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Forewords

This is the first of a series of videos covering two related courses: an
Introduction to Astroparticles Physics (15t week) and a course devoted
to Cherenkov and Imaging Detectors (3™ week) mostly applied to
astroparticles detection. The two courses are strongly related and are
both given by myself.

The videos will be posted well in advance before the first week, so that
you can organize your viewing at your own pace.

For the 15t course, we will have a live "Questions & Answers" session
on Thursday 20 afternoon, followed by a live Tutorial session.

If you have any urgent questions or would like to chat or talk with me,
you can do it on the relevant Slack channel.
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Bias and choices for this course

All aspects of Astroparticle physics, phenomenology,
Instrumental technics etc... cannot be covered in just a few
hours of lectures, so | will certainly present an incomplete
and biased view of the domain. | apology in advance.

| will thus concentrate manly on the high energy aspects of
cosmic rays for the phenomenology and on instruments and
observations that use either imaging technics or Cherenkov
light.
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Plan of the course

and partitioning into < 20' videos

Introduction (20')

— The bias and choices for this course

— What are astroparticles ?

— Why studying them ?

— Links to astrophysics particle physics and
cosmology

— A quick zoology of instruments and
detectors

Nature and properties of Astroparticles (20')

— Composition
— Spectrum
— Anisotropies

Propagation medium (10')

— Intergalactic medium
— Galactic medium
— Atmosphere

Astrophysical Sources Models (20')
— Astrophysical shocks
— Fermi acceleration

— Standard Model for the production of
galactic CR, SNR

Other sources (20')
— Gamma-ray sources, pulsars
— AGN, SBG and other extragalactic sources
— Neutrinos sources
— "top-down" type of sources at UHE
Propagation (20')
— CR propagation in the Galaxy:
The Leaky box model
— VHE y-rays propagation
— UHECR propagation
Air Showers (20')
— Air Showers Physics

Nota Bene: Most of Observables, Instrumentations — Observables

and Observations will be postponed to my lecture on
Cherenkov and Imaging detectors (3rd week).




Introducing Astroparticles

1t Video (20"
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What can we learn from
Astroparticles
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Matching "standard models”...

or not

SM Cosmology W SM of Particle Phys.

"hot big bang" Glashow-Weinberg-Salam

S v 4

Solar SM

Bahcall

Examples of happy breeding...
Nucleosynthesis =

Ny

Qh?, LSS... = S my < ...

.. as well as some disputes...
BigBang

Dark Matter
Dark Energy

GWS

Solar SM

Solar v deficit

Inflation Atmospheric v anomalies
Matter Anti-Matter Asymmetry
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Direct searches

!

new particles production-observations
(Tevatron, LHQC)

Indirect searches
FCNC , CP

FV — pu — ey

dy,

B physics

Cosmology
Measure the parameters
of the Univers
and their evolution

Progress in Theory
Supergravity
— Superstrings, M-T heory

Astroparticle Physics
Neutrino Physics
Cosmic Rays
v Astronomy
Gravitationnal Waves

1

New Physics probes




What are
"Astroparticles”

What we know... roughly.
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Our Galaxy

The optical Milky Way
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Centaurus A

Radio Galaxy
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Let there be light !
- we know is Astrophysics nks to lig

— Temperatures, stars masses, galaxies, magnetic fields, chemical
composition, age of stars and structures...

— Nuclear reactions, galactic and extragalactic hydrodynamics, MHD,
explosions, nucleosynthesis,
past, future... EVERYTHING !

Well, almost everything...

— 3 on-luminous messengers
cosmic rays (charged), neutrinos and Gravitational Waves !
— Rare but precious : ~ 4 CR/cm?/s

CR astronomy is impossible...
— Directions randomized by magnetic fields (except at UHE)
— What we would know if it was the same for photons
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What are the sources of the
UHE particles?
How are they accelerated ?

Despite an incredibly low rate,
~1 km-2 century-! above 1020 gV,
can we study them from Earth?

How do they propagate
through the intergalactic space
and its magnetic fields ?
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% : S e
* no deflection, directly pointing back to source
* weakly interacting, escaping source cores and

travel unattenuated

Probe of sources up to cosmological distances | *

T .
* no deflection, directly pointing back to source
® can probe top-down models

The I | iessenger ' e UHECR experiments can explore y's at E>1017 eV

* direct probes of accelerators at UHE
* probe composition at sources
® but unknown magnetic fields

Horizon ~ some 100 Mpc
Galactic + EG




The "all particles” spectrum
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* Regular spectrum over 12 decades
in energy, and 32 decades in flux

* More details seen now including
more inflections

« Spectrum badly known at the two
extremities

— Geomagnetic "shield"
+ Solar modulation

— Extreme rareness...



Charge cosmic rays composition

(at low energy)

98% of nuclei

12% Helium

1% heavier nuclei ..

Total Flux : 4 RC/cm?/s
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A quick glimpse on some of the t
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https://youtu.be/O3s-9QrJPng

Nature and properties of
Astroparticles

Composition
Spectrum
Anisotropies

2nd video (20")
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Data on composition charged cosmic rays

Chemical composition
— Nuclei = 98% (H = 87%, He = 12%, heavier than He = 1%)
— Electrons = 2%

— More or less standard composition (i.e. solar system)
except for fewer H and He and presence of secondary nuclei
+ a few "anomalies"

Secondary atoms
* Li, Be, B : spallation of C, N, O (+ nuclei below the Fe peak)
*  Nuclear thicknesses traversed by CR : Xz = 6 to 10 g/cm?

|sotopic anomalies
- 22N - link to massive stars

Cosmic clocks

YBe » 9B, t ~ 4 x 10° years (as well as
2641, 3°Cl, >3Mn, >*Mn, *°Ni)
— Lifetime of CR in the Galaxy 7. =~ 2 x 10”years

Using both 2R~ 0. 2— = CR halo extension = 3 — 7 kpc

CTcCR
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= i Solar System Abundances ]
O g4l GCR Abundances -
] i 1
_ 2
W 1 0 B
— i |
n #]
B 107 R
|
C -2
=] 1 D B
<
1074 |I|
O 10 20 30 40
Element
0 I<>Ill l -
By EOI.
o 251 B, Dﬁaé 7
EJ/ 44T| 0 D% ]
o 20 Meq BEIEIEI oo .
i 36A,- 4
£ gﬁ ]
5 4
z 156 25 E -
U i
E 24|\f|g ! ]
o 10+ Zlye PI’II’TICII')f Nuclei: >75% from source —
o 16 E ixed; "30-73% from source e
<l L ol |nl M| ed: 25-50% from source
F 12 B; Mixed: 5-25% fram scurce
F C Secondary: <% from scurce g
S5 DH Propqgutlen Cletk Muclel —
F Be% OA @ Mugleosynthesis Clock Nugclel 4
S O K—Captire Secondary Hucler
DL Ll 1
0 10 20 30 40

Number of Neutrons (N)

22



(@l

(@]

F.Montanet Astroparticle physics ESIPAP

Geomagnetic cutoff
+

Solar modulation

i

|dentified spectra
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Parallel power-laws up to
10'* eV/nucleon :
Impressively quasi-universal
spectral indices.

