle detectors can be scintillators or water tanks (or both)

P 1 Sl sl 1SN ey S, s won 255 Threshold (CASA-MIA/1600 m) ~ 0.1 PeV
f6vin o 08 PR .g.. y ...... ° Threshold (ASg / 4300 m) _ 10 TeV

Cherenkov telescopes

Ii\ﬂuon detectors

- - - o
- CASA detector 8 Cerenkov telescope s e
W Michigan muon patch
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Gamma-ray detection

Arrays of particle detectors

* Particle detectors can be scintillators or water tanks (or both): MILAGRO

Altitude: 2650m
Size: 60x80 m2
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Gamma-ray detection

Arrays of particle detectors

* Particle detectors can be scintillators or water tanks (or both): MILAGRO

* Milagro & HAWC
continuous survey observations

* Increase altitude from 2650m to 4100m
* Increase area from 3600m?2 (pond) to 20000m?

* Separate tanks instead of a single pond
* Achieve 10-15 x Sensitivity of Milagro (detected Crab in 6h, 5sigma, instead of 3 months)

DESY Page 73



Gamma-ray detection

Arrays of particle detectors

* Particle detectors can be scintillators or water tanks (or both): HAWC

300 close-packed optically isolated water Cherenkov detectors
» Construction began early 2012
» Full detector inaugurated March 2015 Page 74

DESY.



Gamma-ray detection

Arrays of particle detectors

* Particle detectors can be scintillators or water tanks (or both): HAWC

Light-blocking Purified
dome water
\ Particle path ¥=ema
W
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Gamma-ray detection

Arrays of particle detectors

* Particle detectors can be scintillators or water tanks (or both): HAWC

Mrk 421
Mrk 501

Geminga &
Monogem

Inner galactic plane

S e g S g
&

2HWC catalog (Ap) 2017) was 507 days, with 39 sources of which 10 were new.
DESY.

E=[10 - >1000] TeV
PSF ~0.2-0.7°

Aperture > 2 sr
Duty Cycle ~90%
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Gamma-ray detection

Arrays of particle detectors

* Particle detectors can be scintillators or water tanks (or both) : LHAASO
- " e 4

Threshold (LHAASO/4410 m) ~ 30 TeV

~1200 muon detectors

g o S S = &0 scintillator counters

= ¢ + 80,000 m2 water Cherenkov
"¢ + Cher/fluorescence telescopes

DESY. - Cao et al 2022 Page 77



The LHAASO experiment

DESY

Detectors sample the tail of atmospheric shower that reaches the ground:

1 km2 array (LHAASO-KMZ2A), including 5635 scintillator detectors, with 15 m spacing, for electromagnetic particle
detection.

An overlapping 1 km2 array of 1221, 36 m2 underground water Cherenkov tanks, with 30 m spacing, for muon
detection (total sensitive area 40,000 m 2).

A close-packed, surface water Cherenkov detector facility with a total area of 90,000 m 2 (LHAASO-WCDA), four
times that of HAWC

24 wide field-of-view air Cherenkov (and fluorescence) telescopes (LHAASO-WFCTA).

452 close-packed burst detectors, located near the centre of the array, for detection of high energy secondary
particles in the shower core region (LHAASO-SCDA).
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WCDA (1 TeV <E < 25 TeV) Significance Map
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Significance
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KM2A (E > 25 TeV) Significance Map
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Significance

>100 TeV
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Gamma-ray detection

Arrays of particle detectors

* Particle detectors can be scintillators or water tanks (or both) : LHAASO

Cao et al 2022

10" & .
E g.o"-’r)r{/{f"ﬂm A * Extremely sensitivity above 100 TeV
10" e g i S D ARy * Opening a new window in gamma-
HFermi 10y (I=120,b=45) 4 y
U i ray observations
"n L
510‘12 =
> =
2 kK
"}\710'” =
“u-' E AAAAA
g F
10-1‘ E.__
as vl s vl il
10 10° 102 10" 1 10 10?
E (TeV)
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DESY.

Even on top of the highest mountains, the number of
particles reaching the ground for showers initiated by y' s
of E < a few hundred GeV is very small = a different
technique is needed for y astronomy, other than the
direct detection of shower particles

The atmospheric Cherenkov light from EAS can be used
for this purpose

Large photon collection areas are desirable (fainter
showers = lower energy threshold)

Caveat: low duty cycle = 10% (clear, dark nights)
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Gamma-ray detection

The Cherenkov Technique

Imaging Atmospheric
Cherenkov:Telescope
| (IACT)

Huge effective area ©

DESY. Page 83



Gamma-ray detection

The Cherenkov Technique

IACT array

gamma-ray direction

| Multiple views of the same shower

=> stereoscopic reconstruction

DESY. Page 84



The IACT Technique

Detecting high energy photons

Electromagnetic

Hadronic

Raryo cdsmico (p, alfa,...)

