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A Matthews Heitler Model — mass resolution in EAS

measurements
depth of shower typical expected mass
maximum uncertainty resolution
XrAnax = anax_XOlnA AXmaa: ~ 20 g/Cm2

radiation length X;,=36.7 g/cm?2

= AlnA~08—1

electron-muon ratio
Ig(Ne/Ny) = C —0.0651n 4.

N. *4 to 5 mass groups
AN ~ 16% — 20% p, He, CNO, (Si), Fe

I

J. Matthews, Astropart. Phys. 22 (2005) 387 JRH, Mod. Phys. Lett. A 22 (2007) 1533 JRH, Nucl. Instr. and Meth. A 588 (2008) 181
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The KASCADE Array
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252 stations with
U e/y detectors: 4 cm liquid scintillator (; 3.1 m2)
O muon detectors: 3 cm plastic scintillator (= 3.2 m2)
shield 10 cm Pb +4 cm Fe = 20 X,
= E > 300 MeV

— measurement of particle densities and arrival times

JRH 06/96

The KASCADE Central Detector

top cluster

lead shield
detectors

iron
absorber

trigger

shielding
concrete

multi wire proportional chambers

4 different detector systems:
Q Top array 32 x 0.45 m? scintillation counters (14 m2)
Q Trigger layer 456 x 0.45 m? scintillation counters (206 m2)
Q 32 Multiwire proportional chambers (2 x 150 m2) Ep > 2 GeV
Q Iron sampling calorimeter (16 x 20 m2)
8 active layers — 10 000 liquid ionisation chambers
40 000 electronic channels
separation of individual hadrons by a fine segmentation

depth =~ 11 A, =» hadrons up to 10 TeV 95% contained

JRH 06/96
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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 efy:
scintillation counter

KASCADE
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
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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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PHYSICAL REVIEW D 100, 082002 (2019)

Cosmic ray spectrum and composition from PeV to EeV using 3 years
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Cosmic-ray energy spectrum
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1st order Fermi acceleration at strong shock

a) restsystem of unshocked ISM |5\ b) restsystem of unshocked ISM

—— —
P2, T2, P2 P1, T4, P4 3/4 Ug
—> Uschock —
vo = 3/4 Ug vi=0 ~—
—> e
Vs = Us
c) rest system of shock front d) rest system of shocked ISM
-+ | -— -
vo = 1/4vq vq =IUI —>
-+ | — —
3/4 Ug
-+ | — R
vg=0

. AE U,
energy gain — x —
E C

=P N(E)dE x E~?dE

power law with spectral index
-2.0 ... -2.1

Bell, Blanford,Ostriker (1978)

Supernova remnant (SNR)
Cassiopeia A



H.E.S.S. supernova remnant RXJ 1713
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petaelectronvolts from12y-ray Galactic
sources
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https://www.nature.com/articles/s41586-021-03498-z

NEUTRINO ASTROPHYSICS

Observation of high-energy neutrinos from the see also
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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
P 7. ¢.B
-
_ p :
rp = Larmor radius
z-e- B

L dimension of accelerator
L>2r )
closer look (Hillas 1984): 1, ~ %

(V)

velocity of scattering centers [ = »

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



Hillas criterion

D

in astrophyscial units

rr, = 1.08 pc s
Z - B,q
B.... L. > 2 T15  necessary condition
Tz not sufficient

E15<Z-B'ug-ch-—

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

B
2
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Fig. 1. Energy spectra for different cosmic-ray elements. Solid line: Model prediction for the SNR-CRs. Data: CREAM (Ahn et al.
2009; Yoon et al. 2011), ATIC-2 (Panov et al. 2007), AMS-02 (Aguilar et al. 2015a,b), PAMELA (Adriani et al. 2011), CRN
(Miiller et al. 1991; Swordy et al. 1990), HEAO (Engelmann et al. 1990), TRACER (Obermeier et al. 2011), and KASCADE
(Antoni et al. 2005). Cosmic-ray source parameters (g, f) used in the calculation are given in Table 1. For the other model
parameters (Do, a,n, s), see text for details.