23
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Data from AMS on ISS

- Helium Flux 0,,<0.2
%_. 0.4<0,<0.6
-§_ ' 0.6<0,<0.8
- S 1.0<0,,

Geomagnetic "'-.'
cutoff depending ks
on latitude

Rigidity (GV)
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CR spectrum above 1 TeV up to UHE
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2 - - H? origin of UHECRs?
O m | . . .
Dl o1 n oJrt \ v what is causing the suppression of
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= u the flux at the highest energies?
— ]
10 L - v can we perform UHECRs
o u astronomy?
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Energy (eV/particle)

Meed accelerator of size of Mecury's orbit
to reach 10%° eV with current technology

Large Hadron Callider {LHC),
27 km circumference,
SL]FIEI'CGI'IdUCting rnagnetq

PARTICLE PHYSICS

= very different energetic and kinematic phase
space, for targets with <A>~14

= LHC tuning of hadronic interaction models
employed in UHECR

= + constrain or find hints of new phenomena

(e.g. Lorentz invariance violation)
25
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Z dependent cutoff
at the knee ?

No obvious conclusions yet
as above the knee implies
Indirect composition
measurements inferred from
ground based detectors
using hadronic models thus
model dependent
conclusions.

Second knee at 1017eV ?
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Toward a global spectral picture

102-
Proton
100- knee
=" 10-24 lron
% : knee
f From Galactic :
lE SNR
'—E 10—4_
[\
o
106 F&n_k!e
From extragalactic
169 sources?
1014 1015 1016 1017 1018 1019

Energy [eV]

1020

28
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E'x Intensity [cm™sr's 'GeV*

2

2

=L
=

—h

Transition GCR to EGCR ?

all-particle spectra including 2nd galactic component

1078

10t 10°

Table 3. Injection energy of SNE-CHRs used in the calculation
of all-particle spectrum in the WH-CH model (Figure &).
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Spectum @ UHE

1. Energy spectrum — status today
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- Many new structures established
+ [eeTop Pos(ICRC20193172 + y
t  Telescope Array PoS(ICRC2019)298 r‘ - Discrepancy at highest energies?
$  Auger PoS(ICRC2019)450 - Flux suppression due to GZK effect
. . . 5 . . or max. particle injection energy?
13 14 16 17 18 19 20
lg(E /eV)
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Transition GCR to EGCR ?

Combined fit of spectrum and
composition data as measured by the
Pierre Auger Observatory

— 10"
s e € component P A=1
i B T _
Z - e o ast”® He 21< A < 4
| o - .
5 i H< A <22
3 ;
0 P Fe 27|< A < 56
107 = Fe
> -
107 —
B 1 | 1 | 1 | 1 | 1 | | | 1 1 | | | | 1 1 | | 1 -.__
18 18.5 19 19.5 20 20.5
Sub-EeV extra-gal. protons log (E/eV) R
from interactions of heavier %&ﬁ
nuclei e

Jorg A. Horandel, Paris 2020 35
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Other mysteries at lower energy

Fluxes of e*, e, p and anti-p
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Origin of the positron excess

Astrophysical objects Dark Matter
Cholis arXiv: astro-ph/1304.1840 Kopp hep-ph/1304.1184
l.[}ﬂ' I 1 I I I T T
All Milky Way pulsars |
" =165, E,=600 GeV 101\
__ozof - _
. 2
+ o !
: 010} e PAMELA . AMS | & 1.=
00T _._ ) “-" —— AMS-02 data =I
N — ut T m, = 600 GeV, {ov) = 4 x 10~ ¥em?/ s
0.02 e S 10-2F === W W " m, =1TeV, {ov)=1x10""em’/s
—— Background
i 5 I:D 5lu ulm 1['}‘ 1|[|:r2 107
: E (GeV) : : E1GeV]
Different energy behavior of the positron fraction:
* Pulsars predictions: « Dark Matter prediction:
- slow fall at high energies - steeper fall at high energies
- anisotropic positron flux - isotropic positron flux

33
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Gamma rays

« Gamma-rays observed — few TeV
« Spectrum x understood up to MeV.

« Above, the diffuse spectrum and that of sources are very "hard",
in 1/E2 revealing acceleration processes.

. A IR [}

o ASCA (Cendrema 1955 1

LA D (LD [Drobss 19951 = ; A May 1996
I | & FEAD (MED) (Kiscer s al 1996) || B M 421 * April 1995
- W S (Weksaabe of ol LFETY 1 109 ® May 1994
- aAPCa mm“rrﬂhkl. Lk N ==
bl 2 s ek g ® 1977 10 1995
o T g . oy
100 | — ] 10719 = . ® ﬁ

0" L et

- -
10717 L If

Tatn Ly MiSTeriods | e s o @

wF, (argecm 23 1)
-+
-
-
%,
-
8
8
=]
H
—
¥
-

EF I (Vi em5-ke Vi)

R & Pa L4 o
= e @Q)(,\ G & S Q‘;\ puy
pgsruuen Ex‘rmqnmcl "o - [T & SE S S S & <
: i ‘ T L S S S S A R
Lo B f N |.u.|.|l.u_|_|_|_|.u_|]1__. cewail oo a6 G oses i " bt 10 12 14 6 8 20 22 24 26 23
1! 10 10 1 0% 10" S 105 107 BT 10?
Photon Energy (ke%'} log v (Hz)
n" 1 —klultiwavclongth spectrum of the sxtrngslactic gamma-ra ram from, X-rays 1o hi h e mma The estimated contribution fre
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How is this non thermal equilibrium radiation produced?
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Gamma, diffuse emission

Emission due to:

* the interactions of cosmic electrons with:

— the magnetic fields (synchrotron radiation dominates the radio emission of the
Galaxy up to a few GHz)

— interstellar Matter (ISM); bremsstrahlung important bellow 100 MeV
— Interstellar photon: Inverse Compton above GeV

 the decay of ¥ produced by hadronic processes when CR interact with protons
and nuclei

- ¥ > yy above 100 MeV
— Concomitant emission of v in the decay of r®

35
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Gamma, diffuse emission

408 MHz

100 MeV

36



2022

F.Montanet Astroparticle physics ESIPAP

Galactic or Extragalactic CR ?

At moderate energy (y-rays ~ 1 GeV), a strong answer from EGRET,
already in 1993 |

Hypothesis: if most CR are extra or metagalactic, the density
of CR should be identical in our Galaxy and in its satellites, then,

e Radio observations radio give the mass of gas Mg in the SMC

e My implies a measurable flux for SMC of: 2.5 x 10~ "em 2.5~ 1

e EGRET gaves an upper limit (at 95%CL): < 0.5x10 "em 2.5~ 1

e The CR density is 5 times smaller within SMC

Cosmic rays are indeed mostly produced by and confined
within the Milky-Way!

37
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Extragalactic UHECR ?

Definite answer from AUGER, only in 2017!

0.46

-~
3
180 {042 o
i,

et ; -~
- Dipolar distribution of CR with energy above 8 x 10'%eV

e The excess is ~12%

* The pole of this excess is 120° away from the galactic center and
matches with local extragalactic matter distribution.

