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Are we about to change some paradigms of cosmic-ray
astrophysics?
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KASCADE & KASCADE-Grande
anisotropy upper limits
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propagation
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TRACER: Energy spectra for individual elements
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TRACER: propagation of cosmic rays

Leaky-Box Propagation Parameters

» Continuity equation:

| B 1 Qi(E) N,
NiE) = Nesc(E)~T +Ai_1 : ( Bep - Z >\k—>i>

» Source Spectrum:

Q,(E) —n-E“

» Escape Path Length: » Spallation Path Length:

m

Nese(E) = CE =% + Ag M=o

Boron to Carbon ratio
Ng Ag

N_C B Nesc(E)™! —|—/\E1

A. Obermeiter et al., ICRC 2011



TRACER: propagation of cosmic rays

o | T |||||||| T |||||||| T |||||||| T |||||||| T ||||||||
2 | |
S | Leaky Box model |
O
o | ]
| % .
A \ _
10 - \%\.E ]
. | — Leaky-Box Fit \ NG -
[ | B |
A=E N \\M_
B TRACER \\ A
- | % HEAO N\ |
o CRN \\
o O ATIC \\ 1
A CREAM ‘\
= AMS-01 \\
- | | IIIIIII| | IIIIIII| | IIIIIII| | IIIIII| | IIIIIII|
102 ;
10" 1 10 102 10®° 10°

kinetic Energy [GeV/amul]
Escape Path Length:

/\esc(E) — CE—5 —|_ /\O

» Propagation index:
0 = 0.64 + 0.02.

» Residual path length:
Ao = 0.7 £0.2 g/cm?.
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TRACER: propagation of cosmic rays

o | T |||||||| T |||||||| T |||||||| T |||||||| T ||||||||
2 | |
S | Leaky Box model |
O
o | ]
| % .
A _
10 - \%\.E ]
| — Leaky-Box Fit N NG -
. NS ]
AxE \ T
B TRACER \\ A
- | % HEAO N\ |
o CRN \\
o O ATIC \\ 1
A CREAM ‘\
= AMS-01 \\
- | | IIIIIII| | IIIIIII| | IIIIIII| | IIIIII| | IIIIIII|
102 ;
10" 1 10 102 10®° 10°

kinetic Energy [GeV/amul]
Escape Path Length:

/\esc(E) — CE_5 —|_ /\0

» Propagation index:
0 = 0.64 + 0.02.

» Residual path length:
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» Diffusion Index:

0 = 0.34.
» Source index:
a = 2.34.

A. Obermeiter et al., ICRC 2011



TRACER: propagation of cosmic rays
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TRACER: propagation of cosmic rays

The Source Spectrum

» Fit to TRACER oxygen data.
» 6 =0.64, \p = 0.7 g/cm?

oxygen intensity x E>®°
o
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» Free parameter: a.
» Source spectrum: power law.

Result

» Source index:
a=237+0.12.

» Agrees with previous results.
» Model predicts spectrum at Earth
may not be a power law (Ag).

GALPROP: o — 2.34

A. Obermeiter et al., ICRC 2011



structures in
energy spectra
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CREAM: are CR spectra not single power laws?
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The light component spectrum
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The all-particle energy spectrum
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A knee-like structure in the spectrum of the
heavy component of cosmic rays
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Spectrum and X, from Tunka133
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Composition: IceCube
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Electron energy spectrum
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Electron energy spectrum
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Positron-to-Electron fraction
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Positron-to-Electron fraction
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Cosmic Ray Energy Spectra

—
o
N

-t
o
W

N

Flux d®/dE, - E,*°[m? sr s™ GeV'®]
o

—
o

Proton NN Mt Fui + GRAPES-3QGS A KASCADE QGSJET
e L ¢ HEGRA 4+ GRAPES-3SIB ¥ KASCADE SIBYLL
w
ey 4 Mt. Chacaltaya * Tibet-BD (HD) @® KASCADE SH
B ' Loey 4+ Tibet-ASy(HD) ®W EAS-TOP
~ A 4 ™ — EAS-TOP SH
- 5 u
- ® AMS i n; r
= *  ATIC-2 ) 4
- % BESS + PAMELA2011 R
B < CAPRICE 98 +  Papini |
% CREAM2011 O RUNJOB |
L o HEAT ® RICH-II A
- ¢ Ichimura w  Ryan
- vV IMAX 2 Smith
B [1 JACEE A SOKOL
L + MASS @  Zatsepin
] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIIIH Il III| L1 11111l
2 3 4 5 6 7 8
10 10 10 10 10 10 10

