Introduction to Astroparticle Physics

Exploring the Universe with multi-messenger astroparticle physics
cosmic rays, gamma rays, neutrinos, gravitational waves
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Multi-messenger astroparticle physics
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Cosmic rays

energy density
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Cosmic rays

Solar flares
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Cosmic rays
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Cosmic rays
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Physikalische Zeitschrift. 10. Jahrgang. No. 8. (/909) 251

Ein neues Elektrometer fur statische Ladungen.
Dritte Mitteilung?).

Von Th. Wulf.

a hew Vlitteilung enthilt einige
electrometer for static
charges

ner beschriebenen Appa-
10hung seiner Transport-
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Physikalische Zeitschrift. 10. Jahrgang. No. 2zs. ( A9 9) 997

Ober den Ursprung der in der Atmosphare
' - vorhandenen y-Strahlung.

Von Th. Wull.

on the origin of
gamma radiation in the
atmosphere

~ Man kann den Inhalt dieser Arbeit kurz so
Tabelle L iy = o s |
zusammeniassen. Es wird tiber Versuche be-

Strahlung der Winde von Gebduden.  ij-htet welche beweisen, daf} an dem Beobach-

g I R  Strahlwe  tungsort die durchdringende ~ Strahlung “-von
B T e Iouen primdr radioaktiven Substanzen verursacht wird,

pro ccm

o 5ckande _Welche in den obersten Erdschichten liegen,

s £ N — " —— bis etwa.I m unter der Oberflache.
Vulkanisch

e e ) goJelee | 13y Wenn e Teil der Strahlung aus der At
Valkenburg,  Colleg, mosphare stammt, so 1st er doch so klein, da
Holland-Ls & : . = « Zisgeleteine | 155 BY - P ‘elch Tt den ochrauchien MiGeln nichi
Lowen, Colleg, Belgien _Ziezelsteinc S— 3,0 i mit S pERAUL ten ittein _ nicht
Namur, Colleg N.D. de nachweisen TieB. ' '
la paix, Belgien . . . | Ziegelsteine| ca. 100 3,7 : e " = Strah-
Wynandsrade Kasteel, | T
Holland - ... i Ziegelsteine | 200 Jahre 0,0 ben

the radiation originates
from the soill

maybe a small contribution

from the atmosphere

Nur in dem alten hollandischenKasteel Wynands-
rade, vor fast 200 Jahren aus Ziegelsteinen er-
baut, zeigte sich. kein Unterschied in der Strah-
lung im Zimmer und im Freien. — Am stirksten

war die Strahlung in Maria I.aach in einem
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attenuation of gamma rays
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- Di scove ry of Co SFY ic Rays
..|ktor Franz Hess 7. AKiigust-1912
Early cosmlc-ray work publlshed in German i
Jorg R. Horandel
¥ Stettin
Citation: AIP Conf. Proc. 1516, 52 (2013); doi: 10.1063/1.4792540
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 ; FIGURE 1. Left: Electrometer after Th. Wulf [5]. Right: Two grandsons of V.F. Hess revealing a plaque ) w‘f ““";& <s| ’
% to commemorate the discovery of cosmic rays on August 7th, 2012, close to the presumed landing site i | of WSS {w
of V.F. Hess in Pieskow close to Berlin. It reads: "To commemorate the discovery of cosmic rays. On f‘l
‘, 7 August 1912 landed the Austrian physicist Victor F. Hess with a hydrogen balloon close to Pieskow. ;"
# On the journey from Lower-Bohemia he reached an altitude of 5300 m and he proved the existence of 3 4
¥ a penetrating, ionizing radiation from outer space. For the discovery of cosmic rays V.F. Hess has been i Prag
- awarded the Nobel Prize in Physics in 1936. The participants of the symposium *100 years cosmic rays’, ‘
Bad Saarow Pleskow 7 August 2012"
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1084 He.§5, DurChdrm.gendc Strahlung bei sieben Freiballonfahrten. Physik. Zeitschr. XIII, 1912. .
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Braun-
1084 HeSa, DurchdrmgcndcSnahlungbel51cben Frelballoxlfallrteu thsxk éeltschr XIII, 1912, ne wei
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Aus der Abteilung fur Geophysik, Meteorologie
und Erdmagnetlsmus

ViktorF.Hes s(ern) Uber Beobachtungen

der _ - i
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 | der Atmobphare zurucl«.zufuhren

Die Ergebnis i ' -
obachtungen scheinen am ehesten durch
die Annahme erklirt werden zu kdénnen,
dall einc Strahlung von sehr hoher
Durchdringungskraft von oben her in
unsere Atmosphare eindringt, und auch
noch in deren untersten Schichten einen
Teil der 1n geschlossenen Gefiaflen be-
obachteten Ionisation hervorruft. Die
Intensitdt dieser Strahlung scheint zeit-
lichen Schwankungen unterworfen zu
scin, welche Dbel einstiundigen Ab-
lesungsintervallen noch erkennbar sind.
Da ich 1m Ballon weder bei Nacht noch beai
einer Sonnenfinsternis eine Verringerung der
Strahlung fand, so kann man wohl kaum die
Sonne als Ursache dieser hypothetischen Strah.
lung anschen, wenigstens solange man nur an

NObel Prize 1936 - eine . direkte y-Strahlung mit geradliniger Fort-

ptlanzung denkt.
LL o et e I CTLICK ll.ljlflenrtac = - N
e . Fr Dalb die Zunahme der Strahlung erst jen-
erwcitertes  Beobachtungsmaterial,.
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V.I'. Hess in 1936—37, on the occasion of Nobel prize.,
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1931-34 A.H. Compton 12 expeditions - ~100 locations
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Bg. r. Inflation of balloon of polyethylens just zfter dawn. The balloon has a total
length of about 120 ft. and most o the fabric is on the ground. Such a balloon can in
favourable conditions give level flight at about go,coe ft. for many hours with a load R ' A i e -
of 40 kg. B. C. N. 0. Ne. Na.
Z=5, Z2=6. Z=7 Z=8. Z=10. Z=|l .
1 941 p rOtO ns (M ! SC hel n) Fig. 2. Examplcs of the tracks in photographic emulsions of primary nuclei of the

cosmic radiation. moving at relatvistic velocities.
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Composition resolution

Detectors for direct measurements of
Cosmic Rays above the atmosphere

air Cerenkov
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TRACER: Energy spectra for individual elements
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Figure 24.1: Major components of the primary cosmic radiation from Refs. [1-12
The figure was created by P. Boyle and D. Muller. Color version at end of book.
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Properties of Cosmic Rays E<1014 eV

most important properties: dN
1.energy spectra are power laws AE

= = AN L
--> non-thermal origin (d_Em E)

X E"Y Y= —2.7

2.below ~10 GV energy spectra deviate from power laws
--> solar modulation, charged particles of extra-solar
origin (galactic origin) drift against the solar wind
towards Earth/solar system

magnetic rigidity p — P €
/ - e
3.1n first approximation all elements exhibit about the
same slope
spectral index v ~ —2.7
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Relative abundance of elements at Earth
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elemental composition of cosmic rays

~89% p
o ~1% electrons/positrons
9% He _ } ~1 GeV/n <0.1% gamma rays
1% heavy nuclei

some remarks:
1. even-odd effect
--> due to high binding energy of ee-nuclel

2. elements Li, Be, B are more abundant in CRs ¢ ;:; o Smpeon O wEs 4 sou

10

Q—l

than In solar system

102

owler
1 HEAOS3 re
= UHCRE X Tueller + Israel

--> propagation in Galaxy

1

U -2

n 3E 4
4E |/

: -5

s -6

3. same effect for sub-Fe elements (~Ca - Fe)

|
80
ear charge number Z

L1l
0 10 20

4. p + He are less abundant in CRs as compared to
solar system

22



electrons(+positrons): ~1% of nuclear cosmic rays

energy spectrum is steeper e
dN =
E—3.3 B
dE ¢

= g
reason.:

losses through synchrotron radiation at high energies

For an ensemble of electrons that are scattered randomly in all directions
one could calculate the energy loss averaged over all pitch angles, which is

dE 4
< > = —orcy?Up (2.27)

dt 3

for relativistic electrons with 5 ~ 1. Expressed in particle physics units the
average energy loss becomes

: = 3.79 x 107° — ) GeV/s.§
| dt . ( gauss) ( GeV ) eV/s ‘f

also inverse Compton scattering at radiation fields and bremsstrahlung on ISM

Jorg R. Horandel - BND school, Nijmegen - Sept 2025 23



PAMELA Results: Electrons

‘g = Solar modulation | |
E | :
o LK % y
W OF ST
"‘g n P 7 % PAMELA electron spectrum
~ I A, . o (published data to 625 GeV)
1ol% c:) E
oy . 4 ¢ AMS-02 electrons to 700 GeV
- 2 i
; : _
<
35 1T 234 10 20 100200 10002000
Energy (GeV)
O. Adriani et al., PRL 106, 201101 'E;:
7%
&
Study of low energy data 7
(affected by solar modulation) &
e
(& &

O. Adriani et al., ApJ 810 (2015) 142

1 2 3 4 5 6 78910 20 30 40 50 60 10° 2x10°
Kinetic Energy [GeV]

ECRS 2016 Torino, September 7, 2016 P. S. Marrocchesi 10
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PHYSICAL REVIEW LETTERS 133, 221001 (2024)

Editors' Suggestion Featured in Physics

High-Statistics Measurement of the Cosmic-Ray Electron Spectrum with H.E.S.S.