= UHECR are from extra-galactic origin !
38
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The general problematic

« From thermal speeds to UHE (few 100 eV)

From top to down (decay...)
From bottom to up (acceleration)

Energy losses (Synch., IC, =, pairs...)
Destruction (photo-dissociation...)
Escape probabilities

Propagation in ISM and IGM (mag fields:
deflection, confinement...)

Re-acceleration

Balloons, satellites...

Air showers...
- Cherenkov telescopes

- Surface & Fluorescence Detectors
39



Propagation medium

IGM, ISM and atmosphere

31 video ( < 20')



2022

F.Montanet Astroparticle physics ESIPAP

Dimensions of the Milky Way

lpc=31ly. =3 Xx10%m

Disk 300%¢
N\
gas, sources,

~1p cm?3
. 15 kpc \
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Milky Way, a spiral galaxy
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Milky Way, a spiral galaxy

Local spur and neighboring arms
local matter and B field
Inhomogeneity.

Mean "regular" B field

~ 3uG roughly parallel

to spiral arms, more intense in
between arms.

Local Spur

74,

Obscured

Norma

Scutum-Crux

<
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Milky Way, a spiral galaxy
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A thick target

(@l

=« Diffuse gamma-ray emission from galactic CR interaction with matter
(mostly molecular H clouds).

Milky Way Center Geminga
Pulsar

| | ~.

L s T e W
’ L ]

4
| Crab~"
Vela Pulsar Pulsar
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The nearby islands...

Lo
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1 milllior Iy
—_

__ e Leo &
B o

3 e s '_31D9 Anthi -

= . © |\Dnedarf

[

Leo|l Leall 185

Andromeda (M31) AR U:m
DR Mk T

A twin of our Milky Way TR ;ﬁgd{mda

. : : Pt Tl v Laalany
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. S Trianguiim:
distant by 780kpc.  Prosr Gl o
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. . : S1E130 0 o "Lhwar
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Our local group 1s at the periphery of the large Vir:g_o,' =

supercluster (~2000 galaxies) at ~20Mpc

i
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i ohi o Cluster

Eridanus
Cluster
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Horizon < 200Mpc at UHE
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Large scale filamentary structures
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Vacuum is not emptiness !

 Inter Galactic Medium (vacuum) contains:

— Magnetic fields (regular + random) are highly speculative and range
from 2 X 107 nT (20 pG) to 10 nT (1 nG).

— Very little matter (p, He, and a few electrons):
~ 0.25 baI'YOIl / IIl3 log,, {(Wavelength/m)

— Electromagnetic radiations:
« 413 CMB photons per cm?

=27 |~ Radws Pt
Sources

e

* Also IR, radio photons...

— Neutrinos: }: sy
* Mostly CvB neutrinos B o] iy
(decoupled when universe was only 2" old!)
e Today 1.95K ie. 1.7 X 1073 eV

TN

* 336 v (all species) per cm?

:
6 & 10 12 1% 16 18 20 22 24
 log,, (Frequency/Hz)

+ Many mysterious dark matter WIMPs ...
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P B8 & that of being |nhomogeneou§

— Its density, decreases by 6 orders of magnitude
from ground to 100km, and another 6 orders for
the range 100km to 300km.

— However, up to ~100km its composition is nearly constant:
78.47% N, 21.05% 0O, 0.47% Ar and 0.03% other elements.

— |t follows a quasi exponential profile
("quasi” because temperature is not quite constant!)
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Density (kg/m3)

with Lo

S N e

%

The earth atmosphere

1.00 ¢ B o Figure 2.3. Density of the air
N as a function of the vertical
I * altitude. The dots represent
i N\ the US standard atmosphere
le-3 | ‘* data [14], while the full green
i line corresponds to Linsley’s
‘;.:-. model [16] and the dashed
- LA, e ‘ red one to the isothermal
le-6 SA k atmosphere N
T (h) = pye 9MM/RT
0.1 1 10 100 P Po
h (km) = e—gh/rT
= 1225kg-m™?® air density at sea level (average hygrometry) 0
— 98lm-s? — poe_h/ho
288 K

— Nyu-kg=8314J-K ' mol™!

= 28.965 x 1073 kg - mol™*
R

= — ~9287J-K1.ke!
M &

molar mass of air

= scale height hg =r-T/g ~ 8.4 km

perfect gaz universal constant
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The earth atmosphere

1000

900

800

700

600

X(h) (g/em2)

400

300

200

100

h (km)

Figure 2.4. Vertical atmospheric depth, X, versus vertical altitude over sea level, h, accordingly
with Linsley’s model [16].
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The earth atmosphere

In terms of particle/radiation interaction with matter, the atmosphere is:

A total of &~ 1000 g/cm? at sea level.

So 1 atm = 12 interaction lengths ( Ay ~ 85 g/cm?).

A vertical proton first interacts at A = 15 km

One radiation length (at 1 atm) is Xp = 36.6 g/cm? ~ 300 m.
One Moliere radius (at 1 atm) is pp; = 78 m.

The Lorentz factor for a muon produced at h = 10 km to reach
ground before decaying is ' > 15 (i.e. £ > 1.6 GeV).

The critical energy (EM) is Ec = 84.2 MeV.
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Interaction and radiation lengths in atmosphere

Pion Energy [GeV]

1 10 102 10°
E[] IIIIIII| | IIIIIII| | III_|_|_|_|' | IIIIIII'I_

18

16

14
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10

Altitude (vert) [km]

50 GeV 7+
decay length

Xo = 36.7g/cm?

2

'D | 1 [ 1 IIII| | \
10° 10 10" 107
/ Length [cm]
MY = 85g/cm? AT = 120g/cm?

nt nt
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The atmosphere: a huge calorimeter to
observe high-energy cosmic-rays.




Astrophysical Sources
Cosmic Accelerators
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Principle of Fermi acceleration

The Ingredients :

e A magnetic field B
— with a regular component By
+ and irregular component §B

e A plasma i.e. a good electrical conductor :
E4+i@xB=0and|E|~0
= the magnetic field is "frozen” and moves with the plasma (Alfven).

e A CR population coupled to the medium via the magnetic field B. They
scatter on the field irregularities. This diffusion processes are collisionless i.e.
they conserve the particle energy. The MHD turbulences or Alfven waves act as
massive scattering centers (recoilless).

Fermi 1949 :

e first hypothesis of converging movements of MHD perturbations
= ""first order’’ acceleration, but where 7

e second more realistic hypothesis at that time: random mouvement of interstellar
gas clouds (observed) or MHD perturpations
= "'second order"” acceleration.
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Power laws and stochastic processes

The power laws observed in differential energy spectra follow naturally from
cyclic acceleration mechanisms with constant energy gain and constant escape
probabilities:

Assume:

— Initial energy: E,

— Constant energy gain at each cycle: AE = ¢F
— Constant escape probability: P,.,

thus:
— Particle energy after n iterations: E,, = Ey(1 + &)™
— Probability to remain in the acceleration zone: (1 — P,;.)"
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Power laws and stochastic processes

Particle energy after n iterations: E,, = E;(1 + &)™
Probability to remain un the acceleration zone: (1 — P,;.)"

