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A Matthews Heitler Model — mass resolution in EAS

measurements
depth of shower typical expected mass
maximum uncertainty resolution
Xflax - anax_XolnA AXmaaj ~ 20 g/Cm2

radiation length X,=36.7 g/cm?

* AlnA~08—-1

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

*4 to 5 mass groups

, Ne
A=C ~ 16% — 20% p, He, CNO, (Si), Fe
N J J J J
7!
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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KASCADE: Energy spectra for elemental groups
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Ice Cube - Ice Top
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Cosmic-ray energy spectrum
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Cosmic Ray p+He energy spectrum by the ARGO-YBJ experiment
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Atmospheric neutrinos and the knee of the cosmic ray spectrum
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Test of hadronic interaction models
QGSJET 01 N.-N, analysis
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H.E.S.S. supernova remnant RXJ 1713
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Acceleratlon of cosmlc rays at SNR

Figure 3

Spectral energy distribution of accelerated protons (power-law index @jpjecied = 2.0 and cutoff at 100 TeV)
and y-rays resulting from inelastic collisions with interstellar material. The dominant emission into photons
occurs via the decay 70 — yy (solid orange curves). The y-ray spectrum follows the parent protons’ spectrum
rather closely in the midenergy range and in the high-energy cutoff region. For all proton indices, the
low-energy turnover is a characteristic feature of the pion-decay emission. Also shown is the spectrum of
electrons resulting from the inelastic proton—proton interactions via the decay chain 7% — w + v, — e*v,
(dashed gray curve). For the synchrotron emission from these so-called secondary electrons, a source with age
tage = 1,000 years and B = 30 pG have been assumed. The shaded gray region shows the sensitive range of
current y-ray detectors (Fermi-LAT, imaging atmospheric Cherenkov detectors).
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GeV and TeV bands. The older (but still referred to as young) shell-type SNRs RX J1713.7-3946 and RX 013
J0852.0-4622 (Vela Junior) of ages ~2,000 years are shown in shades of red. These show very hard spectra in

the GeV band (I' = 1.5) and a peak in the TeV band with an exponential cutoff beyond 10 TeV. The T S T I Y1 S T ¥1 E S AT 1 E T
middle-aged SNRs (~20,000 years) interacting with molecular clouds (W44, W51C, and 1C443) are shown 108 10° 1010 10" 1012 1013 1 014
in blue. Also shown are hadronic fits to the data (so/id lines). Photon en ergy ( ev)
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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.
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Explanation of the knee-like feature in the DAMPE
cosmic e— + et energy spectrum
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FIG. 1. Results of the fitting to the DAMPE e~ + e™ and AMS-02 e* /(e + ¢™) data, with PSR
J0940-5428 as the single positron source in the high energy region. Left panels: the electron plus
positron spectrum. Right panels: the positron fraction. The results in the bottom panels include
the population B of SNRs, while the results in the top panels do not. In the legends, "TOT’ stands
for the total e~ + e' flux (or e*/(e” + e™)) of all the sources, the population A of SNRs are
abbreviated to "Pop A’, the population B are abbreviated to 'Pop B’, while J0940’ stands for PSR

J0940-5428.
K. Fang et al., ApJ 854 (2018) 1, 57

acceleration of electrons in SNR
4 radiative cooling

(+maybe contribution from single
SNR)
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Pathlength of cosmic rays in Galaxy

TRACER balloon experiment
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example of knee due to
propagation/leakage
from Galaxy

Astroparticle
Physics

The magnetic field of the Galaxy consists of a large scale

Propagatlon of Supcer 'hlgh'energy CoOSMmMIC rays in the Galaxy regular and a chaotic, irregular component B = Breg —|—Blrr

Jorg R. Horandel **, Nikolai N. Kalmykov

The steady-state diffusion
equation for the cosmic-ray density N(r) is (neglecting
nuclear mteractlons and energy losses)

BTG

o0). | m

Q(r) 1s the eosmleray source term and D;(r) the diffusion
tensor.

Under the assumption of azimuthal symmetry and tak-
ing into account the predominance of the toroidal compo-
nent of the magnetic field, Eq. (1) 1s presented 1n cylindrical
coordmates as

e s T
- r@rr tor 0z Tz oz “or

1 O 0
D az]mr,z) - 0(r.2).

Where N(r z) 1S the cosmic- ray den51ty averaged over the
large-scale fluctuations with a characteristic scale L ~

b Aleksei V. Timokhin ©

A purely azimuthal magnetic field was assumed for the reg-

ular field 5 )
2z 7 )
N B
Zy Iy

B.=0, B, =0, By=1pGexp <—
where zo = 5 kpc and r¢ = 10 kpc are constants [3].
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see [28], compared to the spectra shown in Fig. 6 (black lines) and the poly-
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Cosmic-Ray Transport between the Knee and the

Ankle with CRPropa

Lukas Merten*®, Julia Tjus®, Chad Bustard®, and Ellen G. Zweibel®
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Figure 1: Face on view of the magnetic field and the Galactic wind in the Galactic plane. The
inner solid circle is the oberver sphere and the outer solid circle is the free escape boundary. The
shock position is marked by the dashed circle.
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Figure 2: Energy spectrum at the spherical observer sphere r.,s = 10 kpc. Left including perpen-
dicular diffusion € = 0.1 and right pure parallel diffusion.