Y primario

Primary y-ray
v

Niicleo amogférico

Particle
Shower l

From the shape => gamma/hadron separation
From the axis => arrival direction / angular resolution
From the ‘size' => light / energy resolution

DIES\Y Page 85



Gamma-ray detection

The Cherenkov Technique

HESS Camera

0.0 ns 5.0
4.7

44
4.1
3.8
35
3.2
2.9
2.6
23
2.0
1.7
14
11
0.8
0.5
0.2
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Gamma-ray detection

The Cherenkov Technique

The whole sky = 42000 deg?

DESY. Page 87
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Jo 20032
1 X 614 m2 (smce 2012)

MAGIC (La Pg

A4 ‘3
2 x 236 mZ (since 200

/.2009)

.'\ -
o -

w . M
t

, &
Characteristics of current generation of IACT arrays
S R . —-:-. Energy threshold E, = 25 to 100 GeV
: ] /ERIT / _: ( Ari oncg :

Point-source integral flux sensitivity: ~0.6% of the Crab Nebula flux in 50 h

(above 200 GeV, 100 times more sensitive than Fermi-LAT in 1 year)
FoV: 3.5-5" diameter = pointing devices! (unlike e.g. Fermi or HAWC)

10 m?2 (since 2007) Angular resolution < 0.1°

Energy resolution =10 - 15%

Near future: CTA, with 5 — 10 X better sensitivity




TeVCat Source Types (272 total)

PWN/TeV Halo: 1.1 %

Massive Star Cluster
7| = Source Types: 3
o 4 - \

X %f\\\ FRI: ;.s.x

HBL: 19.9 %

Superbubble: 0.7 %

Blazar: 1.5 %

Composite SNR: 0.7 %
Binary: 2.6 %

BL Lac (class unclear): 0.7 % LBL: 0.7 %

AGN (unknown type): 0.7 % PSR: 1.5 %

Massive Star Cluster: 1.1 % PWN: 11.4 %

IBL: 3.3 %

FSRQ: 3.3 %

BIN: 1.5 %

SNR/Molec. Cloud: 3.7 %
Shell: 5.1 %

UNID: 32.7 % Starburst: 0.7 %

DESY.

hitp:/ [teveat.uchicago .edu



Gamma-ray detection

PSF ~0.2-0.7°
Aperture > 2 sr
Duty Cycle ~90%

Pros and Cons
— E=[10 - >1000] TeV

Tibet ASy

Wl . : A article Detectors

E=[100MeV - >100 GeV] [ —_—
PSF ~0.1-3° :
Aperture > survey e R
Duty Cycle ~95% N S E=[0.02 - 100] TeV
RSN PSF ~0.05°

LRSI N Aperture ~0.003 sr

ERTTIT BN T M ARy s Duty Cycle ~10%
1 10 10°
E (TBV) Page 90
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10° 102 10"



The Universe at high energies

SNRs
Jets Starbursts
Accretion ;"“%‘ Jets
AGN Sl ‘W Binaries Accretion
e

“’* \ A | Jets

: - Winds
r— Shocks |
0SMIC TAYS  pyiffusion

Intergalactic
mediu

Pulsars/PWN

Probes EEupu

EBL g

P\ Understanding the origin of cosmic rays and x
IGM [

their role in the Universe.
2. Understanding the nature and variety of GRBs

WIMPs particle acceleration around black holes.
ALPs 3. Searching for the ultimate nature of matter y
= /
—y . and physics beyond the Standard Model.le Vs
matter . %

Jets
Shocks

Probes

<«
v

DESY.

Page 91



The Universe at high energies

1. Surveys and the Particle acceleration in our Galaxy

DESY. Page 92



Galactic Surveys

Understanding particle acceleration in our Galaxy

HESS Point Sot

Gamma-ray
Luminosity 103 erg/s

Va

' 'HESS :ﬁ:'lded Source (0.4°) 1
'S o

NASA/JPL-Caltech/R. Hurt
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Galactic Surveys

Understanding particle acceleration in our Galaxy

Dynamic balance processes triggers instabilities in the Galaxy structure

WCR ~1 eV/icm?3 ;s M
oty _, Matter
ws = B%/81 ~1 eV/cm?3 \&:Q)
&
W gas = pgas V2urb ~1 eV/cm?3 . é}
CB;
>
8
>
=
h
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Orion B Herschel © ESA

a 34-»

Dynamic
Balance

Compact & “i'“
Objects

Confinement o gt .