Number of iterations to reach an energy E:
_ In(E/Ey)
e In(1+ ¢)

Proportion of particles accelerated up to an energy equal or greater than E:

- 1— P )"
NEE) =Ny ) (1= Peg)™ = Ny ( 5 —
— esc
m=n
thus:
ln(PescN/NO) —n = ln(E/EO)
In(1-P,,.) In(1+ &)
eliminating n and reshuffling the above:
E\Y
N(> E) « <_> l Power laws
Eo are natural !

With '}/ — ln(l—Pesc) ~ PeSC — l X TCyCle

In(1+¢) € € Tesc
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A small analogy...

* A tennis ball bouncing on a wall
— neither gain nor loss of energy...

bounce = speed unchanged

\% Same thing with
a motionless racquet...

Then how does one accelerate a tennis ball ?!
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* Moving racquet !

— Neither gain nor loss of energy...
in the racquet reference frame !

v

—

Speed unchanged with
respect to the racquet

— acceleration through a change of reference frame
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 But this can also decelerate
A drop shot:

v
\%

Q—
—Q
v -2V

Particle deceleration !
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Fermi Acceleration

« Ball —» charged particle
 Racquet —» "magnetic mirrors”

Magnetized clouds

. (M>>m)), with a typical
speed wrt ISM ~10km/s

@)

~

* Magnetic inhomogeneities
or plasma waves also work...
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The essence of
stochastic Fermi acceleration

When a particle bounces on an incoming magnetic
mirror, in a head-on collision, it gains energy.

When a particle bounces on a receding magnetic mirror
that it catches back, it loses energy.

Head-on collisions are more frequent than receding
collisions.

= Net energy gain in average (stochastic process )
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Add a second player...

« Converging flows...

F.Montanet Astroparticle physics ESIPAP
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F.Montanet A

Shocks hydrodynamics

« Shock waves (e.g. supernova explosion) : expending
plasma flow with a speed Vi much larger than the
sound speed in the interstellar medium (ISM).

Shocked medium

% 0
-5

Insterstellar medium

o—
.
Vs fj oM
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Shocks hydrodynamics

« Shock wave:
Shocked medium Interstellar medium

wog oy e o
EENTE.

The shock moves at a speed Vg which depends on Vg
and the specific heat of both media.

4
For an ionized ISM: Vg ~ gVR
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Shocks hydrodynamics

« Shock wave:
Shocked medium Interstellar medium

oo oyl o
EENTE.

* The shock intensity is characterized by the compression factor:

__Vs/Vr
Vs/Vr— 1

TR
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Shocks hydrodynamics

In the shock frame

Shocked medium Interstellar medium
V/ R Vs
\/g\l —* * ? ﬁ
Z& ;7 o~ . T¥

In the shock frame, the upstream (non-shocked) medium
flows toward the shock at a speed Vg and the downstream
(shocked) medium flows away with a speed reduced by the
compression factor (mass flow conservation) :

Vo/Vi= R~ 4
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Shock wave diffusive acceleration

« Shock wave (e.g. supernova explosion)

Shocked medium Interstellar medium

o\b

O\b

Y Vs p
downstream upstream
o—" /\/7

* Magnetic wave generation:

— Downstream : by the shock (compression, turbulence, hydro and MHD
instabilities, shear, etc.)

— Upstream : by the accelareted cosmic rays themselves !

— ‘isotropization’ of the distribution
(in the local frame)
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A win-win process !

Shocked medium Interstellar medium
V/ R Vs
\/g\l —* * 7 ﬁ
Z& j -, . T¥

In the shock frame

« At each shock crossing, one way or the other, the particle
hits a "magnetic wall" with a relative speed:

V=(1-1/R)Vqg

— only head-on collisions...
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Summary on acceleration

Acceleration from interaction with fields

— E field: e.g. induced by spinning magnets such as neutron
stars (pulsars) or black holes...

— B field: inhomogeneous moving fields
— MHD waves

Acceleration by reference frame transformation

— Fermi stochastic acceleration (2" order)

— Diffusive shock acceleration (15t order)

Power law are natural

— Fermi type process (AE «< E, P_.;)

— Universal power law for non relativistic shocks (N(E) oc E-?)
Cosmic rays up to the knee

— CR power = power of SNe, E.... =10 eV hardly 1015 eV

max
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Tycho, 11 November 1572...

6 cm (VLA)

X (ROSAT)
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Tycho, 11 November 1572...

A typical SNR

R e p . S
o '.-.-.l..- :

6 cm (VLA)

X (ROSAT)
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The CR standard model

* Analytic calculations, simulations and observations show that
diffusive shock acceleration works !

e Supernovae and GCRs
— Estimated efficiency of shock acceleration :... 10 — 50%

ECR X Vconf/'rconf

— Power required to sustain CR energy density: ...... 104lerg/s !

— Power injected by SN in the Galaxy: .................. 10*2erg/s !

— Enough power for Galactic CR
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The CR standard model

* Proposed acceleration site, isolated SNR

— Supernovee : ejection of many solar masses of nuclear matter at
supersonic speeds (~ 10 000 km/s) following massive star
explosion.

— Formation of a quasi spherical expending shock wave that wipes
out the interstellar medium (ionized beforehand by the
progenitor's radiation).

— SNR are observed at all wavelength.

— SNe explosion is essential to the Galaxy chemical content: heavy
elements enrichment.
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Finite size

Finite size of
magnetic field
confinement
region
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10"
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CR SM with Emax / Z
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Ne-Si
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— UM

NN _ Hard to explain a single power law
EANN above the knee.

Need probably another component

up to 107eV or more.

3 See for ex : M. Hillas
S J. Phys.: Conf. Ser. 47 (2006 ) 168
%, (http://iopscience.iop.org/1742 6596/47/1/021)
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Other sources...

e (alactic sources:

— Compact objects, neutron stars and pulsars...

« Unipolar induction, very high E fields but also strong magnetic fields
=> synchrotron losses => mostly radiation (X, gamma-rays).