Energy [TeV]
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FIG. 3. Filled red circle data points: spectrum of CRe candidate
events measured by H.E.S.S. The dataset still contains a residual
background from CRn and therefore places an upper limit on the
true CRe flux. The dark red band indicates the broken-power-law
fit to the data [Eq. (1)], with the width of the band corresponding to
statistical errors. The light blue band denotes the estimated range
of the true CRe flux, considering the CRn contamination as well as
the statistical errors and systematic errors. Separately shown is the
systematic error on the global energy scale, which also impacts the
normalization of E°F(E), as visualized by the red arrow. Included
are CRe measurements by AMS-02 [25], Fermi-LAT [27],
CALET [29], DAMPE [28], VERITAS [23], and previous
H.E.S.S. measurements [20,21]. Also shown is the CR proton
flux based on AMS-02 [37] and DAMPE [38] data (scaled down
by 1073 —107°) and the Fermi-LAT diffuse extragalactic y-ray
flux [34] (scaled up by 10°%). The bottom panel shows the residuals
expressed in Ay = (¢p; — ¢(E))/o; where ¢; and o; are, respec-
tively, the flux measured 1n bin 7 and its statistical uncertainty, and
¢(E) is the expected flux from Eq. (1).
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electrons are primary particles
positrons most likely produced in by electrons and nuclei during propagation

PAMELA: first unambiguous evidence of the rise
of the positron fraction above 10 GeV

T T T T TT1
0.4

0.3 -

¥
0.2 /\

0.1

|

P ositron fraction, ¢(e*) / (p(e*) + ¢ple))
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namre International weekly journal of science

Wl ASE 1D Ageld 200N 80 N0/ st e OS2 raane

August 2009 LETTERS

O Adviani'’ G.C

M. F. De Pascale
P Mohverberg'' S

— M. Rice ™, S B Rig

— ref. 1
® PAMELA
*  Aesop (ref. 13)
o HEATOoO
* AMS
0.021 + CAPRICE94 ! 7
A HEAT94+95
* [1S93
o MASS89
¢ Muller & Tang 198756
0.01 | | lllllll | | lllllll
10-1 1 10 102
Energy (GeV)

ECRS 2016 Torino, September 7, 2016

P. S. Marrocchesi

An anomalous positron abundance in cosmic rays
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Figure 4.2 All-particle flux of cosmic rays scaled by E 23 (from [33], updated).
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The LHC collider was the first accelerator that allowed the study of interactions
at energies above the knee in the cosmic ray spectrum.
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Detector Detector
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—_> © > — «—
Beam Target
Fixed-target setup Collider setup

Figure 4.1 Fixed-target and collider setups for measuring particle production
at accelerators. The particle detectors are indicated in gray and might provide
tracking (of charged particles) and calorimetry. The energies of the two beams
of collider experiments are typically the same except if different particles are
accelerated such as electrons and protons or protons and nuclei.

E.. = E] + E;,. center of mass energy

*

pr+ pr)* = (pa + p»)* = E._ . Mandelstam variable (Lorentz invariant)

n
|
N

1/2 enerqy Iin fixed traget exp.
Eem = /s = (2Eamp + mg + mj) '~ ~ V/2Eamy. onlyggoportional e‘g.JCIrt(S)p
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Figure 4.5 Phase space coverage of multi-purpose detectors at high-energy col-
liders. Shown are the charged particle multiplicity and the total energy of the final
state particles as function of pseudorapidity for different c.m. energies. The cov-
erage in pseudorapidity of the CMS detector extended by TOTEM for forward
tracking is shown as an example for LHC (/s = 13TeV) and that of the CDF
and DO detectors for the Tevatron collider (/s = 1.8 TeV).

(4.14)

e of the particle with respect to the beam axis. Pseudora-
pidity and rapidity of massless particles are identical.
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CALIBRATION OF HADRON INTERACTION MODELS AT LHC

p-p 450 GeV + 450 GeV = E.pn~4-10"eV
p-p 3.5TeV + 3.5TeV > Ejap~ 3 - 106V
p-p 65TeV + 6.5TeV E.,~9: 106eV
o Total cross section — TOTEM, ATLAS, CMS
o Multiplicity < Central detectors

o Inelasticity/Secondary spectra <> Forward calorimeters (LHCT, ZDCs)

Multiplicity @ 14TeV Energy Flux @ 14TeV
St S | |
T s =]

Z 5 |

I w1.5

6f T

—
lclll

ATLASICMS LHCf/Z

! Lol 0.0— ":..i...."'.-.
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30



L SET-UP
are located

Inside the TAN absorber for
neutral particles ~

e P s eyt

LHCf EXPERIMENTA

two
beam pipes

single beam pipe —>

140 m 140 m

Arm2

Two independent detectors on both
sides of IP1

Protons
| Ry,

.
J (-)
1m ——

M. Bongi — ECRS2014 — 34 Sep 2014 g  Nijmegen - Sept 2025 31

Charged particles
(+) IP

Neutra

particles
|

v Redundancy

v Background rejection
(esp. beam-gas)




Total and elastic cross sections

It 1s still not possible to calculate total and elastic cross sections of hadrons within
QC Measurements at accelerators have to be combined with phenomenologlcal
‘models to obtain a description of cross sections over the energy range of importance
for cosmic ray physics. In addition, at the highest energies, measurements of air

showers provide constraints on cross sections.
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Figure 4.6 Overview of total (solid symbols) and elastic (open symbols) cross
sections. The data are from the PDG compilation [10] and the curves show the
2014 fit of the PNG with a universal In 5 increase at high energy: see also [ | 24].
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Extensive Air Shower
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on ground

106 particles

80% photons
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/1y 1 P
e+ e e- |
electromagnetic hadronic muonic

shower component
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16.1 Basic features of air showers

At each hadromc 1nteractlon s11 htl _more than a thll‘d of the energy goes 1nto the
DI’ 1mar

electroma comp S1Nce 13 Ic- i |
ener eVentall 'ﬁns ts “wa 1nto telectrom 'lnetlc corn onnt In adltlori

because of the ra1d multlllcatlon of electroma netlc cascades electrons and
os1trons are the most numerous char ed artlcles 1n cosmlc ray air showers Thus,

most of the shower energy 1s eventually dlss1pated by ionization losses of the elec-
trons and positrons. It is correct to think of the atmosphere as a calorimeter to be
sarnpled b the a1r sower detector Apart from the small fraction, F (EO) of energy

(16.1)

where N (X) is the n cea n esat depth X (measured
along the shower axis) and « 1s the energy loss per unit path length in the atmo-

sphere averaged over all electron enles ( —' 2 MeV/('gcm )) In practice the

track length integral must be extrapolated beyond the slant depth at the ground to
account for energy remaining in the shower when it reaches the surface.
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Energy measurement - calorimeter

‘ 270 cm ‘

hadron calorimeter = .

scintillation counters

scintillation counter

z
D
Q
2

beam

wo 00}
LS

longitudinal shower development

liquid ionization chambers I I | |

5cm 10cm 9cm
S. Plewnia et al. /| Nuclear Instruments and Methods in Physics Research A 566 (2006) 422432
Fig. 2. Schematic view of the sampling calorimeter.
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Fig. 13. Measured energy deposition as function of depth in the calorimeter for hadrons with energies from 30 to 350 GeV. The lines represent fits
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Energy measurement - calorlmeter
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Fig. 16. Energy deposition as function of depth in the calorimeter for
electrons. Shown are measurements (filled symbols) and results of
simulations (open symbols). The lines represent fits to the measurements
according to Eq. (7).