9
10

Energy E, [GeV]



§ N Mt. Fuii < GRAPES-3QGS A KASCADE QGSJET
t ..+ Proton N\ M Fu

> S ¢ HEGRA < GRAPES-3SIB ¥ KASCADE SIBYLL

O ey 4 Mt. Chacaltaya * Tibet-BD (HD) ® KASCADE SH

‘0 B ' Loay + Tibet-ASy (HD) H EAS-TOP

> = i o n — EAS-TOP SH
R 3 [a ow 3 . [ |

ENNE o aums PR o 3{(}\1 F
9 — % ATIC-2 ) t

o [ & BESS + PAMELA2011 &

L B & CAPRICE 98 +  Papini

o #  CREAM2011 O RUNJOB |

5102} = HEAT ® RICH-II A

=y = ¢ Ichimura w  Ryan

© -V IMAX 2 Smith

E [ O JACEE A SOKOL

L L + MASS @ Zatsepin l

10 | IIIIIII|2I IIIIIII|3I IIIIIII|4I IIIIIII|5I IIIIIII|6I IIIIIII|7 IIIII|8I L L iLlIl o
10 10 10 10 10 10 10 10
Energy E, [GeV]
Proton N\ Mt. Fuji ¢ GRAPES-3 C

F Bk ®

AMS
ATIC-2
BESS

NADDRICE OQ 1 DAanini

ot
“r

4
e
4

4+ PAMELA2011

A.o,

¢ HEGRA
<+ Mt. Chacaltaya

4 GRAPES-3 ¢
*x  Tibet-BD (HI




Cosmic Ray Energy Spectra

Flux d®/dE, - E, 22 m?sr s Gev']

—
o
N

-t
o
W

N

Flux d®/dE, - E,*°[m? sr s™ GeV'®]
o

-
o

-l
o
N

—
o

Proton N Mt Fuji % GRAPES-3QGS A KASCADE QGSJET
=L ¢ HEGRA 4 GRAPES-3SIB ¥V KASCADE SIBYLL
w
ey 4 Mt Chacaltaya *x Tibet-BD (HD) ® KASCADE SH
B @ ST IO + Tibet-ASy(HD) W EAS-TOP
B P 4 ™ — EAS-TOP SH
[ v ]
. ® AMS T O i
- x  ATIC-2 )
- o BESS + PAMELA2011 i
B < CAPRICE 98 + Papini
# CREAM2011 O  RUNJOB |
| o HEAT ® RICH-II A
= ¢ Ichimura w  Ryan
E vV IMAX % Smith
B [ JACEE A SOKOL
L + MASS & Zatsepin
| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| I IIIIIII| | IIIIIIIH L III| [ R
i NN Mt. Fuji 4 GRAPES-3QGS A KASCADE QGSJET
Hellum 4 GRAPES-3SIB ¥ KASCADE SIBYLL
*  Tibet-BD (HD)

lines:
S A Poly Gonato
© o BEss ;I;H’ ?;t{;§oa3r)t.193 |
& CAPRICE 98 + PAMELA2011 ys. 1
B % CREAM2011 +  Papini - '
| o HEAT ® RICH-II
= ¢ Ichimura O  RUNJOB
- vV  IMAX > Smith
C O JACEE A SOKOL |
|+ MASS % Webber I
| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| IIII| L 1 L1l
2 3 4 5 6 7 8 9
10 10 10 10 10 10 10 10

Energy E, [GeV]

{
{
!
‘



Cosmic Ray Energy Spectra

Flux d®/dE, - E, 22 m?sr s Gev']

—
o
N

-t
o
W

N

Flux d®/dE, - E,*°[m? sr s™ GeV'®]
o

-
o

-l
o
N

—
o

*x Tibet-BD (HD)