— Collective effects in super-bubbles (vast regions with multiple SNR)

« Extragalactic sources:

— AGN’s: massive BH accreting matter => most luminous objects in
universe,
 disk and jets, hot spots. Good candidate up to UHE
— Starburst galaxies: high star formation periods often consequence of
fusion of galaxies
» Collective effects expected. Good candidate up to UHE, hint by Auger

— GRB's: transient one-shot sources, hyper-Novae, beamed emission

« Good candidate up to UHE, but no evidence from neutral transient studies so
far.
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Hillas diagram

Standard estimates for E_, :

Confinement :

ry =E/ZeB <R =E <ZeBR

Unipolar inductor (pulsar):
E <ZeBR(QR/c) = 5 ZeBR

Diffusive acceleration by no
relativistic shocks:

Tace = 10 K/VE < R/V

with k > 1,c = E < f;ZeBR

General Hillas condition:
EZeV <09 ﬁsrszeBGausstc

[F1] \d

log (Magnetiec field, gesuss)
i
L

Radiation losses

Protoms

12 II' i5 ¢+ 18 ¢ 21
I
lpe 1 kpo 1 Hpe

log{sirae, km}

E pas ZBL
E oz ZBLT

{Fermi)
(Ultra—relativistic shocks CHE
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Constraints on source candidates
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Relativistic shocks

Acceleration / I'* works fine for a couple of cycle
After that it fails for mere kinematical reasons

But this is still very efficient (>> standard shocks)
Confinement is easier

A weak deflexion is enough : 0 = 1/Ts = rg < Rs/Is
= Emar = [ 5 X larger
= one can reach the limits induced by energy losses
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BOTTOM -UP

Galactic pulsars
Extra-galactic radio galaxy lobes
AGNs, StarBurst galaxies
Gamma Ray Bursts
Protons, Iron, Nuclei?
Spectral index

Explaining isotropy is not trivial

Angular coincidences to be confirmed...
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Top-Down

Topological defects, superheavy relics
with M ~ GUT scale that is ~10'¢GeV

« Energy — 1020 eV easy!
(QCD fragmentation spectrum QCD with M~1024 eV!!)

« Explaining the flux is not trivial !!
(natural density scale is ~ H,)
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)

Multi-messengers constraints

[M.Ahlers+, Prog. Part. Nucl. Phys. 102, 73 (2018)]

—_ . g T |

w
T, 1076 | —.
r:'laJ: _ isotropic “y-ray high-energy = ultra-high energy |
= ; background neutrinos = COSmic rays

! g . proton (E72) "4 9
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9,, il calorimetric :
4:2«.

z
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% 10—9 i y-rays from Cosmogfnicr"-, I
& ; 7’ decay A 1
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Top-Down Signatures

Composition:
Photons & Neutrinos fluxes => Protons

The current (AUGER) limits on UHE neutrino and photon flux
already kill most Top-Down models !!

Spectrum:
QCD-like fragmentation spectrum quite "hard"

Cosmography:
Halo distribution!! (local SHRs or TDs)
or ~ Homogeneous
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and even more exotic stuff...

Strongly interacting neutrinos
Lorentz Invariance Violation
Special Relativity Violation

efc...
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Dimensions of the Milky Way

lpc~3Ly.~3%10%m

. k ¥
Disk 300p¢ DG
N
gas, sources,

~1p cm?3
. 15 kpc \




2022

F.Montanet Astroparticle physics ESIPAP

RC propagation in the Galaxy
the Leaky Box Model

ST T
e e
P e
G e e
P e e
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ%ﬁﬁﬁﬁﬁﬁﬁﬁ e e

S e
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A thick target

» Diffuse gamma-ray emission from galactic CR interaction
with matter (mostly molecular H clouds).

Milky Way Center Geminga
J Pulsar %

L i g i e
’ W

i
f Crab~"

Vela Pulsar Pulsar

.-“
Blazar 3C454.3
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dEfdx In (Mev/m)/(g/om®)

Cosmic rays transport

* Propagation in the interstellar medium

1000 E

100 |

—
=
T

target= 'H

10 100 1000 10* 10%
Ei Me in)

Energy loss: 1onization,
Coulombian interactions

-1|:|1:| _

1012:

N(E) (arbitrary acale)

—_
[
(1]

107 |

"II:IE I 1 1 1 1 IIIII 1 1 1 11 IIII 1 1 1 1 IIIII 1 1 1 1 150 11
107 101 102 107 10¢
energy (MWey in)

Propagated spectra
1onization losses only
(thick target)
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Grammage

« Column density or quantity of matter traversed by the CR from its
production site to earth (in kg X m™2 or g x cm)

« Given the diffusion time known from cosmic clocks (see below) the
measurement of grammage allows understanding the diffusion
extension zone.

* The ratio secondary/primary allows estimating the grammage
traversed: AN

op
= ——N
dx m P
thus Ng = Npe_ﬁpm
and x = —ﬁlog(NS/Np)
op

B/C~35% = 2= ——log(B/C) ~ 60kg.m 2
ap
if Br(C+P— B4+ X)~ 100%
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Cosmic clocks and halo size

« 12C +H — 9Be (stable secondary nucleus)
12C + H — 9Be (unstable secondary nucleus: ~ 4x108 years)

« The ratio '°'Be / °Be depends on secondaries history
(and on cross sections).

— Link between quantity of matter traversed and diffusion time.

 Diffusion parameters adjustments (excursion in the less dense
galactic halo)

— determination of the CR confinement zone

S4Mn/Mn

36CI/Cl
26 A1/27Al
10Be/”Be
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Confinement and escape

The average measured grammage is ¢ ~ 50kg.m_2

Associated lengths:

x/p ~ 750kpc,
1l.4dng mp~ 2.2 X 10_21.lcg.m_3

>\€SC

with p

Aesc > Ryq = 20kpe = CR are confined
Aesc K App = (ny o)~ =~ 6Mpc = CR can escape

Long lived radioactive secondaries (cosmic clocks) indicate
Tesc ~ QOMyT
Average density scanned by CR:

Ny = Mesc/C Tesc mp ~ 0.3cm 3 < Ngisk = lem =3

= CR diffuse in a thinner region: the Halo
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Disk & Halo

* CR can wander out of the disk in a magnetized halo of hot
lonized matter

T—10K etn=10"3cm—*

« NGC 4631 galaxy and its halo of hot ionized matter
emitting X-rays as seen by Chandra
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N(E) [arpitrarny 2csie)

Slope of the propagated spectrum

» Escape out of the confinement zone
- Confinement (escape probability) decrease with E

...g

. - _—
~. E* = propagaclen <4

101 12 107
e gy ML

Without escape
(thick target)

N(E) (ar}trary scale)

1|:|1:|

1|:|12 -_

107 |
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L sl L MR | P P
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energy (Mey /)

0.7
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— E-27 spectrum
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Full transport equation

a 777 vt = |
Y(7,p, 1) = q(7,p) sources (SNR, nuclear reactions...)

ot
ﬁ. @) convection

o | o
diffusive reaccelerationt —— (p?Dpp ?’g
Op | Op \p
d
7 pw | convection
Op L.dt
1' Radioactive decay

w(r,p,t) — momentum density
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Propagation in the ISM
et observational contrains

i)

ct
CRYOSTAT, '
! ‘
AMBER Q
ticle

FTOF HODOSCOPE PRESSURE - o
/T-_:“ AEROGEL \
AT ? . N
w7 modulation B
hl
¥ C

20 GeV/n
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Summary for galactic CR

Everything works fairly well...
— Propagation in the ISM:

« Complete theory with energy losses, diffusion, in flight nuclear reactions, CR
escape, reacceleration, ... impressive results.

(see for example GLAPROP model, A. Strong et | Moskalenko)
— Secondaries / Primaries

— Cosmic clock
— Anisotropies
— Theoretical expectations (~ Kolmogorov spectrum : D(E) oc E°-3)

...except for too naive acceleration models!

— Observation + models require source spectra / E-23 (high energy spectral
shape and S/P ratio "best fit")

— "Softer" (steeper) than standard spectra for strong shocks (£-?)