" The data points have been fitted using the approach

¢ The absorber depth ¢ is measured in interaction lengths § ;
¥ ); or radiation lengths X, for hadrons and electrons, §
respectlvely B characterlzes the growth of the cascade y
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Fig. 17. Energy sum in the calorimeter as function of the incident hadron
energy. The energy in each layer is weighted with the amount of absorber
in front of the layer.
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The number of low- -energy (1 — 10 GeV) muons increases as the shower devel-_
ops then reaches alateau bease uosrarely 1nterat ‘The attenuation of the
‘muon component due to muon decay and energy loss is relatively slow. In contrast,

the number of electrons and positrons declines rapidly after maximum because
radiation and pair production subdivides the energy down to the critical energy
(E. ~ 80 MeV —see 5.3) after which electrons lose their remaining energy to 1on-
1zation quickly. These basic features of longitudinal development of showers are
illustrated in the right panel of Figure 16.1.

The left panel of Figure 16.1 shows the lateral distributions of the different com-
ponents. Secondary hadrons are producedta tilat energy-lndependent
transverse rnomenturn of p ~ 350 400 MeV leadln to a lare ang le of low-
energy hadronsrelatlve to te shwer axis. In contrast, os o th EM partlcles'
are ‘lntascdes '1n1tatedy ghenergyo nearly parlll tth"aorcre'
Their lateral spread comes rnalnly from multlple Coulomb scatterrng' Thus the
lateral dlstrlbutlon of muons 18 W1der than that of EM partlcles because they are

malnly produced in the decay of low- energy pnons [’SO 506]. For the same rea-
son, hadronic interactions at low energy (£ < 200 GeV) largely determine the total
muon yield [507, 508]. In round numbers the muons make up of order ~ 10% of

the charged particles. Ite EMcmnentheyryS' oumbrtheeba
factor of -~ | l
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Figure 16.1 Average teral and long o1tudinal shower profiles for vertical, proton-

induced showers at 1019 eV. The lateral distribution of the partlcles at ground 1s

calculated for 870 g/cm , the depth of the Auger Observatory. The energy thresh-

olds of the simulation were 0.25MeV for y, et and 0.1 GeV for muons and

hadrons (from |33]).
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A Matthews Heitler Model — Electromagnetic Cascades

pair production y - et++e-

Available online at www.sciencedirect.com

SCIENCE@DIRECT® Astroparticle
Physics

ELSEVIER Astroparticle Physics 22 (2005) 387-397

—————— - - — - bremsstrahlung e > e+y

www.elsevier.com/locate/astropart

) splitting length d=X, In2 A Heitler model of extensive air showers
/ 1
_7{__‘7;\__1;\',_ J. Matthews *
// "'.‘ / \ / \ Department of Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA
/ '.“ / \ / rad iation Iength X =36 7 g/cm2 Department of Physics, Southern University, Baton Rouge, LA 70813, USA
l - ‘:‘_ _Z - S_ _z - \_ y o Received 8 August 2004; received in revised form 3 September 2004; accepted 13 September 2004

Available online 26 October 2004

n X
after n splitting lengths: =~ =nXoIn2 and N =2" =exp (E)

energy per particle £ = Ey/N critical energy E. = 85 MeV

number of particles at shower maximum o
a2 5 (E>
Nmaz = 2" = — Ne =
Ee In 2

J. Matthews, Astrop. Phys. 22 (2005) 387 JRH, Mod. Phys. Lett. A 22 (2007) 1533 Jérg R. Horandel - BND school, Nijmegen - Sept 2025 41



A Matthews Heitler Model — Electromagnetic

Cascades
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J. Matthews, Astrop. Phys. 22 (2005) 387

A Matthews Heitler Model — Hadronic Cascades

hadronic interaction t+A =2 n° + t+ + 7T

interaction length A-ar~120 g/cm?

- hadronic interaction

-> decay

,critical energy” E;7~~20 GeV

In each interaction 3/2N_, particles: N, t+-and 2 Ny, wt© Ne, ~ 10
E

(2Nen)”

after ninteractions Np = (Nep)" Lr =

InEbo/ET i)
after n; interactions E =E.©:  n. = nBo/ B = 0.851¢g <_0>

In %Nch

superposition model
particle (Ey,A) = A proton showers with energy E /A JRH, Mod. Phys. Lett. A 22 (2007) 1533
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J. Matthews, Astrop. Phys. 22 (2005) 387
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A Matthews Heitler Model — N, vs. N
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A Heitler Model — Xjax <«
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A Matthews Heitler Model — mass resolution in EAS

measurements
depth of shower typical expected mass
maximum uncertainty resolution
X2 = X0~ X InA AX oz ~ 20 g/cm’

radiation length X,=36.7 g/cm?2

* AlnA~08—-1

electron-muon ratio

[g(Ne/Ny) = C—0.0651n 4.
Ne

A
N

L

*4 to 5 mass groups

~ 16% — 20% p, He, CNO, (Si), Fe

JRH, Mod. Phys. Lett. A 22 (2007) 1533
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T.-Antoni1 et al, Nucl. Instr. & Meth. A 513 (2004) 490
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Event reconstruction in the scintillator array
electromagnetic component

e/y-Detectors, Run 1, Event 71089, 96-03-05 22:07:48.956078
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KASCADE
GRANDE Array

37 detector stations

370 m2 e/y:
scintillation counter

KASCADE v
200 m x 200 m

G. Navarra et al., Nucl Instr & Meth A 518 (2004) 207




KASCADE-Grande — Lateral distributions
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KASCADE: Energy spectra for elemental groups
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Test of hadronic interaction models
QGSJET 01 N.-N, analysis
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Electron, muon and hadron size spectra of EAS in the "knee” region
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Figure 1. Electromagnetic (top) and muonic
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PHYSICAL REVIEW D 100, 082002 (2019) I C b I T
Cosmic ray spectrum and composition from PeV to EeV using 3 years ce u e - ce O p

of data from IceTop and IceCube
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FIG. 9. All-particle energy spectrum from the IceTop-alone FIG. 12. All-particle energy spectrum from the coincident
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to the combined result. The gray band represents the total detector
uncertainty from both the IceTop and Inlce arrays, as discussed in
Sec. 1V B.

Ice Top only combined
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PHYSICAL REVIEW D 100, 082002 (2019)

Cosmic ray spectrum and composition from PeV to EeV using 3 years Ice C u be - Ice TO p

of data from IceTop and IceCube

Log(E/GeV) Log(E/GeV)
6.5 7.0 7.5 8.0 8.5 9.0 6.5 7.0 7.5 8.0 8.5 9.0
— 10°;
1.0 — H3a H i
~—-H4a H =
.......... GST H l_||
0.81 GSF H ' .
¢ | IceCube/lceTop 3 years - H 'E 104
5 0.6 ~
= oy —
s s >
© /‘/ 8
- ! ! ! Z
[TH 0-4 i “ _'“ 103. T "
--------- -1 5
0.2 T B3 ---- |GSF ‘ — ]
' @ 1 |lceCube/IlceTop 3years - All-Particle
~ ¥ IceCube/lceTop 3 years - H
0.0 T“ 102 Total detector syst.
- — 105
—— H3a He —
1.0 |
~—- | H4a He 5
---------- GST He T
0.81 - GSF He o
IceCube/IceTop 3 years - He 'E 104
S 0.6 o
IS >
o )
£o0.a1- S o
-
2 I .
0 @ 1 |lceCube/lceTop 3years - All-Particle \~\
~ IceCube/lceTop 3 years - He ’\.\
0.0 W 102 Total detector syst: . N
\
| —_ 5
~—- H4a 0 5
.......... GST O '_I|
0.81 GSFO 0
¢ |IceCube/iceTop 3 years - O 'E 1044
S 0.6 it
+ >
© G
| -
0.4 — 103
g LT
0.2 3| o N
' @ 1 IceCube/iceTop 3 years - All-Particle \‘\
~ Y |lceCube/lceTop 3|years - O ‘\.\
0.0 W 102 Total detector syst. .
— 10/
—
1.0 '
HU)
|
0.8 g
I 104.
c g
= >
s G
e 0.4 — 103
<€ GSF .
I o N
0.2 @ 1 IceCube/iceTop 3 years - All-Particle N
~ Y |lceCube/lceTop 3|years - Fe
0.0 T,_, 102 Total detector syst.
107 108 102 107 108 10°
Energy in GeV Energy in GeV

M. G. Aartsen et al., PRD 100 (2019) 082002 Jérg R. Hérandel - BND school, Nijmegen - Sept 2025 59



Cosmic-ray energy spectrum
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Transport equation for cosmic rays in the Galaxy

diffusion
energy loss (Bethe Bloch)

loss through interactions
with ISM (spallation)

loss through radioactive decay
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source term / '

production through spallation
of heavy nuclei

Y ng

production through decay
of heavy nuclei
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Transport equation for cosmic rays in the Galaxy

diffusion
energy loss (Bethe Bloch)

loss through interactions
with ISM (spallation)

loss through radioactive decay
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Acceleration of cosmic rays

kinetic energy of SNR is converted to cosmic rays

volume of Galactic disc 7 (15 kpc)2(5()() pc) ~ 1097 em?s

energy density of cosmicrays ().5 eV / cme. tap = 107 years
power of cosmic rays:
UGD X PE
Lop = PE - 3 % 1040 erg/s.
tGD

Three supernova remnants of mass 10M, expanding with velocity of 5 x 10°
cm /s per century would produce 3 x 10%? erg/s. Thus an acceleration efficiency
of only 1% would supply the energy content of the cosmic rays in the galactic

disk.