In this work an innovative
technique—based on stochastic
differential equations—to solve
the transport equation is
explained.

The ansatz of propagating
independent phase-space
elements (or pseudo-particles)
allows for easy parallelization
which makes it attractive for
modern large-scale computing
architectures. It combines the
numerical framework of the single
particle propagation with the
advantage of ensemble averaged
description of the transport
equation. Making it an ideal tool
to describe the transition between
Galactic and extra-galactic
cosmic-rays.
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eakage from Galaxy

h ;opa'g'ation through galaxy.

Horandel
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A scenario for the Galactic cosmic rays between the knee
and the second-knee

fit using Xmax data from TALE, Tunka, Yakutsk, Auger

45 M EpGSLHO, - - 45 MEposLhAc | | |
s [EROSTHE) T e s [ EPOS: Fe
3.2 S S 1si 3.2 -
< 25fF 7T /44”_’:%“;*\1 - N < 25
~ S ] ~
15 o ey ¥ _Alj —eF ———————————————————————— 1 - ¥ I—I—I;—_He 15
T Tunka-133 —— 1 Tunka-133 ——
0.5 Yakutsk B 0.5  Yakutsk ]
0 ! ! R | ! | L O ! ! R ! ! R | ! ! L
1 10 100 1000 1 10 100 1000
i

100 | 100 |

10 | 10 |

TALE +——=— ) Gal

TALE +——=—

E3 Flux [EeV2 / (km? sr yr)]
E3 Flux [EeV? / (km? sr yr)]

Auger ——— Auger —e—1 xgal - - = -
1 Tunlka-2|5”””|l o total —— 1 Tunlka-2l5”””|l o .tOt?I......
1 10 100 1000 1 10 100 1000
E [PeV] E [PeV]
knee at Ex ~3 PeV * Z extragalactic component dominant >100 PeV

—> Fe knee at 80 PeV

S. Mollerach et al., JCAP03(2019)017 Jorg R. Horandel, Paris 2020 32



<

max lg E, [GeV]
4 5 b 7 8 9 10
A T | I | R | | | I | T T 1 | | .
< 4 F — Fe
c - a) X ., direct: W JAC - 7]
< - 4 RUNIDE | original QGSJET -
@ 351 © BLANCA y .
pL ~ sk CACTI . i =
£ a3 |- ¢DICE T ¥ ) -
Q — = Fly's Eye . -
— | 1r Haverah Park ! ] N
£ 25 I~ & HiRes |
@ = L - - Be
X -
5’ 2 : ¥_ i ;
h
c e O S ;
é 1.5 - T 4 1= x + ! [ He
L \ | & }t L
- HEGRA (Airobice) |75 \ Z
C ¥V Mt Lian Wang | -+ 4
0.5 [~ = SPASENULCAN T >
C ¥ Yakutsl( _r_i A
0 N R | | LTy ll..llII | T 2 I N |
é 4 = | I I | I | I | I I | | | [ | I
c - a) X, direct: M JACE
v = 4 RUNJDB
? 3.5 | ¢ BLANCA £
L C 3% CACTI M
£ 3| ¢DICE o
Q — i Fly's Eye E
& — %7 Haverah Park o
£ 25 [ CHiRes T ‘ E
= = . | =
2 2| : &
c = b ,
S 15 | ;i -~
S - =
1 —
— ] HEGRA {Airobice) —
05 :_ \E' Mt. Lian Wang =
T E f(\s,z‘f‘ustf'w"cm modified QGSJET =
0 [ | lllll( 1 llllllll L lllll 1 | | | .
4 5 6 7 g 9
10 10 10 10 10 10 10

JRH, J. Phys. G 29 (2003) 2439
JRH Nucl. Phys. B (Proc. Suppl.) 122 (2003) 376 + Nucl.

Energy E, [GeV]
Phys. B (Proc. Suppl.) 151 (2006) 75

Mean logarithmic mass

discrepancy between Xmax
measurements and particles at
ground (e, Y, h)

Inconsistencies in EAS simulations -
longitudinal vs. lateral development

—> hadr. cross section, inelasticity

electrons, muons, hadrons

o0
~ g E, [GeV]
%5 5 55 6 6.5 7 7.5 8 8.5 9
| L l | | ) | | | lll R l - F
— Fa
" direct: M JACEE . m
a5 = A RUNJOB - =
5 (ACHO k| s = )
3 [ @ HEGRA (CRT) Ve
- 1 n
25 [ & -
5 i - j Be
;— —937 34 b d -
1.5 | | 4 He
e 3
% KASCADE (nn) QG S J ET :
0.5 | -~ KASCADE (hvm) =
C o KASCADE [e/m) .
0"' | N RN [ | I | lllll | . III [ RN H
4 g & 7 8
10 10 10 10 10
Energy E, [GeV]

Jorg R. Horandel, Paris 2020 33



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
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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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Models for the knee In the
"” i energy spectrum of cosmic rays

e 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

e 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?
e extra-galactic origin >1018 eV
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