It is possible to find an agreement between diffusive propagation
models and standard SNR models,

— Cut off energy, knee, non-linearities, y-ray emission by SNR, source
distribution...

Many parameters = need many observational constrains.
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V(U)HE GAMMA-RAY PROPAGATION
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Photon attenuation at VHE
by intergalactic photon backgrounds

Initiates a showering process

_I_ _
Y+18G —*e’ Te =) = Low energy(GeV) diffuse flux y-rays

log(zx,.,/Mpc)

Effective y-rays horizon:
100Mpc at 1TeV
1Mpc at >10 TeV

0 3 6 9 12 15 18
log(E/GeV)
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UHECR PROPAGATION

109
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saction [mubarn]

An extreme case of relativistic kinematics !!!

PUHE +chb £ A+ P + T[O

ST

=) GZK

"cutoft™
Greisen ‘606, Zatsepin & Kuzmin ‘66
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Energy losses

e+ vk ontatip+aiptet +e

cA+v7xk > (A=1)+N;(A-2)+2N;A+et +e

e T+127K >t e

9
log(E /GeV)

12

18

log(Attenuation Length Mpc)
o b a b

N
LI L

13

0.5

lllll\ll|l1l|

18

18.5 19 195 20 205 21
log(Energy eV)
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Horizon < 200Mpc at UHE

Fraction of events fromr< D
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GZK suppression

« Greisen-Zatsepin-Kuz'min

— 26

r

- - uniformly distributed
[ —— 64 Mpc

- mmeee 16 Mpc

x
n

2
-]
T
L
>

s

S

log(FLUX * E® In eV’m?s™'s
&
i

4
I I

n 11 1 1 I L1 il I 1 1 | I
18 185 19 19.5 20 20.5 21

lllll

. . .. log(ENERGY in aV)
 Distance to the source is limited

to 100 Mpc for 1020 eV protons,
and 15 Mpc for 3x10%0 !

 Actually even less if particles are deflected (Do >

D

Iinear)
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GZK like suppression (Auger)

175 18.0 18.5 19.0 19.5 20.0 20.5
log,(E/eV)
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(Xpax? [g cm™?]

1036

850f
800F
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650F

Flux suppression (Auger)
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n
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The spectrum is best fitted by

a succession of cutoffs of the
different groups of elements, with
Rcut — 1018.67i0.03V’ thus
pointing to the flux at Earth being
partly limited by the maximum
energy at the source. The best fit
returns ¥ = 0.941098 suggesting
a very hard source spectrum, and
an injection of mostly intermediate
mass nuclei, with very few protons
or iron nuclei.

It has to be noted that the fit also
finds a second local minimum,
with y = 2 and a larger maximum
rigidity, more in line with standard
models of cosmic-ray acceleration.
While the spectrum is fitted well
1n this case too, wider distributions
of UHECR masses than observed
in the data are in turn predicted at
each energy, showing how crucial
the measures of mass composition
are to resolve the origin of the
observed flux suppression. 115
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Galactic magnetic deflection

10 eV protonina B =3 uGfield = r,~370 pc

« 2x10P%eV proton inB=3uG = r,~7kpc
¢ 5x10%°¢V Fe inB=3 nuG = 1,~7kpc
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Propagation in the Galaxy

Galactic magnetic field model, given that:

(i55e) = (2) (e ()

100 EeV

Possible galactic confinement of 102%eV
nuclei

108V neutrons decay length
Byct =~ 10kpc = galactic distances

Tracking back direction of proton events
>4 1079 out of the Galaxy, two different
field hypothesis [Stanev97]
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Pointing at UHECR sources?

3D lrajectories projected on X-Y plane

60
-B=10"" FRLES
Cell size 1Mpc
-B dir random

B
(=1
3 o
B
—'Enl:] L

-100 —50

X (Mpc)

Figure 7: Projected view of 20 trajectories of proton primaries emanating from a
point source for several energies. Trajectories are plotted until they reach a physical
distance from the source of 40NMpe. See text for details.
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Extra-galactic UHECR propagation

A =l e From diffusive regime to rectilinear
10° propagation [Sigl]
_10°
% 10*
102 Time-Energy correlation
10°
£
B 100.0§ T T TTTT T TTT II| % T TTT I; ) Average Spectrum
£ B ]
7 100 !4y propagated spectrum _§ = Depends on the strength and coherence
T E § length of EG magnetic fields
3 i l B -1
R T G el (g
= Cinjection spectrum - A\ 10Mpe \ 107G \10®er
0.1 I I| | [ T | | | 111
10

2 2 -2
100 E (o) 1000 10000 ’C(E) - 200yr d A ( }131 j ( 2]5, )
100Mpc ) \ 10Mpc A 10 G ) \ 107 eV
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Mapping |G fields with UHECR"?

I
] 1 2 3 4 5 [Degrees]

FI. 1. Full sky map {area preserving projection) of deflection angles for THECRs with energy 4 10t &V using a
linear color scale. All structure within a radius of 107 Mpe arcund the positicn of the Galaxy was used. The coordinate
system 1= galactic, with the galactic anti-center in the middle of the map. Peositions of identified clusters are marked
using the locations of the corresponding halos in the stmulation. Note that deflections internal to the Milky Way have
not been included.
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Air Shower Physics

7th & 8" videos (2x20")
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A peek above the knee !

To measure the inclusive spectrum at the
knee, one needs a 10m? exposed during
10 years !

The realistic experimental limits are:

* For satellites ~ 1m? (sr)
during ~few years

* For balloons, ~ 10m?(sr)
during nx30 days

<
— E <few TeV It's time we face reality my friends,

we should keep to ground detectors !
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Extensive Air Showers:
the phenomenon and the observables

The large shower of secondary particles induced by the interaction of a primary
CR in the upper atmosphere can be detected on an extensive area
— large effective surfaces to fight against low flux at E = 10TeV

Atmosphere used as a calorimeter
(~1000 g cm at sea level for a vertical shower)

From the observables, one aims at measuring:

— Incident direction;

— Primary energy E, ;

and if possible, get access to the nature of the primary particle :
— distinction light nuclei (p, He) - heavy nuclei(Fe)

— distinction photon-hadron

— distinction neutrino-hadron
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The earth atmosphere

In terms of particle/radiation interaction with matter, the atmosphere is:

A total of &~ 1000 g/cm? at sea level.

So 1 atm = 12 interaction lengths ( Ay ~ 85 g/cm?).

A vertical proton first interacts at A = 15 km

One radiation length (at 1 atm) is Xp = 36.6 g/cm? ~ 300 m.
One Moliere radius (at 1 atm) is pp; = 78 m.

The Lorentz factor for a muon produced at h = 10 km to reach
ground before decaying is ' > 15 (i.e. £ > 1.6 GeV).

The critical energy (EM) is Ec = 84.2 MeV.
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Cosmic ray nucleus

The shower development

~-
Physics well out
of reach of Air nucleus 0
colliders !
~
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Time structure

A thin "pancake" ( few tens of ns ) of particles dashing through
the atmosphere at speed close to c.
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p or nucleus + N or O nucleus
— hadronic cascade

Hadronic component: nuclear fragments,
nucleons, mesons m, K, etc.