—> SNR are attractive candidates for cosmic-ray acceleration
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PHYSICAL REVIEW VOLUME 75, NUMBER 8 APRIL 15, 1949

On the Origin of the Cosmic Radiation

ENRICO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difhiculty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation.

I. INTRODUCTION

N recent discussions on the origin of the cosmic
radiation E. Teller! has advocated the view
that cosmic rays are of solar origin and are kept
relatively near the sun by the action of magnetic
fields. These views are amplified by Alfvén, Richt-
myer, and Teller.? The argument against the con-
ventional view that cosmic radiation may extend
at least to all the galactic space is the very large
amount of energy that should be present in form of
cosmic radiation if it were to extend to such a huge
space. Indeed, 1f this were the case, the mechanism
of acceleration of the cosmic radiation should be
extremely efficient.

I propose in the present note to discuss a hy-
pothesis on the origin of cosmic rays which attempts
to meet in part this objection, and according to
which cosmic rays originate and are accelerated
primarily in the interstellar space, although they

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.

One finds according to the present theory that a
particle that is projected into the interstellar
medium with energy above a certain injection
threshold gains energy by collisions against the
moving irregularities of the interstellar magnetic
field. The rate of gain is very slow but appears
capable of building up the energy to the maximum
values observed. Indeed one finds quite naturally
an inverse power law for the energy spectrum of the
protons. The experimentally observed exponent of
this law appears to be well within the range of the
possibilities.

The present theory is incomplete because no
satisfactory injection mechanism is proposed except
for protons which apparently can be regenerated at
least in part in the collision processes of the cosmic
radiation itself with the diffuse interstellar matter.
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1st order Fermi acceleration

1977: Effective acceleration in connection with strong
shocks if plasma moves with supersonic velocity
through ISM.

Such conditions can be found in supernova explosions.

Shock waves are a general phenomenon if particles or
plasma clouds move at supersonic velocities

—> L U supersonic

P D

2 [PA

7, < } resting gas

B ' examples of ideal shocks:

- Interplanetary shock against
shock front the solar wind or
- bow shock of solar system
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supersonic shock
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shock acceleration
1st order Fermi acceleration

a) rest system of the un-shocked ISM b) rest system of the un-shocked ISM
o
P2, T2, P2 P1, T4, P 3/4 Uq
Uschock —
vo = 3/4 Ug vy =0
—
Vs = Us
c) rest system of shock d) rest system of shocked ISM
-+ | —
Vo = 1/4 v+ vq = Ul

Vg = 0 Axford, Blanford, Ostriker 1977 ff
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acceleration mechanism:
1) particles in the ISM before the shock

2) shock front passes particles

plasma cloud moves ZUS
energy gain AL X s
E C

3) isotropized particles stay close to the shock and again
move towards the shock front

--> enhergy gain AL X s

E C

4) going back to 2)
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remarks:

1) fully symmetric before and after the shock
2) on average, only head-on collisions

3) process is very fast
particles stay in vicinity of shock front

and are accelerated at each encounter ~« —=2

at some point the particles escape,
because their energy is too high to
be reflected by the B fields

S

C

VUV

shock
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Particle acceleration at astrophysical shocks

3% (second-order (Fermi) acceleration).

this mechanism is much faster than original Fermi acceleration
—> 1st order Fermi acceleration, proportional to ﬁ

Shock acceleration gives a definite prediction for the spectral index v of
the power law spectrum of the accelerated particles. For a large plane shock
the rate of shock encounters is the projection of the isotropic cosmic ray flux
of density pcr onto the plane front of the shock, which is cpcr/4. The rate of
escaping the shock through convection downstream away (which is the only
way of leaving a plane shock of infinite length) is the product of the same
cosmic ray density times the convection velocity ug. The escape probability is
the ratio of the escape rate to the encounter rate

PCRU2 duo
Pesc — — =
cpcr/4 C
1st order Fermi acceleration gives prediction for spectral index
- Fese _ dug =~ 3¢ _ S 4 integral flux ~E-1
S ¢ Au—uz)  wmfuz—1 —> diff. flux ~E-2

SNR shock waves with v~10°% cm/s and sound speed of ISM 106 cm/s
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Sources of Cosmic Rays
Galactic sources
Supernovae

We have seen already that Supernovae produce enough

energy.
And shock fronts are observable at SNRs.

Kepler’s supernova 1604, d ~ 8 kpc

expansion velocity of shock front up to

k
(M>>1) 20 — 30 - 103 —
S

duration up to 100000 a
--> diameter of ~2-3 kpc

X-ray, Optical & Infrared Composite of Kepler's SNR
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Tycho’s supernova 1572, d ~ 2.3 kpc
vg ~ 4600 +/- 400 km/s
Ekin ~ 51090 erg

Chandra x-ray image

Jorg R. Horandel - BND school, Nijmegen - Sept 2025 81



Particle acceleration at astrophysical shocks

maximum energy of shock acceleration

The maximum energy achievable at supernova remnants is estimated by
Lagage & Cesarsky [58]. They show that most of particle acceleration happens
before the shock has swept up mass equal to the mass of the ejecta, i.e. when
the average density times the volume of the remnant equals the mass of the

ejecta.

!
§7T(U1t)3,013 = Msr. (3.24)

For Msr = 10M and u; = 10” cm/s and interstellar medium with density
1 nucleon per cm? the maximum energy is

Eraz = Z % 2.4 x 10° GeV. (3.25)

The original number of Lagage & Cesarsky is 3 x 10* GeV since they use an
expansion velocity of 5 x 10% cm/s. A higher value is derived for a lower value

of the interstellar density. Some more detailed recent calculations [59] derive
values close to 5 x 10° GeV.
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SN 1006
X-ray image

SNR measured in x-rays
—> acceleration of particles
(at least electrons)

ASCA (Advanced Satellite for Cosmology and Astrophysics)
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SN emits radiation in x-ray regime
(high plasma temperatures)

emission through synchrotron radiation of electrons

energy loss: a7 7\ 4 4 o
X — X
dt - \ M, !
dE
o X B*~? r free

--> iImportant for electrons (104 compared to protons)

--> confirmation of shock acceleration of particles
(striclty speaking only for electrons)
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Acceleration of particles in supernova remnant

25

20

15

10

SNR RX J1713.7-3946
H.E.S.S.: TeV-Gamma rays
ASCA: X-rays (keV)

%’f.’ A

- ’ b "'..