Proton N Mt Fuji % GRAPES-3QGS A KASCADE QGSJET
=L ¢ HEGRA 4 GRAPES-3SIB ¥V KASCADE SIBYLL
w
ey 4 Mt Chacaltaya ~ * Tibet-BD (HD) @ KASCADE SH
N @ TIRN + Tibet-ASy (HD) M EAS-TOP
L 4 - — EAS-TOP SH
| s xan m
= ® AMS EEiRira F
- % ATIC2 ) 4 ]
L He A
-~ & BESS + PAMELA2011 T
[ & CAPRICE98  + Papini TYy \\
= CREAM2011 O RUNJOB ¥ | |
o HEAT ® RICH-II "y A
= ¢ Ichimura % Ryan 3]
E vV IMAX % Smith
[ O JACEE A SOKOL i
L + MASS & Zatsepin
IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| I IIIIIII| | IIIIIIIH | L III| L1 1l
] NN Mt Fuij 4 GRAPES-3QGS A KASCADE QGSJET
Hellum 4 GRAPES-3SIB ¥ KASCADE SIBYLL

Poly Gonato
JRH, Astropart.

Phys. 19 (2003) 193 |
' N "‘

lines:
=  ® AMS
- % ATIC-2
- @ BESS
[ 4 CAPRICE98  + PAMELA2011
# CREAM2011 +  Papini

| o HEAT ® RICH-II
= ¢ Ichimura O  RUNJOB
E v IMAX & Smith
~ O JACEE A SOKOL |
4+ MASS %  Webber I

] |||||||| ] |||||||| ] |||||||| ] |||||||| ] |||||||| ] |||||||| ||||| L il

2 3 4 5 6 7 8
10 10 10 10 10 10 10

Energy E, [GeV]

/
{
l



Cosmic Ray Energy Spectra

Flux d®/dE, - E, 22 m?sr s Gev']

—
o
N

-t
o
W

N

Flux d®/dE, - E,*°[m? sr s™ GeV'®]
o

-
o

-l
o
N

—
o

*x Tibet-BD (HD)

Proton N Mt Fuji + GRAPES-3QGS A KASCADE QGSJET
ST & HEGRA %+ GRAPES-3SIB ¥ KASCADE SIBYLL
w
8 % Mt Chacaltaya * Tibet-BD (HD)  ® KASCADE SH
_ & ' IR 4+ Tibet-ASy (HD) W EAS-TOP
L - — EAS-TOP SH
— ! [ = t' + bt u
= ® AMS et | [1 T
- * ATIC-2
- o BESS + PAMELA2011 "
B < CAPRICE 98 + Papini
# CREAM2011 O RUNJOB |
L o HEAT ® RICH-II A
= ¢ Ichimura w  Ryan
- vV  IMAX < Smith
_ [0 JACEE A SOKOL
L + MASS & Zatsepin
IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| I IIIIIII| | IIIIIIIH L III| L1 1l
i NN Mt. Fuiji 4 GRAPES-3QGS A KASCADE QGSJET
Hellum 4 GRAPES-3SIB ¥ KASCADE SIBYLL

Poly Gonato
JRH, Astropart.

Phys. 19 (2003) 193
' N "‘

lines:
=  ® AMS
- % ATIC-2
- @ BESS
[ 4 CAPRICE98  + PAMELA2011
# CREAM2011 +  Papini

| o HEAT ® RICH-II
= ¢ Ichimura O  RUNJOB
E v IMAX & Smith
~ O JACEE A SOKOL |
4+ MASS %  Webber I

] |||||||| ] |||||||| ] |||||||| ] |||||||| ] |||||||| ] |||||||| ||||| L il

2 3 4 6 7 8
10 10 10 10 10 10

Energy E, [GeV]

/
!
t



21 -l
§ NI

Flux 4 F(, GV em™

20 -1
B A

R, GV em

2
n

Flux

Flux pz'TF(p). GV em s s

111 Reference

= Calculation R
O CREAM
a  ATIC-2
, © PAMELA

1 11 1)
Rigidity p, GV

= (" alculation B

O CREAM
4 ATIC-2Z
| © PAMELA

1 10 i3 10’ 10 1w’