Electromagnetic component: induced by puice
¥ - y ¥ and other radiative decays

Muonic component: u* induced by
decays of m* and K*

Atmospheric Neutrinos: issued from rr+
K* and u* decays

s
£/,
/&
Pierre Auger Observatory:
AL 109 eV <E<102"" eV
z'-:f':fl j
'-'f-:".r;"f | ‘?’%
ik ety
et \P%
;g‘r % \f‘?‘:ﬁ"
IE.;i %’Lﬁ'
2 ’ ﬂa:h
s Y.
=

"Electronic
Ecb_midl' tefescope

Primary electrons and photons induce an electromagnetic shower
consisting mainly of secondary e™,e* and y (muon poor shower)
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Shower development

« des giboulées d'électrons »

Rayons cosmiques
par Pierre Auger
1941 PUF

At 107° eV, a shower is:

10! particles
at sea level

Photons + electrons (99%),
muons & neutrinos (1%)
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Ground observables

« Secondary particles reaching ground

As a function of the primary energy and of the altitude:
— Residual Hadrons (nuclear fragments): not numerous (>114;,,;).

— e* : the more numerous at shower development maximum.

- ,Lli : most reach ground and may penetrate deep underground.

- vy :may be detected at ground level via e*e~ pair conversion.

* Photons (visible, UV) emitted along the trajectories of charged
particles (Cherenkov effect, N, fluorescence) during the shower
development

— Calorimetric 3D information !

« Radio emission by the shower particles in the geomagnetic field,
charge excess or by the induced plasma.
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Temporal aspects

A light speed moving "pancake" of
charged particles.

&

This front is more or less curved &8
depending at which stage of the shower _f g
. il Pierre Auger Observatary:
development the particles are produced. LR ; 108 oV <E < 1027** eV
9 3 ,-:'{l:?' | ".‘.. \‘g
.., ,rl&; | Iaf'?&'
= AL e

<l
f":
.\9‘

&
o

The front thickness (~ 10 m) induce as
signal time spread in each detector.

“ 5

(=]
2
)

1B nauua}auﬂ

‘Electronic
Eeﬂ_midl' teflescope

The arrival time differences at ground on
the sampling detectors
— arrival direction (A8 = 1°).

The Cherenkov light front (forward
emission) is thinner (~m) than the
charged particle front
— well defined timing.
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Time structure
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A thin "pancake" (a few 10ns) of particles propagating at v = ¢
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Models for the development of EM shower

Let study the mean number of particles (e+, e ory)crossing a plan
1 to the shower axis after a slant depth t (in units of X ).

As long as the ionization losses are small wrt radiation losses
(bremsstrahlung and pair prod) the number of particle increase
exponentially.

When the mean energy per particle decreases below the critical
energy (E,. = 84.2 MeV in air), the number of particle decreases
(shower extinction phase).

At the transition between the two phases, (maximal development),
the mean energy is equal to the critical energy.
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Radiative processes (E>E))

Bremsstrahlung : }/iﬁ y
o

Pairs production : yW‘<

e-i—

Radiation length Xg :
ecnergy loss = 1/e due to bremsstrahlung

e 7/9 of the range of a v due to pair production.

In air : Xg = 36.79/cm?

136



N

[\l

F.Montanet Astroparticle physics ESIPAP

EM cascades (Rossi & Greisen)

Critical energy: below this energy, 1onization losses dominate.
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Simplified development model (Heitler)

Cascade consisting of only one type of particles having an interaction length A.
At each interaction, 2 particles of same type are emitted sharing the energy exactly in 2.

N= 2 4 8 16 32

E, =E,/32
E= 12 1/4 18 116 1/32
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Longitudinal development

Heitler model of EM showers

After t radiation length, there are 2¢ particles

with energy E = E, /2t thus
tlog2 = log[ 22
0g < =108 E

The particles of energy E are produced at
thickness: t(E) = log(E,/E)

The maximal development of the shower is
reach for a thickness:

Eo
tmax(EO) ~ log, E_
c

More realistic models agree with this rough
estimate.

7

3%,

14X,

Eq

\ Eq/4

\
A \ /\ \m
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Simplified development model (Heitler)

30+
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X = nA
N(X) = 2"
E(X) = Egp/2"

E(Xmaz) = Ee = {Xma:c M0do(Eo/ Ee)

Nmaz = EO/Ec
P A 1 f i t ? 10
X = 1 2 3 4 5
N = 2 4 8 16 32

E, =E,/32
E= 12 1/4 18 116 1/32
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Longitudinal development:
Approximation "A" (B. Rossi, K. Greisen)

Approximation "A" describes the shower development phase where
only bremsstrahlung and pair creation are in action.

From Bethe-Heitler theory, one obtains integral-differential linear and
coupled equations leading to:

- TI(E,t)dE = average number of e* with energy € [E, E + dE], at tX, depth
- I'(W,t)dW = average number of y with energy € [W,W + dW], at tX, depth

The simplifying factor is the absence of any energy scale.
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Approximation "A" (cont)

I(E,t)dE = average number of e* with energy € [E,E + dE], at tX, depth
['(W,t)dW = average number of y with energy € [W,W + dW], at tX, depth

* Initial conditions:
— If the primary particleisay : I'(W,0) = §(E — E,)
— If the primary particle is an e*: TI(E,0) = 6(E — E,)

« Obvious special solutions:
- T(W,t) = f()/wsttand II(E,t) = g(t)/ES*! (absence of energy scale)

...but they don't satisfy the initial conditions!
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Approximation A (cont)

The obvious solutions (power-law spectra, therefore scale invariant) correspond to an
initial condition interesting in itself: an incident beam with a power law spectrum with
an integral spectral index s.

These special solutions form a base and a solution that fulfills the initial condition
(photon or electron with an energy E,) is obtained from a superposition of 1/ES+1
spectra (this is called Mellin transformation, analogue to Fourier or Laplace
transforms but with power law as function base).

Result: for a given value of t , the particle spectrum is very close to a power law

1/E5*1 with a value of s that varies with t and y = log(E,/E) following:
3t—1

t+ 2y

S

The number of particle with energy E is maximal for s = 1
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Taking into account ionization energy losses:
the "age" parameter

Approximation A is not valid anymore when the electron mean energy is close to the
critical energy E..