F. Aharonian et al, Nature 432 (2004) 75  Jérg R. Hérandel - BND school, Nijmegen - Sept 2025 85



supernova remnant RXJ 1713
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2004: H.E.S.S. telescopes
observation of SNR RXJ1713

observed spectrum:
- acceleration of electrons:
SSC, i.e. inverse Compton effect

of 7s on TeV electrons

- acceleration of hadrons (nuclei):
Y s originate from 7" decay

which process dominates?
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Acceleration of hadrons

Accelerated cosmic rays modify the B field at the SNR (self
amplification)

--> B field in SNR is (much) larger than in ISM

~100 puG instead of ~3 uG

--> effective production of synchrotron radiation

--> observed flux of x rays and radio can be explained by a
moderate electron number density

--> fraction of inverse Compton
contribution is relatively small

_ A
--> most likely the observed TeV 461 syuclve e
gamma rays are from Wodecay T
--> hint for the acceleration of = Ce tesc
hadrons in SNR e

0y €
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MAGNETIC FIELD AMPLIFICATION IN THE THIN X-RAY RIMS OF SN 1006

SEAN M. RESSLER!, SATORU KATSUDA?, STEPHEN P. REYNOLDS?, KNOX S. LONG*, ROBERT PETRE>,

BRIAN J. WILLIAMS’, AND P. FRANK WINKLER

6

Figure 7. Chandra image at 2—7 keV showing the regions where radial profiles were extracted. Filament 1: Regions 1-4 and 6; Filament 2: Regions 5, 7, and 9—-11;
Filament 3: Regions 12—16; Filament 4: Regions 17-22; Filament 5: Regions 6 and 8.
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The supernova remnant W44: Confirmations and challenges

for cosmic-ray acceleration

M. Cardillo!?, M. Tavani!>>, A. Giuliani>**, S. Yoshiike>, H. Sano’, T. Fukuda’, Y. Fukui?,

G. Castelletti®, and G. Dubner®
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Fig. 4. Our best hadronic model, H3, of the broadband spectrum of the SNR W44 superimposed with radio (data points in green color) and gamma-
ray data of Fig. 1 (in blue and cyan color). Proton distribution in Eq. (3) with index p; = 2.2 £ 0.1 (for E < Ey;) and p, = 3.2 £ 0.1 (for E > E},)
where Egr = 20 GeV. This model is characterized by B = 210 uG and n = 300 cm™. The yellow curve shows the neutral pion emission from
the accelerated proton distribution discussed 1n the text. The black curves show the electron contribution by synchrotron (dot) and bremsstrahlung

(dashed) emissions; the IC contribution 1s negligible. The red curve shows the total gamma-ray emission from pion-decay and bremsstrahlung.
Left panel: SED from radio to gamma-ray band. Right panel:. only gamma-ray part of the spectrum.
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Acceleration of cosmic rays at SNR

T T T T T YT YT T T T TT "I T OTTO T T T TT T TT ™ Figure 3
10~/ 3 7 Spectral energy distribution of accelerated protons (power-law index ¢jpjected = 2.0 and cutoff at 100 TeV)
: p+ Spectrum original = Kinjected = 2:E = 100 TeV 4 and y-rays resulting from inelastic collisions with interstellar material. The dominant emission into photons
i 0 decay; & = 2 | occurs via the decay 79 — yy (solid orange curves). The y-ray spectrum follows the parent protons’ spectrum
Y % P | rather closely in the midenergy range and in the high-energy cutoff region. For all proton indices, the
= 0_8 3 S | 3 low-energy turnover is a characteristic feature of the pion-decay emission. Also shown is the spectrum of
g - N | R 1 electrons resulting from the inelastic proton—proton interactions via the decay chain 7% — pu + v, — e*v,
= i B ! \\) 1 (dashed gray curve). For the synchrotron emission from these so-called secondary electrons, a source with age
e i Y tage = 1,000 years and B = 30 uG have been assumed. The shaded gray region shows the sensitive range of
E 107° E LL|>-I U 3 current y-ray detectors (Fermi-LAT, imaging atmospheric Cherenkov detectors).
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NEUTRINO ASTROPHYSICS

Observation of high-energy neutrinos from the
Galactic plane

IceCube Collaboration”
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general considerations about accelerators
trajectory of particle in B field

centripedal force = Lorentz force

U2

m—=q-v-B m-v =p momentum
T
b_, ..B
-
14 .
rp — Larmor radius
z-e- B
L dimension of accelerator
L>2r
closer look (Hillas 1984): ; - 2L

B

velocity of scattering centers 3 — —
C

A.M. Hillas, Ann. Rev. Astron. Astrophys. 22 (1984) 425



In astrophyscial units

b5
7 Bo.o

T, — 1.0& pPC

2 B
Z - B

B,uG . ch >

E15<Z'BMG’ch’

N |

Hillas criterion

necessary condition
not sufficient

A.M. Hillas, Ann. Rev. Astron. Astrophys. 22 (1984) 425
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Transport equation for cosmic rays in the Galaxy

diffusion

energy loss (Bethe Bloch) N

Ss through interactions
‘ with ISM (spallation)

loss through radioactive decay

!
— nvo; N, - (); + Z nvo;; N; + Z

1>1 1>1

Y ng

source term o
productlon through spallatlon
of heavy nuclei

" production through decay
of heavy nuclei
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Formation of the chemical composition
Relative abundance of elements at Earth
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Nuclear charge number Z
abundance of elements in CRs and solar system mostly similar

but few differences, e.g. Li, Be, B —> important to understand propagation of
cosmic rays in Galaxy —> column density of traversed matter

primary cosmic rays generated at source e.d. p, He, Fe

spallation products —> secondary cosmic rays, e.g. Li, Be, B
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Leaky box approximation

free propagation of CRs in a closed Q A
volume (Galaxy) "

energy dependent escape probability Av
P.s.(E), constant in time / C oL

Aese, Mean amount of matter traversed
- by CRs in the Galaxy

)\esc — p[SMﬁCTesca

/QSC_

7-68(3 life time/residence time of CRs in the Galaxy

simplified transport equation for stable CR nuclel

(neglecting energy loss and gain)

NJ(E) N beprsm | | Beprsm .
7:(E) = Q;(E) )\j(ES) N;(E) A - ;Oz_vNZ(E). (4.11)

The negative term on the right-hand side of the equation describes the number
of nuclei of type 7 lost in propagation because of fragmentation. The positive
term sums over all higher mass nuclei that produce 37 in spallation processes.
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Formation of the chemical composition

The observed cosmic ray composition can be understood in terms of the gen-
eral elemental abundance and the fragmentation cross-sections if all cosmic
ray nuclei have the same propagation history |83, 84| and have on the average
traversed 5 to 10 g/cm* of matter. For prgps of one nucleon per cm® this

\— - . ol o

corresponds to escape time escmN A)\esc / c o~ 3 6 ><1()6 years.

The study of the energy dependence of the secondary to primary ratio
establishes the energy dependence of the containment time for cosmic rays in
the Galaxy. Using measurements like the one shown in Fig. 4.6 one could fit
the energy dependence of A\ 5. as [82]

(4.12)

where R is the particle rigidity in GV and 0 ~ 0.6 shows the rigidity depen-
dence of the escape length. The formula is valid for rigidities above 4 GV. At
lower rigidities the escape length is almost constant at A\.s. = 10.83 g/ cm?.
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Pathlength of cosmic rays in Galaxy

TRACER balloon experiment
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A. Obermeier et al., ApJ 752 (2012) 69
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Article

Detection of spectral hardenings in cosmic-ray boron-to-carbon and
boron-to-oxygen flux ratios with DAMPE

DAMPE Collaboration '
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Pathlength vs. interaction length

pathlength in Galaxy

“interaction length

nuclear radius
Ccross section

ISM: protons

interaction length

Aese = D — 10 g/cm2

r — rOAl/?’ ro=1.3-10""° cm
Op_a = (1, +1roAl/3)?

n = 1/Cm3 p=1.67-10"~" g/cm3

P
Op—A T

Apoa =

A\p—p =21 g/cm”

)\p—Fe — 1.6 g/cm2

> )\GSC

< )\686
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Shape of energy spectrum

dN
dF

at source y ~ -2.1
at Earth y ~-2.6 t0 -2.7

N
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Nuclear charge Z

Fig. 5. Spectral index y, versus nuclear charge Z (see Table 1).
The solid line represents a three parameter fit according to Eq.

(6), the dashed graph a linear fit.
JRH, Astropart. Phys. 19 (2003) 193

Escape
Leakage from Galaxy

flux

fragmentation
0~ A23

energy
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Transport equation for cosmic rays in the Galaxy

diffusion

energy loss (Bethe Bloch)

» —7 e lE g N - B i S N

? Ioss through mteractlons Y
“eew . With ISM (spallation), ..~

N D R w3 b T v o — SO P _

¢__ loss through radioactive decay >

— nvo; IN; - (); + Z nvo;; N; + Z

J>1 1>1

_poosma

Y ng

source term /

production through spallation
of heavy nuclei

production through decay
of heavy nuclei
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Life time of CRs in Galaxy

In principle the problem of the containment volume could be solved by
observations of non-stable secondaries that decay with a half life comparable
to the escape time of cosmic rays. To do this one has to put back the decay
length in the negatlve term of (4 11) which becomes

A very suitable isotope is 1OBerth ahalf hfe 1 6>< 10° ye
10Be can be compared with the stable isotopes *Be and ' Be. The production
of the three isotopes depends on the partial production cross-sections and
on Aese. Be would decay and its measured flux depends also directly on

Tesc. 1he actual estimate involves folding of the production with the decay

of the isotope during propagation in a particular propagation model. The
measurements are also very difficult and the results from their analysis are
not tully conclusive.
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10Be - 10B + e~ (1 =2.4 106 a)