Rigidity p, GV Local LE

Rpagalactib+Local

alactic

AR ey g
S
2t g bt
P
3 docal p
s
H
o Lt ., L]
" P it R e e
G5
&
&

o g
APl
& \ :
= ™~gGalactic He
: ‘/i/mc—al He
wraa, <
ot fe,oz

e Caleulation L

YHe=Galactic+local

- w oz O CREAM

oo i & ATIC-2

-l i , © PAMELA
1 10 13 i w' "

Rigidity p, GV

2

w' 10

Injection

10

m— Calculation [
O CREAM
4 ATIC-Z
e PﬁMELA \

Flux p*"Fip), GV em™ s

1 10 10 10’ 10t

Local HE Rigidity p, GV

Rpegalactib+Local

0’

z 1
T
fll

g

7 -

= §  vmescalacuic — Sl
= 3 T T e A _

o 5 SRR R

S - Ml

= 5 e = -

m ot Galactic He./
:__Ll'-. 10 lacal He s
fl_. g : .

n 5 » e Cyleulation H

4

=2

s 5

:Y o CREAM
I5a ATIC2
¥ @ PAMELA

0 ' w

Rigidity p, GV

‘P and He spectra 1n-;:_
dlfferent scenarlos '

<> All scenarlos are tuned
_to the data, except the : "
.jReference scenarlo S

Scenanos L and H the
‘local source

fer component g s

~ calculated by the '
- subtraction of the
e _,;,propagated Galactic

_.ispectrum from the data

_The local source is

~ assumed to be close to
_us, sono propagat1on H

: only pr1mary CR
g ﬁ”spec1es '

Moskalenko et al., ICRC 2011



—
o
N

* & oo oK

-
o
w

#*
*

s
¥

-l
o
N

Flux d®/dE, - E,*° [m? s 57 GeV'®]
T TTT %IE

C 0,

ATIC-2C O
CREAMC O
CRNC O
TRACER CO
HEAO-3C O

CNO

< GRAPES-3 QGS
- GRAPES-3 SIB

> O O
o B «»

\
I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I III| | 1 1 1Ill

KASCADE QGSJET
KASCADE SIBYLL
EAS-TOP
KASCADE-Grande

\ |
\ o
\ |

-
o

Cosmic Ray Energy Spectra

2
10

10° 10°
Energy E, [GeV]

lines: !

Poly Gonato
JRH, Astropart.

Phys. 19 (2003) 193 |
ys. 19 (2003) ,



Flux d®/dE, - E,*° [m? s 57 GeV'®]
B S S S

-
o

—
o

Cosmic Ray Energy Spectra
Flux d®/dE, - E, *°[m? sr s GeV'’]

—
o

N

w

N

N

2
10

3

10

4
10

5
10

6
10

108
Energy E, [GeV]

9
10

C,0, » GRAPES-3QGS A KASCADE QGSJET
= * ATIC-2C O CNO <+ GRAPES-3 SIB ¥ KASCADE SIBYLL
— % CREAMC O [0 JACEE B EAS-TOP
— == CRNC @) O  RUNJOB
Y ;
-~ ¢ TRACERCO A SOKOL ] KASCADE-Grande
B * HEAO-3C O + ‘
= ASA 4 qﬂL % if:,'
: T T AT e T
= X% x It e & 4 L -+ T Ty
N * * bk R ' o
B ES t 4 5 b # - Al my |
, ¢ G vy f | oA
L« t* i A | 1 q
o $ . A1
A A N [ J
iﬁg{ | l ....
© CNO L
| \ |
L N ®
B . |
| |||||||| | |||||||| | |||||||| L 1 LIl L 1 11 |||| [ ||||||| L1 11 |||| L L1111l
Vv Juliusson <+ GRAPES-3QGS A KASCADE QGSJET
= *  ATIC-2 % Minagawa <+ GRAPES-3 SIB ¥ KASCADE SIBYLL
- % CREAM O RUNJOB & HESS QGS B EAS-TOP
— = CRN A SOKOL
[ ) -
L % HEAO-3 & TRACERO3 ¢ HESS SIB KASCADE-Grande
B % Hareyama <> TRACERO06 .
| 0 Ichimura lines: ‘
- O JACEE
- IAC Poly Gonato |
= JRH, Astropart.
B Phys. 19 (2003) 193
i | yS. L ( ‘)""'d
-
| |||||||| | |||||||| | |||||||| L 1 LIl | ||||||"-|' |‘|||||||| | |||||||| L 1 1111l



