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Fig. 1. All-particle energy spectrum of cosmic rays as measured directly with detectors above the atmosphere and with air shower detectors. At low
energies, the flux of primary protons is shown.



Energy spectrum of cosmic rays
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Energy spectrum of cosmic rays
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Energy spectrum of cosmic rays
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Energy spectrum of cosmic rays
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Extensive air showers — Mass

Simple Heitler model of (hadronic) showers
Primary mass:
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The KASCADE Array The KASCADE Central Detector
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Event reconstruction in the scintillator array
electromagnetic component
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KASCADE
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KASCADE-Grande — Lateral distributions
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KASCADE: Energy spectra for elemental groups
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KASCADE: Energy spectra for elemental groups
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Test of hadronic interaction models
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KASCADE-Grande
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Cosmic-ray energy spectrum
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The re-acceleration model

Woandel 1988
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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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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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1st order Fermi acceleration at strong shock

a) restsystem of unshocked ISM |SM b) restsystem of unshocked ISM
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c) rest system of shock front d) rest system of shocked ISM
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energy gain — X —
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power law with spectral index
-2.0 ... -2.1

Bell, Blanford,Ostriker (1978)
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Acceleration of cosmic rays at SNR

F"T T T T T T T T T T T T~ "T "I 'T T "I "I 'T T ™ Figure3
107 F g Spectral energy distribution of accelerated protons (power-law index ¢ipjecred = 2.0 and cutoff at 100 TeV)
E p+ Spectrum original = Xinjected = 2; Ec =100TeV 3 and y-rays resulting from inelastic collisions with interstellar material. The dominant emission into photons
C 0 decay; &= 2 1 occurs via the decay 7% — yy (solid orange curves). The y-ray spectrum follows the parent protons’ spectrum
iy %J P | ! rather closely in the midenergy range and in the high-energy cutoff region. For all proton indices, the
2 108F S H low-energy turnover is a characteristic feature of the pion-decay emission. Also shown is the spectrum of
g E n! q electrons resulting from the inelastic proton—proton interactions via the decay chain 7% — p + v, — e*v,
> r B g \) 1 (dashed gray curve). For the synchrotron emission from these so-called secondary electrons, a source with age
= NS Y tage = 1,000 years and B = 30 uG have been assumed. The shaded gray region shows the sensitive range of
© 1 0°F l_Ll>-' : % 5 o g 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 10713 E_ _E
J0852.0-4622 (Vela Junior) of ages ~2,000 years are shown in shades of red. These show very hard spectra in C 7
the GeV band (I = 1.5) and a peak in the TeV band with an exponential cutoff beyond 10 TeV. The TR R 11 ET S ¥ NS Y1 BN ST S T11 WSO W1 SN TS W ETT1 UL SRR T b S
middle-aged SNRs (~20,000 years) interacting with molecular clouds (W44, W51C, and 1C443) are shown 108 10° 1010 10 1012 1013 10M4

in blue. Also shown are hadronic fits to the data (solid lines). Photon en ergy ( ev)
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general considerations about accelerators

trajectory of particle in B field

centripedal force = Lorentz force
2

mv—:q-v-B m-v =p momentum
T
P_ -~ ..B
i
P i
Ty = Larmor radius
z-e-B
L dimension of accelerator
L>2r
closer look (Hillas 1984): oMy
L > —

B

velocity of scattering centers v
C

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

in astrophyscial units

rr, = 1.08 pc B

7 - B,

2- Lhs necessary condition
B,a L, .
[ uG * Lipe = Z -3 not sufficient
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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
(Miller 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.

Contribution of
(regular) SNR-CR

E.=7-4510° GeV

Ap

Q(p) = AQo(Ap) Texp | — 7. )

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 | ¢ | f (x10* ergs)
Proton 2.24 6.95
Helium 2.21 0.79
Carbon 221 | 242x 1072
Oxygen 2.25 | 2.52x 1072

Neon 2.25 | 3.78 x 1073

Magnesium | 2.29 5.17 x 1073

Silicon 2.25 | 5.0l x 1073
Iron 2.25 | 4.95x 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)

~Toss through interactions
| with ISM (spallation)

loss through radioactive decay
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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 =0 — 10 g/cm2

interaction length

nuclear radius r — 7“()141/3 ro = 1.3-1071% cm
: 1/312
cross section 0pn=m(r,+roA / )
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. . ___ P
interaction length )\p—A —
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Shape of energy spectrum
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Leakage from Galaxy
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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
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diffusion
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Aetromartic example of knee due to

1 1 stroparticie .

i | ScienceDirect Physics propagation/leakage from
EEVI Astroparticle Physics 27 (2007) 119-126 Galaxy

www.elsevier.com/locate/astropart

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

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=1pnGexp (—j—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) G
: VDU( )v N( ) Q(r). -', (1) = 104 kX 4 KASCADE (QGSJET)
e s | S g v KASCADE (SIBYLL)
Q(r) 1s the cosmic-ray source term and D,(r) the diffusion - TR o ® KASCADE (SH)
tensor. n u hi e AR X 3'4 = EAS-TOP
o ¢ CEREL
Under the assumption of azimuthal symmetry and tak- qu 103 — o AMS """“"g;a'.,;-\ u
ing into account the predominance of the toroidal compo- £ — & BESS P 4 h' n
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Where N(r z) 1s the cosmic- ray dens1ty averaged over the L 10~ 10~ 10" 10" 10" 10 10

large-scale fluctuations with a characteristic scale L ~ Energy [GeV]

100 pc [3]. D, o< E™ is the diffusion coefficient, 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).

predominant at high energies (>10'°eV). The sharp



Origin of the knee? JRH, Astropart. Phys. 21 (2004) 241
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Transition to extragalactic CR component
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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).

~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 g ] B Fe
of all-particle spectrum in the WR-CR model (Figure 6). % 0 =
3
g
Particle type | C/He = 0.1 C/He=04 —i
f(x10% ergs) | f(x10% ergs) i
Proton 8.11 8.11 107 y
Helium 0.67 0.78 10° 10° 107
Carbon 2.11 x 1072 0.73 x 1072 Energy E (GeV)
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 1
Iron 5.77 x 1073 5.77 x 1077 Jorg R. Hérandel, APP 2019/20 53




Mean logarithmic mass (InA)

WR-CR (C/He=0.4) + EG scenarios
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Fig. 11. Mean logarithmic mass for the three different EG-CR models combined with the WR-CR (C/He = 0.4) model. Data

are the same as in Figure 8. Results obtained using WR-CR (C/He = 0.1) model are shown in Appendix B.
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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
e astrophysical origin of knee:
combination of maximum energy attained in sources (Supernovae)
(Hillas criterion)
and leakage from Galaxy

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