10Be 108

PM
Tube

. ik -
/ i \
Tube

2 ¢em latest measurement from ACE/CRIS
Scale experiment:

F1G6. 1.—Cross section of the IMP-7 and IMP-8 telescopes. , \

- DI, D2, and D3 are lithium-drifted silicon detectors of thick-

ness 750, 1450, and 800 pm, respectively. D4 isan 11.5 gem 2 . 1 1 6

thick Csl (T1) scintillator viewed by four photodiodes. 7-6 SC — ° O a

D5 is a sagphire scintillator/Cercnkov radiator of thickness

3.98 gcm~4, and D6 is a plastic scintillation guard counter

viewed by a photomultiplier tube. Astcrisks denote detectors

whose output is pulse-height analyzed. Jorg R. Horandel - BND school, Nijmegen - Sept 2025 110
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5 ( confirmed by observations of
s diffuse radio emission

BN\ - synchrotron radiation
- A\ LN .;.4 =
N :j':\. e e A
U NN E DTYAV(A‘O

This figure shows the spiral galaxy NGC 891, seen almost edge-on, which is believed to be very similar to our Milky Way. It was
observed at 8.4 GHz (3.6 cm wavelength) with the Effelsberg 100m telescope. The background optical image is from the CFHT
Observatory. The "X-shaped" structure of the magnetic fields indicates the action of a galactic wind. The observed extent of the radio
halo is limited by the large energy losses of the cosmic-ray electrons emitting at this wavelength. At lower frequencies (longer

wavelengths) the radio waves are emitted by electrons with lower energies for which the energy lossesare smaller, so that larger

radio halos are expected.
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diffuse radio background of the Milky Way

radio wavelengths
synchrotron radiation from electrons in B fields
intensity o< 5 p,
halo of galaxies are more extended than the visible region
--> confirmation that cosmic rays (electrons)
propagate in the galactic halo
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Diffuse Galactic gamma rays

diffuse gamma radiation observed E>100 MeV
origin:t CR+I1SM — 7° — v+~

--> direct hint that cosmic rays (hadrons) are not a local
phenomenon

they propagate in the halo of the Milky Way and they
exist in other galaxies

electrons produce gamma rays through bremsstrahlung
and inverse Compton interaction with CMB and with
diffuse infrared/optical radiation
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The Fermi All Sky Map, showing the diffuse galactic gamma-ray

background from the Milky Way.
Courtesy of NASA/DOE/International LAT Team

Tracker -__

Thermal
Blanket
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Outline of
Large Magellanic Cloud

Fermi’s Large Area Telescope shows that an intense star-forming region in the Large
Magellanic Cloud named 30 Doradus is also a source of diffuse gamma rays. Brighter colors

indicate larger numbers of detected gamma rays.
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Relative importance of gamma-ray production processes

For this estimate we approximate the total proton spectrum by N(E,) =
' protons GeV For E. > m,c?/2, the y-ray source
production is

Tunction from 0

2 2L N0
l N —
Qro(Ey) =n (0';7;6 O;T > X ap B2, (4.14)
where aégel is the inelastic proton—proton cross section, n is the average matter

density per cm® and Zy, is a spectrum-weighted moment of the momentum
y

distribution of pions produced in proton—proton collisions [6]. The spectrum
weighted moments give the yield of the process ab from a power law cosmic
ray spectrum of integral spectral index -~

1
Zab — / wZF(QjL)dSIZL ] (4.15)
0

where x, is the ratio of the energy of the secondary particle b to the primary
energy in the Lab system. For a = 2.0, 2.4, and 2.7 respectively, Zn.0 =~

0.16, 0.066 and 0.035. Thus, for o = 2.7, close to the locally measured proton
spectrum B

. - - - - = - 0o - / PR g - y
N T 3 = - IR e o elr v o g — - PTTNRP V. SR - AN BT B o AR o o v g N T > - TRV Y., BRI T

Qwo( ) ~ 2.5 x 107%° ap nk 27 photons GeV 'stem™, (4.16)

et st s et e el {1OM DFOtONS

Where E,y is in GeV and n is in cm 7. .. .. )
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Relative importance of gamma-ray production processes

Slmllarly, we appr()leate the total electron spectrum by = dN/dFE,
= a.E;* electrons eV “cm™°. To obtain the bremsstrah ung ‘source func-
tion, we assume that atter a,n*e ectron of energy E, has traveled one radiation

length, Xo, it 1s converted into a photon of energy L. = E.. Hence,

Qbr(Eq/) ~ N(Ey)n/X() (417)
Thus, for a = 2.7,

[0 (B, )N 12x 10 25% o photonSGeV_l shem ™. | (4.18)

from electrons (bremsstrahlung)
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Relative importance of gamma-ray production processes

For inverse Compton scattering, we approximate the photon energy after
scattering by an electron of energy E. = ym.c® by v°¢ where ¢ is the mean
photon energy of the radiation field under consideration. Provided the Comp-
ton scattering is in the Thomson regime (v& < mec?) this gives an inverse
Compton source function

Qic(E~) = N(vy)nphor/27€ , (4.19)
where N(v)dy = N(E.)dFE., and we obtain

(5)1/2 NphoT

QIC (Efy) ~ A (420)

e Ef(ya—l)/Z meCQ

electrons inverse Compton
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Relative importance of gamma-ray production processes

For scattering on the microwave background, we use npy, = 400 cm™2, & =
6. 25 X 1() 4 eV and obtam for o = 2 7

QIC( ) ~ 2.1 x 10~ 24aeE L85 photons GeV Ls™lem™3 ] (4.21)

A

Where E7 1S in GeV We note that for an assumed matter densrty of 1 cm™,
at 1 GeV the inverse Compton scattering contribution is an order of mag-
nitude la,rger than the bremsstra,hlung oontrlbutlon ‘and the relative impor-
tance of the inverse ompton soattermg contribution increases with energy.
The bremsstrahlung oontrlbutlon is higher than that of 7TO by about a factor
of five. The T v—rays oan only e 1rr1portar1t 1 there a,re many rnore protons

than there are © eetrons

from electrons (inverse Compton scattering on CMB)
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More exact gamma-ray yields

previous section: estimates

main inaccuracy: energy spectra for protons and electrons are different in CRs
electrons suffer synchrotron radiation losses and have a steeper spectrum

IN/dE,

INCLUSIVE (e +e*) spectrum below 1 TeV (AMS-02, FERMI & PAMELA)

o Bertsch et al. [71] suggest the following spectrum
of the galactic electrons (in cm™ s tsr= 1 GeV—1)

0.019E 235
0.149 330

for £, < 5 GeV
for £, > 5 GeV

(4.22)
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Figure 4.8 shows the source functions of the three processes using the elec-
tron spectrum given by (4.23) and a proton spectrum dN/dE, = 3.06E, > .
The matter density for 7 and bremsstrahlung is 1 (atom/cm?®) and the mi-
crowave background is used as target for the inverse Compton effect. The 7*
yield peaks at E, = m o/2 ~ 70 MeV but in Fig. 4.8 the peak appears at
higher energy because it 1s shifted by the £, factor. The bremsstrahlung spec-
trum dominates at lower energies and clearly follows the break in the electron
spectrum. The inverse Compton spectrum is indeed very flat (~ E,(YO‘H)/ 2)
and approaches the 7Y contribution at E., = 10* GeV in spite of the much

steeper electron spectrum.

'24 ' L ' L ' L ' L ' L m
More exact gamma-ray yields

as obtained with MC calculations

Log E, dQ /dE,

100

1000 10000

-34 , T T Ll
0.01 0.1 1 10

Ey, GeV

Fig. 4.8. Yields of the v-ray production by 7° (solid line), bremsstrahlung (dashes)
and inverse Compton (dots) for the proton and electron spectra described in the
text.
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Transport equation for cosmic rays in the
Galaxy

{ diffusion }

energy loss (Bethe Bloch)

loss through interactions
with ISM (spallation)

loss through radioactive decay

source term /

production through spallation
of heavy nuclei

production through decay
of heavy nuclei
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Available online at www.sciencedirect.com

Aetromarticl example of knee due to

1 1 stroparicie .