0 . Iron  Juliusson %+ GRAPES-3QGS A KASCADE QGSJET
210 &« amce % Minagawa < GRAPES-3SIB V¥ KASCADE SIBYLL

O - % CREAM O RUNJOB & HESS QGS WM EAS-TOP
i — = CRN A SOKOL

n ° -
- L % HEAO-3 4 TRACERO3 ¢ HESS SIB | KASCADE-Grande

7 B % Hareyama < TRACERO06 n
o 03l o ronmua S acceleration (SNR)
£ = O JACEE Vol 4. A _ o
0 - RS B o=y Fla | s oy ; ;
(aV} ~

o B Avy'YY |

L B

gl

RS 102 — - --- Berezhko

=y - & - - - - - Kobayakawa

o) - Stanev A

< — Sveshnikova |

= ~ Poly Gonato ’ J{ ’

m | ofe

10 ool vl vl il ||||||1|1L |L‘|||||l| BRI AETT RN
2 3 4 5 6 7 8 9
10 10 10 10 10 10 10 10

Energy E, [GeV]

overview on

models:

JRH, Astropart.
Phys. 21 (2004) 241
JRH, Adyv. Space
Res. 41 (2008) 442 ‘
R

Comparison to models (Fe group)



Comparison to models (Fe group)

0 . Iron  Juliusson %+ GRAPES-3QGS A KASCADE QGSJET
210 =« aTC2 % Minagawa < GRAPES-3SIB V¥ KASCADE SIBYLL
O - % CREAM O RUNJOB & HESS QGS WM EAS-TOP
\ - %= CRN A SOKOL
%) Y }
- - % HEAO-3 & TRACERO3 ¢ HESS SIB KASCADE-Grande
7 B & Hareyama < TRACERO06 =
o 3| ¢ Ichimura S accelerathn (SN R)
ENE 0 Jacee ' .
L0 — Sy
a — 220 ALSE
o
% B
IJJO 2 +
K 10 © = - --- Berezhko
=y - & - - - - - Kobayakawa
o - e Stanev
o — Sveshnikova
E B Poly Gonato o+ ’
10 | |||||||| | |||||||| | |||||||| L 1 1111l | ||||||1|'1‘ IJQIAHIIII' |||||||| L1 111l
i A Iron v Juliusson 4+ GRAPES-3QGS A KASCADE QGSJET
210" = % aTic2 % Minagawa 4 GRAPES-3SIB ¥V KASCADE SIBYLL
O - % CREAM O RUNJOB & HESS QGS B EAS-TOP
' I (I-:IEEO , i 'SI'IS%):(C))IE_R o & HESS SIB ® KASCADE-Grande
- A - L]
7 B & Hareyama ¢ TRACERO06 -
" .
0%l ¢ lehimure Ao propagation
& -
o
LIJ B " ey
. N | :
LU 2 +/ 4
g 107 = ¢ Hoérandel & Kalmykov ®
. ---- Ogio A
o overview on Roulet A | i WL A
S - - - Volk
T mOde|S: Poly Gonato }L .’.
JRH, Astropart. { { l ‘A
Phys.21(2004)241 | ||||||||3| ||||||||4| L 1111l 5| ||||||| 6|’*'IIIIIH|7 |||||||| 8| L1111l o
ALLEL A1 B2 10 10 10 10 10 10 10

Res. 41 (2008) 442 )
R

Energy E, [GeV]