DESY.
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Perseus(ALLWISE) + Fermi LAT contours (EJQW, Yang, in Orion B Herschel © ESA
preparation 2019) "

. ‘:_

Westerlund 2 (DSS2 + Fermi LAT contours (Yang, EdOW et al
201) -

»

B RXJ17137-3946 |
! HES

HESS J1826-148
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Surveys and Galaxy structures

100 MeV 100 GeV 1 TeV 100 TeV

Fermi sky
above
10 GeV
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Surveys and Galaxy structures

Mostly due to m° production (and subsequent decay) in collisions of CRs with the interstellar medium

If gas density is known (HI: from 21 cm radio line; H, traced by CO: 2.6 mm rotational radio line),
gamma-rays trace CR density

1071 4

103 4

Diffuse CR
dominates

10-5 -

10-—? -

dnde [1 / (cm2 s TeV)]

10—9 4

Sources
dominate
' [ =}

10-11 .

10! 10° 10! 102 10%
DESY. Energy [GeV]



© F. Acero, H, Gast & H.E.S.S. Collaboration




The Galactic Plane in Gamma-rays

H.E.S.S. Galactic Plane Survey (HGPS)
100 MeV 100 GeV 1 TeV 100 TeV

HESS 2018

32
1.0

lux (% Crab

ol
o

F

|

Galactic Latitude (deg) Galactic Latitude (deg) Galactic Latitude (deg) Galactic Latitude (deg)

290 285 280 275 270 265 260 255 250

Galartic | annitucde (rAan)
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9
o

Surface brightness (>1 TeV) [counts/(m?.s.deg?)]

Galactic Latitude

1-25 TeV

a4
o

HESS J1912+101

L
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Galactic Longitude
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Pulsar Wind Nebulae
Pulsars

Galactic Sources

= PWN

B SNR
Binary

B Pulsar

B Massive Star Cluster
Superbubble

W Nova
Unidentified

HESS 2006

68
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Pulsar Wind Nebulae

HESS 2007
DESY. Page 104



DESY

Gamma-ray Cocoon

Pulsars
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Superbubble

® Nova
Unidentified

Supernova Remnants
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100 MeV 100 GeV 1 TeV 100 TeV

LHAASO Sky @ >100 TeV

Significance (o)

.

Crab Nebula

LHAAS

Galactic latitude (deg)

LHAASO J2108+5157 Lt S0 J2¢ 5 45 LHAASO LHAASO

DESY. Page 106



100 MeV 100 GeV 1 TeV 100 TeV
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 Extragalactic Transients
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Extragalactic Transients

. Extreme Large Fluxes - Large cosmological distances - Fast Variability

ZTev ~ kpc to 0.9
ZGev ~ kpc to 3.7

SRCs+EBL

il
m
L

+
2]
&)
o
[72)

DESY.
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VHE REGIME

Log (energy density)

eV keV MeV GeV TeV  Log(E)
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Active Galactic Nuclei

b
X% X

XX x
-0

,;j.{ B/o L
T x
o A B i
>
t % x
Fermi-LAT
E > 100 MeV
= No association = Possible association with SNR or PWN I- AGN I
# Pulsar £ Globular cluster + Starburst Galaxy "
@ Binary + Galaxy < SNR * Nova
*= Star-forming region

* Nearly all identified persistent™* extragalactic y-ray sources are Active
Galactic Nuclei (AGN) of the blazar class, both in the HE (>100 MeV) and

VHE (>100 GeV) bands

** does not mean steady: about half of Fermi AGNs show significant flux variability
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DESY.

The GeV and TeV extragalactic population

100 MeV - 300 GeV| 3033 sources
Non-blazar AGNs 3FGL catalog (Acero+15)

' [ Blazar | Galactic sources
SRQS 1_candidates.

0% 20% 40% 60% 80% 100%

50 GeV - 2 Tev| 360 sources
Non-blazar AGNs 2FHL catalog (Ackermann+15)

FSRQs|
| Blazar | Galactic sources
‘candidates un IDs

0% 20% 40% 60% 80% 100%
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DESY.

