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CR Observations and the transition GCR-EGCR

In Cosmic Rays physics
we can study sources,
production mechanisms
and the physics of
propagation only through
three basic observables

‘/Spectrum

‘/Anisotropy

v Mass composition

v The all particle
spectrum is a broken
power law with few
structures: knee,
second knee, ankle,

strong suppression at
UHE.

E2dN/dE  (GeV cmsr's™)

1 1 1

ALL PARTICLE SPECTRUM

Grigorov
0 Akeno .
10Y | protons only MSU +—&— _
= KASCADE =
R Tibet
Yo, + KASCADE-Grande +—e—
o, + all-particle Pl A S
a " s f—
- - < b v { -
10 electrons ¢ Auger2013 &
Model H4a —
i CREAM all particle
positrons
10 F N, .
\.\
10 | antiprotons .
Il KNEE
108 | .
Fixed target
'gﬂ?é TEVATRON
l l l LHC
10-10 1 1 1 l 1 1
10° 10° 10* 10°® 108 10'°

E (GeV /particle)

1012



Ultra High Energy Cosmic Rays — Spectrum
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Ultra High Energy Cosmic Rays — Anisotropy

v Large scale anisotropy: dipole E>8 EeV (5.20) Extragalactic origin
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v Intermediate anisotropy: E>38 EeV (3.80) Hints of sources (Starburst, AGN)
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Galactic CR: knees and acceleration
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v/ The knee as a signature of a rigidity
dependent acceleration

v/ The all particle spectrum is the result of
the sum of the spectra of different
species, with a cut-off energy rigidity

dependent
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J.R. Horandel et al. (2003)

v Maximum energy of accelerated protons
(need for “Pevatron” sources)

ES 2 1PeV




v/ Diffusion of charged particles back and forth
through the shock leads to

AE ~ E(4/3)(U;, — Us)/c

v/ Particles are accelerated to a power law
spectrum Q(E) x E~7

v’ The slope of the spectrum depends only on
the shock compression factor, in the case of
strong shock (M>>1) Q~E~2.

v The maximum acceleration energy depends
only on diffusion in the shock region. The
ISM magnetic turbulence (as it follows from
B/C observation) is too low (providing only
CR at GeV energy). It is needed additional
turbulence to reach E,,, ~10°-10° GeV.

Diffusive Shock Acceleration

RXJ-1713, X and gamma
Tycho, X

17h15m

X-rays observations

Typical size of the observed filaments ~ 102 parsec

Az %/ D(Emaz)Tioss(Emaz) = 0.04 Bygy” pe

Comparison with the observed thickness
leads to a B-field estimate

B ~ O(100:G)




The case of Tycho

v/ SNIa exploded in roughly homogeneous ISM
(regular spherical shape)

v From X-ray observations B~300 nG

v/ Maximum energy protons E,_,,~500 TeV

Steep spectrum hard to explain with
leptonic emission
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v Leptonic emission. ICS of relativistic electrons
on photon background has a flatter spectrum

respect to CR: E-0"1)2

v/ Hadronic emission. pp—n’—Yyy conserves the
same spectrum of CR: E

v Important experimental confirmation of the
credibility level of theories based on DSA.
Space resolved gamma ray observations would

test different theoretical hypothesis.




Escape of CR from accelerator — max1mum energy g
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Galactic Cosmic Rays — The knee structure

P+HE SPECTRUM (YACI1-Tibet)

2

— IS | 1 I R O 1 B B 11 B S R AR 110 - _||||||||||||||||||||||||||||||||||||||||||||_
Lk 1 &
£ eIl Proton+Helium 7] %
S .u}' 3., $44 5 1 20
o l; L B G TR SURSSROE R - . T el el S
. N ;$§ , r - T~ |7
> 1. P .
- —&— ATIC1 4+ ¥'e.g R z = - 'ARGO-YBJ G4 ® AreovEIGT
g -¥— ATIC2 ; g 25 | g 5 ARGO-YBJ Bayes-G4 A ARGO-YBJ Bayes-G1
R L—| A ARGO-YBJWFCTA (p+He) 4 ARGO-YBJstip (p + He)
1T} —*~ RUNJOB I - A E 10 Ei] W Tivetin (@GSUET-) zoos O TibetIII(SIBVLi)ZOOB
e 1 03 — CREAM3 ® B9 y - KASCADE (QGSJET-1)) 2005 KASGADE (SIBYLL) 2005
; C KASCADE(QGSJET s - ] % Tunka2s2013 ¢ Tunka1332012
- ] .| % oicea000 YV lcetop2013
v — - 1K..?)StCEA CD (z((s;ISBJYEI:rI;) % v KASCADE-Grande 2012 A EAS-F')I'op1999
X - ibet- [ A BLANCA 2001 CASA-MIA 1999
0 ~=- Tibet-EC(SIBYLL) g RUNJOB V  JAcEE
Sy [ o Thiswork (SIBYLL21+HD) 0| o e d momecn
" —. € -1 Tibet p + He)
B ¥— This work (SIBYLL2.1+NLA) -] & creaMps ke 20ns = = Horandel (p+ He) 2003
—o— This work (QGSJET2+HD) . E:e':";ez‘(ff:e)\fooa Horandel (All particle) 2003 o’
— H | ..] = = Gaisseretal. 2013 (p + He) Gaisser et al. 2013 (p+He+Fe+CNO) [
- 1::: work 2233&’?.?5?.53} B WUUUR OO SO OSSN
—+— This work (QGSJETII-04+HD) _ : : : : : : : |
covndl vl vl v e b Lo b Lo L Lo b u L1 1l