Q(p) = AQo(Ap) Texp | —

Contribution of
(regular) SNR-CR

E.=7-4510° GeV

Ap
Z e

Table 1. Source spectral indices, ¢, and energy injected per
supernova, f, for the different species of cosmic rays used in the
calculation of the SNR-~CRs spectra shown in Figures 1 and 2.

Particle type

q

f (x10* ergs)

Proton
Helium
Carbon
Oxygen
Neon
Magnesium
Silicon
Iron

2.24
2.21
2.21
2.25
2.25
2.29
2.25
2.25

6.95
0.79
2.42 x 1072
2.52 x 1072
3.78 x 1073
5.17 x 1073
5.01 x 1073
4.95 x 1073

Kepler's Supernova Remnant
SN 1604

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



Transport equation for cosmic rays in the
Galaxy

diffusion

energy loss (Bethe Bloch)
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Pathlength of cosmic rays in Galaxy

TRACER balloon experiment
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Pathlength vs. interaction length

pathlength in Galaxy Aese =5 — 10 g/cm2

interaction length

nuclear radius r=rqAl/? ro=1.3-107" cm
cross section Opna = m(ry + r0A1/3)2
ISM: protons n = 1/(:m3 p=167-10">* g/cm3
. . _ p
interaction length )\p—A —
Op—A T

Ap_p = 21 g/cm’ > Aesc
Ap—re = 1.6 g/em® < Aey.
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Shape of energy spectrum
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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.
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Transport equation for cosmic rays in the
Galaxy

(diffusion )
energy loss (Bethe Bloch)
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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

. . pstropartile example of knee due to
b ScienceDirect Physics propagation/leakage
ELSEVIER Astroparticle Physics 27 (2007) 119-126 fro m G a I a Xy

www.elsevier.com/locate/astropart

. . . . The magnetic field of the Galaxy consists of a large-scale
Propagatlon of Super'hlgh'energy cosmicC rays i the Galaxy regular and a chaotic, irregular component B = Bi¢; + Biy.

A purely azimuthal magnetic field was assumed for the reg-

Jorg R. Horandel **, Nikolai N. Kalmykov °, Aleksei V. Timokhin © ular field L
B.=0, B, =0, By=1nGexp (—Z—Z—:—z>
. . Z
The steady-state diffusion 00
equation for the cosmic-ray density N(r) is (neglecting where zy = 5 kpc and ro = 10 kpc are constants [3].
nuclear 1nteract10ns and energy losses)
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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
IIT (Amenomori et al. 2008), the Pierre Auger Observatory (Schulz et al. 2013), and HiRes II (Abbasi et al. 2009).
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~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

= 10 -
5 ob, xmga,&wm cam#anemf P A =1
7 i ...oo._, . He 2|1< A<4
g | a . 5|< A < 22
0 D Y Fe 27/< A <56
o 1037 :_ “
83 - a,lb‘ o
: \ %Wzo%
| ’ gj@
10%¢ =
- e N L N NNy "
18 18.5 19 19.5
Sub-EeV extra-gal. protons log O(E/ eV)
from interactions of heavier R%éEfo
nuclei

Jorg R. Hérandel, ISCRA Erice 2024 50



]

- s
o o
N ()

[y
o

E3x Intensity [cm™2sr-'s-'GeV?

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

Proton 8.11 8.11

Helium 0.67 0.78
Carbon 2.11 x 1072 0.73 x 1072
Oxygen 2.94 x 1072 2.94 x 1072
Neon 441 x 1073 441 x 1073
Magnesium 6.03 x 1073 6.03 x 1073
Silicon 5.84 x 1073 5.84 x 1073
Iron 5.77 x 1073 5.77 x 1073
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Cosmic rays at the knee
Results and implications

¢ knee in all-particle spectrum at ~4.5 PeV caused by fall-off of light
elements (p, He)

e experimental (world) data indicate rigidity-dependent fall-off of individual
elements
(in particular unfolding by KASCADE[-Grande] and IceCube/Top)

e spectrum above knee is superposition of individual spectra
(elemental knees)
—> fine structure in all-particle spectrum
—> end of galactic CR component

¢ astrophysical origin of knee:
combination of maximum energy attained in sources (Supernovae)
(Hillas criterion)
and leakage from Galaxy

e 2nd galactic component at ~1017 eV?
¢ extra-galactic origin >1018 eV
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