$ %
2 E
=3 O
1, N
MiNes©
"-"'- [TTTT | T T T T TTT I| T T T T TTTT T T T T T TTT T T 1]
g C ]
© [ electrons i
E L _
AP
- 10° i, —
L - -
- - ]
w B %—
P b 4
s - Op » PAMELA 2 {’ _
& HEAT94+95
10 |0 4 O  AMS |
v L ] CAPRICE94 =
= [ ] MASS91 -
- & A ATIC -
I~ E 3 Kobayashi 7]
B 5 BETS .
f o] Fermi .
4 HESS
b 1111 | 1 1 1 | I | | 1 1 1 | I | | 1 1 1 L1111 | 1 1 1 1
S5 01 2 34 10 20 100 20 10002000
Energy (GeV)
& . C,0,CNO 4 GRAPES-3QGS A KASCADE QGSJET
210" = % aTic2c O CNO 4 GRAPES-3SIB ¥V KASCADE SIBYLL
[0} E % CREAMC O O JACEE B EAS-TOP
- T & CGRNC O O RUNJOB
= -~ 4 TRACERCO A SOKOL ® KASCADE-Grande
5 B * HEAO-3C O )r ‘
2oL , 1 4
EW0E e g, AR yo © L *ﬁ »
- E " e d ST AT Yy
o C *x * ¥ :*: s = L1y Y )
o N * bt e o |ty \
o L T ¥ Nlﬂ'ﬂ
o S
g102 ! RIS
% & A s %,
> F CNO 3 ;
z [ S !
10 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| L 111 III| L1 IIIIII| 111 III| \\I Ll
10° 10° 10* 10° 10° 10’ 10° 10°
Energy E, [GeV]

Jorg R. Horandel
Radboud University Nijmegen

28-29 October 2011

—_
o

-
o
w

-
o
N

Flux d®/dE, - E, >° [m?sr” s GeV'”]

—_ A
o O

_
o
W

N

Flux d/dE, - E,*° [m? s s GeV'®]
o

N
o

Vv
—
o

N

Flux d®/dE, - E, >° [m?sr' s GeV'
3 3
n w

-
o

University of Wisconsin Pyle Center

The Elemental Composition of Galactic Cosmic Rays

Proton

N M. Fuiji
& HEGRA

< Mt. Chacaltaya

-

4+ GRAPES-3 QGS
4 GRAPES-3 SIB
*  Tibet-BD (HD)
+ Tibet-ASy (HD)

A
v
[ ]
u

KASCADE QGSJET
KASCADE SIBYLL
KASCADE SH
EAS-TOP
EAS-TOP SH

 GRAPES-3 SIB
% Tibet-BD (HD)

E  ® AMS e i LL o
% ATIC-2 y t
C o BESS + PAMELA2011 A pro Ons
B < CAPRICE 98 +  Papini
# CREAM2011 O RUNJOB l
L & HEAT @ RICH-II
E ¢ Ichimura “* Ryan
-V IMAX £ Smith
B O JACEE A SOKOL
L + MASS & Zatsepin l
L IIIIIII| L IIIIIII| L IIIIIII| L IIIIIII| IIIIIII| L IIIIIII” Ll III| Lot
Helium NN Mt. Fuji + GRAPES-3QGS A KASCADE QGSJET

¥ KASCADE SIBYLL

helium

E ® AMS i
- * ATIC-2 |
- & BESS $+ ‘
B & CAPRICE 98 4+ PAMELA2011 v T

= CREAM2011 +  Papini
L = HEAT @ RICH-II
E ¢ Ichimura O RUNJOB
E VvV IMAX < Smith \
- O JACEE A SOKOL
L + MASS #  Webber

| IIIIIII| | IIIIIII| | IIIIIII| L1 Ll | IIIIIII| | IIIIIII| I IIII| L
fron v Juliusson ~ 4 GRAPES-3QGS & KASCADETQGSJET -

E- x ATIC-2 #  Minagawa ++ GRAPES-3SIB V¥ KASCADE SIBYLL
= ;!; 8REAM 2 RUNJOB ¢ HESS QGS B EAS-TOP
- RN SOKOL
L % HEACS + TRAGEROS & HESSSIB ® KASCADE-Grande
I % Hareyama < TRACERO06

¢ Ichimura

0O JACEE

iron

ol

AT

|’|‘||ulu| Lol

3

10° 10

5

10? 10

10°

10’

10° 10°
Energy E, [GeV]

http://particle.astro.ru.nl