102 IIIIIIIII
102 10° 10° 10° 10‘:E 107G \;08
J. Huang (2013) nergy (GeV)

0.5 1 1.5 2 2.5 3 3.5 4

All particle and light components (Argo-YBJ)

45 5
Logw(E/TeV)
I. De Mitri, A. D’Amone, L. Perrone, A. Surdo (2016)

YACI1-Tibet and Argo-YBJ

v Knee in the all particle spectrum ~ 2 PeV

v/ Knee in the light component ~ 0.1 PeV




Kascade and Kascade-Grande

10 Kascade and Kascade -Grande

[ GAMMA (J.Phys.G35(2008)115201)
TUNKA (ICRC-Beijing(2011))

IceTop (2012-arXiv:1202.3039v1)
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v Knee in the heavy
component ~ 80 PeV

v ”Recovery” in the light
component ~ 100 PeV
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v The position of the p+He
knee is not clearly
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Ultra High Energy Cosmic Rays — Composition

E[eV] 5

1018
|

Mixed Composition

850 J + data * Ostat

At the lowest energies
log(E/eV)=17.5 an
increasing light component
till log(E/eV)=18.5, with

_ =+ syst.

g increasing energy the
% composition turns heavier.
% 600_.//- / sed — E:Oi-ngc 10_3 Uncertalntles due tO the
g e - Nl e hadronic interaction model
‘C_‘S 17.0 17.5 18.0 18.5 19.0 19.5 20.0 17.0 17.5 18.0 18.5 19.0 19.5 20.0
S Ig(E/eV) Ig(E/eV) assumed.
q:)[) EPOS-LHC QGSJETII 04 SIBYLL 2.3c
é 4 Ao isyst .............. +dataiostat ..............................................................................................................................................................
3 + TR IR TR TSR TR CE R TR IR NI RNy AS N
-~ ty H’
<_é 2 " t booue eet?
U F— ’...'...' ......................... o;*’ {+ ........................ S ?..‘..'....'.5.....?..’. ................................ He
1 + . . 4 ’*}
v .‘0... ..0’
‘000”
0. ............................................................................................................................................................................................................................................. p
4.
3.
3 “ihhm \ L
o 0++=+pure composition: ===« l}+}+ l I { ........ jj+l*++f{iu-{ ...... ’.‘ ............................... *+*+f{{ .{..+...
amiin

170 17.5 18.0 185 19.0 195 20.0 17.0 17.5 18.0 185 19.0 19.5 20.0 17.0 17.5 18.0 185 19.0 19.5 20.0
Ig(E/eV)



Caveats on UHE nuclei

Composition

It 1s impossible to observe at the Earth
a pure heavy nuclei spectrum, even if
sources inject only heavy nuclei of a
fixed specie at the Earth we will
observe all secondaries (protons too)
produced by photo-disintegration.

Critical Lorentz factor

The critical Lorentz factor fixes the
scale at which photo-disintegration
becomes relevant, for heavy nuclei
it is almost independent of the
nuclei specie
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E3 J(E) (arb. norm.)

E3 J(E) (arb. norm.)

Injection of nuclei: flat vs steep

The combined effect of nuclei energy losses, mainly photo-disintegration, and injection
implies that a steep injection increases the low energy weight of the mass composition
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What we can learn from Auger data
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Auger chemical composition can be
reproduced only assuming a very flat
injection of primary nuclei
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Extra Galactic Nuclei and Galactic light elements
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gal An additional galactic component can
fill the gap in the spectrum.

Composition issue. Mixture of 80% p

and 20% He to reproduce Auger
observations. Difficult to reconcile
with DSA acceleration and anisotropy
observations.




Different Classes of Extra Galactic Sources
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v light component steep injection (y,>2.5)
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The Kascade-Grande observations seem to
confirm the presence of an extragalactic

light component with a steep injection
spectrum.




Conclusions
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Transition at the ankle

v Galactic light component between
0.1 EeV<E<1 EeV.

v/ Difficult to reconcile with anisotropy
and mass composition observations.

v/ New kind of galactic very high
energy sources. Not compatible with
the standard model of DSA.
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v/ Different injection  light/heavy
(steep/flat) (Two  classes  of
extragalactic sources and/or
specific dynamics at the source).

v Compatible with Kascade-Grande
observations.

v Not t0o demanding respect to the
standard model of DSA.