One can modify the above results:

. Eo _ 3t
y = log (Ec) and S =Ty

Semi empirical formula given by Greisen for an incident y, for the mean number of
electrons after traversing t radiation length:

N_O.31 (1 31
;= 7 exp 510gs

The parameter s increase with t. Itis < 1 during the development phase, reaches 1
at the maximal development stage for t,,,,, = v = log (?) and is > 1 during the

extinction phase.

s is called the shower "age".
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EM showers :

some orders of magnitude

Thickness traverse

Primary y energy E, E e Xo Altitude (m) N, (t )
(g cm)
30 GeV 216 12000 50
1 TeV 345 8000 1200
1000 TeV 600 4400 0,9 x 10°
109 eV 936 1200 7,4 x 10°
1020 eV 1021 0 7,0 x 1010
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EM cascades (Rossi & Greisen)

N7
10% ¢ : : €
. ok SR o with s
3 ® ,_.___.____ * =
10 E & ,.",.{'1 o, T,
g:/” L] ks 2 . y

100 | | ] I I

0.31 3
exp [t(l — —1In 3)}
VY -
3t
the shower age
2y

|n(Eq/Ec)

0 5 10 15 20
Depth, rad. lengths

30

Parametrization (Greisen) and Monte Carlo (EGS4)

photons 1TeV, E =10MeV
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Shower size
l.e. number of electrons at ground level
as an energy estimator

« At maximal development level, the mean number of electrons is proportional to the primary

Eo
energy y = log (E—>

* Fluctuations on N,:
— Fluctuations on the depth of first interaction (exponential law)

— Fluctuations in the shower development (approximately log-normal because of the
multiplicative behavior)

— Sampling fluctuations (depends on the type of detectors, their arrangement on the
ground etc.)

« If the altitude of the maximal development is known (direct optical measurement),

or if one can estimate the age independently (from lateral distribution of the electrons) one can
avoid the first kind of fluctuations.

* Fluctuations are minimal at the maximum of development.
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Cascades EM (Rossi & Greisen)

1ﬂl.'l L ] | 1 | |
0 5 10 15 20 25 30

Depth, rad.lengths

Shower to shower fluctuations
10 showers at 10'4eV compared to the average of 100 showers.
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Optical photon emission by showers

« Shower's charged particles emit light:

— Cherenkov light : very collimated along the shower axis (Cherenkov

angle at 1 Atm. = 1°) threshold depending on the altitude : at ground 22
MeV for e* et 4.5 GeV for py*

(20 photons/m at =1 and 1 atm)

Essentially used for gamma-ray astronomy Lecture on

— Nitrogen fluorescence: isotropic emission »Imaging & Cherenkov
(= 4 photons per electron per m) Detectors
Essentially used at UHE = 10'8eV.

« This light detected by ground telescopes provides very rich
information on the 3D development of the showers. It give a quasi
calorimetric reliable measurement of the energy.

* ... but optical detectors can only work during moonless clear sky
nights (= 10% duty cycle).
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"Hadronic" showers
(protons or nuclei primaries)

* Great complexity implying the use of numerical simulations:

— Many length scales : nucleon interaction length, pion interaction length,
EM radiation length, atmosphere density height scale...

— Superposition of a nuclear cascade, a pionic cascade and an
electromagnetic cascade (the later from n° decay to yy).

— Large fluctuations in the multiplicity of secondaries.

» But simulations are subject to many uncertainties:
— p+N or N+N interactions: sensitivity to nuclear models.

— Energy range unexplored by accelerators and colliders : sensitivity to
nucleon structure functions (parton distributions) and fragmentation
functions extrapolated far from the measured regions.

— The inelasticity and in general the very forward diffractive physics is not
well measured in fixed target experiment (even worse at colliders).

Still, the main behavior observed on EM showers remains valid.
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From EM to Hadronic showers

The main observables are the same:

— Number of electrons, gamma but also muons at ground and their lateral
distributions.

— Longitudinal profile and maximal dev. altitude (optical detectors).
— Number of muons at ground level and lateral distribution of muons.

Feynman scaling is rather well verified in the fragmentation:
it plays a role analogue to that of Bethe-Bloch formulae for EM
showers (absence of mass/energy scale).

Simulations have allowed to establish empirical formulae inspired by
EM showers useful for quick estimates (7.K. Gaisser, A.M. Hillas)
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Gaisser longitudinal Parametrization
Gaiser Hillas formulae:

X — X1 \? X - X
Ne(X — X1) = NMazep ( L ) exp — <—1)
Xmaz — A A
X —
withp = maj\”’ A

Averaging on X1 depth of 1% interaction :

_ X p+1 ~X
) = 0o () e (3
p — A A

+1 Xmaz
Eq

Xmax = Xglog | —
€0

Nmar @

€ w

Radiation length : ~ 36.7g/cm?
Cricital energy : eg ~ 74GeV
Empirical relation between size and energy: w ~ 1.7GeV

Incident nucleus interaction length (of energy Eg) Ay = YOg/cm2 157
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Longitudinal development

Xmax and energy :
Eqo
€0
= 80g/cm? per decade of energy

Nuclei :

Superposition principle : a nucleus AN is equivalent to A protons.
Thus :

E
XM = Xglog (O)
Ae€q
= X" — Xglog(A4)

For example iron/proton A = 56 :

Xplog(A) 36.710g(56) = 1489/(:m2
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Structure in space

Shower to shower fluctuations largely due to the depth of the first interaction.
J.'I:I 1':'1[} | | | ] | | | ] | | | | ] | | | | ]
| | | |

a.0-109 —

68.0.109 —

4.0.109 —

Number of charged particles

z0109 —

l'}' 200 a0 Tal 1000 1230 1500
Depth in atmosphere [gmfnmgj
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From EAS longitudinal profile
to primary CR mass composition
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A simplified development model

Proton Energy per N+
pion Q
N" E /10 %10
S 2
- E, /100 (%10)
\ E,/1000 (%10)

W

E. = E,/10°  (%10)™
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A simplified development model

The size (number of electrons at max) is proportional to the
primary energy:
Nénaa;‘ ~o SOEO/EO — Eo/(1.7Ge\/)

The depth of max is proportional to the log of the energy:
Xomaz = Xolog(Ep/eg) = 80g/cm? per decade

Showers from heavier nuclei produce more muons than lighter

ones. I
N,® = 2x Nj(E)

Shower from heavier nuclei start higher up and reach max

higher up too.
Fe
X’ITLCLQU < X%’LCL[B
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| ateral evolution

The density as a function of the
distance to the center of the shower
IS characterized by a
lateral density function (LDF)

o(r) x k x 1 (r)]
where f et k£ depends on the type of
the detectors used where n depends on
the incident angle of the shower and
the primary energy.
For » > 800m this (empirical) expression
must be modify as (r/800)1-.03

Particle density (m™)

0.5 1 1.5 2
Core distance (km}
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Shower universality

Owing to the extremely large number interactions involved in the EM
component of the showers, its development can be described in a universal
way from only a few macroscopic parameters (similarly to a black body
spectrum that can be described knowing the temperature only).

. . T 0002 = - 0= 0 — Muon
The hadronic/muonic part of the B oootsl DX 250 lgomd] | — Epne
shower is a priori not as universal but 0.0016 — All components
simulation studies for energies above 0.0014

E > 107 eV show that a universal 0.0012
description of the shower profiles 0001
(longitudinal, lateral and timewise)
can be achieved knowing only a 0,008
reduced set of macroscopic variables 0.0002

0.0008

0.0006

Lllll_lblllllll|llllllI|III|III|III|III|III|

E, Xmax Ny 0

(=]
-
=201
(=]
=
%]
=1
(=]
(=]

3000
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Thank you
for your attention

See you soon in live (Q&A +tutorial)
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