SR ScienceDirect PhySics propagation/leakage from
SEVIE Astroparticle Physics 27 (2007) 119-126 Ga Ia Xy

www.elsevier.com/locate/astropart

: : : : The magnetic field of the Galaxy consists of a large scale
Propagatlon of Super'hlgh'ener gy cosmicC rays i the Galaxy regular and a chaotic, irregular component B — Breg +Blrr

: . b . . . A purely azimuthal magnetic field was assumed for the reg-
Jorg R. Horandel **, Nikolai N. Kalmykov °, Aleksei V. Timokhin © ular field
A r

2 2
B.=0, B, =0, By=1pGexp (————2>,
1

The steady-state diffusion
equation for the cosmic-ray density N(r) is (neglecting where zo = 5 kpc and ry = 10 kpc are constants [3].

nuclear 1nteraet10ns and energy losses)

(1)

Q(r) 1S the eosmleray source term and D,{(r) the diffusion
tensor.
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Where N(r z) 1S the cosmic- ray den81ty averaged over the 100 10~ 10" 10 10
large-scale fluctuations with a characteristic scale L ~ Energy [GeV]
100 pc [3]. D, oc E™ is the diffusion coeflicient, where m is Fig. 7. Proton flux as obtained from various measurements, for references

much less than one (m ~ 0.2), and D4 o« E the Hall diffu- see [28], compared to the spectra shown in Fig. 6 (black lines) and the poly-
sion coefficient. The influence of Hall diffusion becomes gonato model [26] (grey, dashed line).
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Transition to extragalactic CR component

J. Bliimer et al. / Progress in Particle and Nuclear Physics 63 (2009) 293-338 327
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Fig. 26. Left panel: Cosmic-ray energy spectra according to the poly-gonato model [2]. The spectra for groups of elements are labeled by their respective
nuclear charge numbers. The sum of all elements yields the galactic all-particle spectrum (—) which is compared to the average measured flux. In addition,
a hypothetical extragalactic component is shown to account for the observed all-particle flux (- - -). Right panel: Transition from galactic to extragalactic
cosmic rays according to Berezinsky et al. [451]. Calculated spectra of extragalactic protons (curves 1, 2, 3) and of galactic iron nuclei (curves 1/, 2’, 3') are
compared with the all-particle spectrum from the Akeno and AGASA experiments. KASCADE data are shown as filled squares for the all-particle flux and
as open circles for the flux of iron nuclei.
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Transition to extragalactic CR component
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Contribution of (regular) SNR-CR to all-particle spectrum
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Fig. 2. Contribution of SNR-CRs to the all-particle cosmic-ray spectrum. The thin lines represent spectra for the individual
elements, and the thick-solid line represents the total contribution. The calculation assumes an exponential cut-off energy for
protons at E. = 4.5 x 10° GeV. Other model parameters, and the low-energy data are the same as in Figure 1. Error bars are
shown only for the proton and helium data. High-energy data: KASCADE (Antoni et al. 2005), IceTop (Aartsen et al. 2013), Tibet
[IT (Amenomori et al. 2008), the Pierre Auger Observatory (Schulz et al. 2013), and HiRes II (Abbasi et al. 2009).

S. Thoudam et al., A&A 595 (2016) A33

~8% of mechanical power of SN --> CRs
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Combined fit of spectrum and
composition data as measured by the
Pierre Auger Observatory
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all-particle spectra including 2nd galactic component
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Table 3. Injection energy of SNR-CRs used in the calculation
of all-particle spectrum in the WR-CR model (Figure 6).

T IIIIII|

IIIIII|

Particle type | C/He = 0.1 C/He = 0.4
f(x10% ergs) | f(x10% ergs)

E’x Intensity [cm2sr-'s-'GeV?
=)

S. Thoudam et al., A&A 595 (2016) A33

Proton 8.11 8.11 10°Eg sy e RN
Helium 0.67 0.78 1 10 102 10° #0* 10° 10° 107 10 10° 10" J10"
Carbon 2.11 x 1072 0.73 x 10~2 Energy E (GeV)
Oxygen 2.94 x 1072 2.94 x 1072
Neon 4.41 x 1073 4.41 x 1073
Magnesium 6.03 x 1073 6.03 x 1073
Silicon 5.84 x 1073 5.84 x 1073

- - , _
Iron 5.77 x 10 5.77 x 10 Jérg R. Hérandel - BND school, Nijmegen - Sept 2025 131
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Emergence of Spectral Breaks in CRD
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latest updates - ICRC 2025

CALET covers the whole range [50 GeV, 100 TeV] with the same instrument
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e Presented high-precision spectra of protons from AMS-02, CALET, DAMPE, and ISS-CREAM

e Above 2 100 GeV the proton spectrum clearly departs from a single power law

e Excellent consistency across direct instruments

e Good agreement with ground-based arrays (GRAPES, LHAASO): unique test of HIM and air-shower physics!

C. Evoli (GSSI)

July 24, 2025
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On the origin of the first hardening latest updates - ICRC 2025
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AMS-02: secondary-over-primary ratios

At about the same rigidity the secondary-to-primary flux ratios exhibit a similar hardening

Remember:
NSGC H

Npri

This additional hardening favors the propagation origin of the proton first spectral hardening.

oX grammage

C. Evoli (GSSI) CRD July 24,2025 18/ 47
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On the Origin of the First Hardening latest Updates - ICRC 2025

Boron spectrum
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e |ncreased statistics: DAMPE Boron measurements now extendto ~ 12 TV.

e The Boron spectrum exhibits a highly significant hardening, with

A’}/sec: ~ QA’Vpri
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Cosmic rays

extragalactic
cosmic rays

w

Energy content of extragalactic
cosmic rays
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Abstract

Ultra High Energy Cosmic Rays, UHECR, are charged particles with

energies between ~ 10'®eV and ~ 3 x 10*°eV ~ 50J. They exhibit
fundamental physics at energies inaccessible to terrestrial accelerators,

challenge experimental physics and connect strongly to astronomical

observations through electromagnetic, neutrino and even gravitational

wave channels. There has been much theoretical and observational

progress in the sixty years that have elapsed since the discovery of

UHECR, to divine their nature and identify their sources.

The highest energy UHECR appear to be heavy nuclei

with rigidity extending up to ~ 10 EV;

A significant (6.90) dipole anisotropy has been measured but our
poor understanding of the Galactic magnetic fields makes this hard
to interpret;

The UHECR luminosity density is ~ 10** erg Mpc™ yr—*

which constrains explanations of their origin;

The most promising acceleration mechanisms involve diffusive
shock acceleration and unipolar induction;

The most promising sources include intergalactic accretion shocks,
and relativistic jets from stellar-mass or supermassive black holes.

We explore the prospects for using the highest energy events, combined

with multimessenger astronomy, to help us solve the riddle of UHECR.
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Propagation of UHECRs
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Energy loss lengths
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Sky map in Galactic coordinates of the different types of
galaxies within 40 Mpc that could host the sources of UHECR
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Starburst galaxies

exceptionally high rate of
star formation

e.g. Milky Way 3 Mo/yr

starburst galaxy: >100 Mo/yr

The Antennae Galaxies are an example of a
starburst galaxy occurring from the
collision of NGC 4038/NGC 4039.
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Air shower registered with
water Cherenkov detectors
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Four sites

_ Six telescopes
—“=amviewing 30°x30° each
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Measuring air showers with multiple

. techniques

radio detector
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Energy spectrum
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ENERGY SPECTRUM OVER 3 DECADES IN ENERGY
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X
e

FD ENERGY SCALE B
PIERRE
slant depth AL
X [g/cm?] fluorescence photons
energy dE \
deposit dx up to 30 km
: : dE
Fluorescence yield  dE/dX reconstruction =E_= d—XdX
Atmosphere Invisible energy (v, u,..) =E._
FD calibration E=E_+E.

systematic uncertainties correlated and uncorrelated among
different showers (crucial to correctly propagate the FD
uncertainties to SD energies) 6
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AIRFLY - FLUORESCENCE YIELD

The Airfly Collaboration: Astropart. Phys. 42 (2013) 90. Astropart. Phys. 28 (2007) 41.
Nucl. Inst.. Meth. A 597 (2008) 50. M. Bohacova talk at 6th Air Fluor. Workshop

% L L L L A e e N A M A M A MM M

* relative spectrum and its § 102 ATRFLY *

pressure dependence 1500 |- -

* humidity and temperature * spectrum
dependence of collisional cross

sections > :

* absolute intensity of the 337 i " 1
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“effective” definition of the wavelength bands
» don’t care of possible contaminations

500 —
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ATMOSPHERE

production and transmission of the light (aerosols and molecular scattering)

atmospheric profiles from
Global Data Assimilation

FD Loma Amarilla:

Lidar

. IR Camera
Weather Station

FD Coihueco:
System (GDAS) idar, APF
R Camera
. Weather Station
hourly aerosol optical depth
profiles
aerosol phase function o
eXtreme Laser Facility.
A dependence of aerosol o N
. Balloon e ".". Central Laser Facility
scattering cross sec. Launch Weather Station
Station
cloud coverage
MalargUex
The Pierre Auger Collaboration -
FD Los Leones:

Astropart. Phys. 33 (2010) 108
Astropart. Phys. 35 (2012) 591
JINST 8 (2013) P04009

L. Valore ICRC 2013 #0920

Lidar, Raman, HAM, FRAM

IR Camera

Weather Station

FD Los Morados:
Lidar, APF

IR Camera
Weather Station

10 km

9

Jorg R. Horandel - BND school, Nijmegen - Sept 2025 158



S D E C ‘ . b , ] "=\ particle density at 1000 m PTERRE
nergy Calibration N
1000F

B 102—
Q : f_ 500 1000 1500 2000 'Tzsloo' |
8 i r [m]
© 100 =
£ F
g i Ll Infill: particle density at
> | 400 m
O 10 '
O - 0
- -
O i TR T AR A
D i B 835 [VEM] . . s f
2 1= . S, [VEM] FD longitudinal profiles
19 ~
i | | [ 1 11 || | | | [ 1 11 || | | | [ 1111 E 140 EFD 8 10 eV
0.2 1 234 10 20 100 S0
M. Unger, SUGAR 2018 EFD [EeV] imo— |
X i
© - ¢
6/19/18 % : /]
60— /
40 -
20 - /

~T%
500 1000 -
slant depth [g/cm?]

I |

Jorg R. Horandel - BND school, Nijmegen - Sept 2025 159



ENERGY SPECTRA

* SD 750 m spectrum: 29585 events above 3 x 1017 eV (08/2008 — 12/2012)
* correction for bin-to-bin migrations due to the detector resolution and
steepness of spectrum (< 15%)
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ENERGY SPECTRA

* hybrid spectrum: 11155 events above 10 eV (11/2005 — 12/2012)
* correction for bin-to-bin migrations due to the detector resolution

and steepness of spectrum (< 3%)
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ENERGY SPECTRA

* SD inclined: 11074 events above 4 x 101 eV (01/2004 — 12/2012)
* correction for bin-to-bin migrations due to the detector resolution
and steepness of spectrum (< 12%)
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ENERGY SPECTRA

* SD inclined: 82318 events above 3 x 1018 ¢V (01/2004 — 12/2012)
* correction for bin-to-bin migrations due to the detector resolution
and steepness of spectrum (< 17%)
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COMBINED ENERGY SPECTRA

e combination after few % correction to the normalizations
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COMBINED ENERGY SPECTRA
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PHYSICAL REV

EW LETTERS 1235, 121106 (2020)

Editors' Suggestion Featured in Physics

Features of the Energy Spectrum of Cosmic Rays above 2.5 x 1018 eV
Using the Pierre Auger Observatory
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FIG. 1. Top: energy spectrum scaled by E? with the number of
detected events 1in each energy bin. In this representation the data
provide an estimation of the differential energy density per
decade. Bottom: energy spectrum scaled by E° fitted with a
sequence of four power laws (red line). The numbers
(i =1,...,4) enclosed in the circles 1dentify the energy intervals
where the spectrum 1s described by a power law with spectral
index y;. The shaded band indicates the statistical uncertainty of

the fit. Upper limits are at the 90% confidence level.
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Energy spectrum
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Mass composition

valid geometries ?

PIERRE
AUGER

OBSERVATORY

7000

6000

fiducial field of view

5000

measured distribution

-------- true distribution

4000

3000

2000 change the mean

1000

|III|IIII|III|||I|I|II|I||III|II|||

| | | ]
900

| |4l | —

1000 1100 1200
Xmax [g/cm?]

700 800

FOVmIn

10

Auger (V. de Souza) UHECR2014 Jorg R. Horandel - BND school, Nijmegen - Sept 2025 168



(Xmax) [g/em”]

valid geometries ?
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First 2 moments of Xmax distributions
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lournal of €osmology and Astroparticle Physics
An IOP and SISSA journal

Combined fit of spectrum and
composition data as measured by the

Pierre Auger Observatory
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Figure 2. Top: fitted spectra, as function of reconstructed energy, compared to experimental coun
The sum of horizontal and vertical counts has been multiplied by 10 for clarity. Bottom: the dist
butions of X,,.x in the fitted energy bins, best fit minimum, SPG propagation model, EPOS-LI
UHECR-air interactions. Partial distributions are grouped according to the mass number as follov
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Combined fit of spectrum and

composition data as measured by the \\\@
Pierre Auger Observatory 4}9‘5&
~ 12 LB
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spectral slope at source

Figure 1. Deviance v/D — Dyin, as function of v and log,y(Rcut/V). The dot indicates the position
of the best minimum, while the dashed line connects the relative minima of D (valley line). In the
inset, the distribution of D,,;, in function of + along this line.
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Sub-EeV extrargal.
protons from |
interactions of
heavier nucléi

Fe
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E?) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
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Combined fit of spectrum and
composition data as measured by the
Pierre Auger Observatory
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scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum R
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is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation PIERRE
of the X ,ax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model AUGER

(brown) versus pure 'H (red), “He (grey), N (green) and °°Fe (blue), dashed lines. Only the energy
range where the brown lines are solid is included in the fit.
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Combined fit of spectrum and
composition data as measured by the
Pierre Auger Observatory
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Arrival direction
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RESEARCH

Anisotropy detected at >5.2 sigma
dipole amplitude 6.5%

COSMIC RAYS

Observation of a large-scale anisotropy
in the arrival directions of cosmic
rays above 8 x 10'® eV

The Pierre Auger Collaboration*t E>8* 1 01 8 ev 3 * 1 04 C R S

0.46

world

TOP10

BREAKTHROUGH

o
AN
N
A s Wi

0.38

_90 Longitude 1 = 233°, Latitude b = -13°

Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for £ = 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2ZMRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
fleld (8) on particles with E/Z =5 or 2 EeV.
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SKy maps
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Figure 7

Left: Significance sky-map of 45° oversamplings of events above the ankle energy. The distribution of
UHECR appears to be dipolar with respect to the supergalactic plane, SGP. The dipole is the only
significant UHECR anisotropy (6.90). Right: Significance sky-map of 20° oversamplings above the
cutoff energy. The post-trial significance of the intermediate-scale anisotropies are < 4o0. The sky maps
are in in galactic coordinates (Fujii et al. 2022).
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Constraining models for the origin of ultra-high-energy
cosmic rays with a novel combined analysis of arrival
directions, spectrum, and composition data measured at
the Pierre Auger Observatory

fit result ...........
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Constraining models for the origin of ultra-high-energy
cosmic rays with a novel combined analysis of arrival
directions, spectrum, and composition data measured at
the Pierre Auger Observatory

We find that a model contammg a ﬂux contrlbutlon from the Sa,rburt galaxy’ctalog

model is favored with a significance of 4.50 (considering experlmental systematic effects)
compared to a reference model with only homogeneously distributed background sources.

By investigating a scenario with Centaurus A as a single source in combination with the

~ P e m ’_ =y - ..,-.?

homogeneous background, we Conﬁrfh that thls region %of the sky provides the 01ant_:

signal. Models containing a catalog of Jetté active

kg ——pwyn .?zfs:.n.«

contribution to the observed anisotror

calactic nuclei whose flux scales with the v-ray emission are, however, distavored as they
cannot adequately describe the measured arrival directions.
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arrival directions of lceCube neutrino

events and ultrahigh-energy cosmic
lceCube rays detected by the Pierre Auger

Observatory and the Telescope Array

PAO

180°

Galactic

Figure 7. Maps in Equatorial and Galactic coordinates showing the arrival directions of the IceCube
cascades (black dots) and tracks (diamonds), as well as those of the UHECRs detected by the Pierre
Auger Observatory (magenta stars) and Telescope Array (orange stars). The circles around the
showers indicate angular errors. The black diamonds are the HESE tracks while the blue diamonds
stand for the tracks from the through-going muon sample. The blue curve indicates the Super-Galactic
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Neutrino detection with the Pierre Auger SD
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Neutrinos
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Gamma rays
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Follow-up of GW170817 with PAO (neutrinos)
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Follow-up of GW170817 with PAO (neutrinos)
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Follow-up of GW170817 with PAO (neutrinos)
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Pierre Auger Observatory - upgrade
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A measured air shower
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Deflection of CRs in Galactic B-field
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Figure 11: Measured HAS arriving 0.5°
above the horizon. The footprint has a length
of ~65 km, crossing the complete array. The
energy reconstructed form the RD 1s 52 EeV.
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