Observer sees blazar

Observer sees
radio Ioﬁud | quaser
s i I Observer sees
radio galaxy
Gas clouds in narrow P
line region ) P
‘ g S s Observer sees
/ b R Seyfert 2 galaxy
JGt e .' . - e -—

Broad line region
. Observer sees

A - Seyfert 1 galaxy
(\'-\6“ - :-\ \
- O o4
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Extragalactic sources

* Sometimes you can resolve them, if they are close enough or are very large

NASA’s Fermi telescope resolves radio galaxy Centaurus A

DESY. Page 114



Extragalactic sources

* Sometimes you can resolve them, if they are close enough or are very large

The radio lobes are extended 10 degree on the sky, with orientation in the N-
S direction. _

1% e 15, Centaurus A Radio Source
‘ 91 UREE ¢ ¢  Australian VLBI Network
= : o 2 R \ D = 3.4 Mpc; | mas = 0.02px
AN,

VLBL 66 (g”t
20 mhas

e

~ 500 kpc

(Inner double lob
" VLA.49GH:z

(Outer radio lobe)
Image credit: ATNF/CSIRO
Page 115
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Extragalactic sources

* Sometimes you can resolve them, if they are close enough or are very large

The radio lobes are extended 10 degree on the sky, with orientation in the N-
S direction.

| G: v . [ Centaurus A Radio Source .
o TR . Australian VLBI Network b it
D = 3.4 Mpc; | mas =002 20 was
| @ » (kpc scale collimated jet)
) ;
k. -
§ 6,
3 e,
0 __—"ATCA.8.6GHz
l B -
| (Inner double lobe)
| " VLA, 4.9 GHz
Y

(Outer radio lobe)

Image credit: ATNF/CSIRO

DESY.
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Extragalactic sources

* Sometimes you can resolve them if they are close enough or are very large
* But most of the time, how do we understand what’s happening?
* Variability

v [Hz]
10% 10* 10% 10%* 107
T T T T T T T T T = =
— o T ¥ T L T T 'E S 7] ‘o
o 4 H.ES.S, — 107E" pKS 2155-304 1 e
E e = C R
?; st 3 - _I’ —=10"* 3
- 3 -g "-m i [ 3 =
S 2sE 3 e 107 ?"% ]
@ 2'55 - 3] - * |
S ¥ 3 B F “
8 3 2 + =10
N 15 = w i l E
= 3 S 1012 | —#= cTsmono 107"°F e g
1= = - F [ Fermi-LAT E>100MeV 101} .y I_
= = w U [ | Fermi-LAT E>10GeV
0.5F | — =12 ] 43
R 1 i y ‘ A i | [ | Fermi-LAT E>50GeV 10 o 510
0 20 60 80 100 120 - ,—+ H.E.S.S. 1 (CT1-4) 10 TR ]
L E Ll T T | | O I ]
107 1 10 10° 10°
E [GeV]

Temporal variability down to minutes: ct << rschwarzschild
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Gamma-ray Burst

en

(internal ¢

Slower
shell

Visible light

Radio

Black hole
engine

Prompt
emission

Afterglow
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GAMMA RAY BURST
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What do we expect in the next years?

The fun part:
Things we haven’t thought of
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The Multi-wavelength approach to astrophysics

SWGO
La .-.uuul lescop (L.m LHAASO++

ou.er 20% of the sky nnmsrm
Ml - 300 GV - lumlll.-suuup\.mrliltm bt

;5 N Garmina.ray Burct Monitor (GEM)

Observes ent m: hnucl. I Ns
Detests transi

Iyg
3UDG eV

eASTROGAM
DAMPE
AdePT

HERD

Ensrgy (MeV)

MeV - GeV GeV - > 100 TeV PeV
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IceCube-Gen2

A vision for the future of neutrino astroparticle physics at the South Pole

High energy Low energy
« Find (more) neutrino point sources * Precision measurements .of _
. Characterise spectrum, flux, and atrr:’osphenc neutrino oscillations:
p—Vy
flavour composition of astrophysical Neutrino mass ordering
neutrinos with higher precision
» Characterise atmospheric flux

* GZK neutrinos (hadronic interactions)
* Continue search for BSM physics « Also continue search for BSM physics

large the detector’s volume to a
<lometers. This will increase the
mic neutrinos by a factor of ten.
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The Cherenkov Telescope Array

Array Coordinates

Latitude: 24° 41° 0.34" South
Longitude: 70° 18" 58.84" West

CTA South
Chile, Paranal

CTA North

area covered by the ¥ Sl e Spain, La Palma
array of telescopes Y

B T T T T

area covered
by the array of
telescopes

Array Coordinates

Longitude: 17° 53’ 31.218" West
Latitude: 28° 45° 43.7904™ North Page 123
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Summary

Astroparticle physics focus on the study of highly relativist particles accelerated to very high energies via:

» huge gravitational, magnetic and electric fields

» very dense background radiation

« relativistic bulk motions (black hole jets and pulsar winds) shock waves (SNRs), highly excited (turbulent) media, etc...
Involves rich interdisciplinary teams

Generates new statistical problems (very large and very small number of events)

Is one of the most attractive topics to reach the general public

Includes: X-ray astronomy, g-ray astronomy (MeV-TeV), neutrino astronomy, gravitational wave astronomy, cosmic ray
astrophysics, and cosmology => Join us!
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