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The puzzle of ultrahigh energy cosmic rays
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Energies that cannot be reproduced on Earth!

Universe thru different eyes
What source(s)? Physical mechanisms?



Why is it so difficult?

Astrophysical issues:

© UHECRs are charged particles and the Universe is magnetized
© Physics of powerful astrophysical objects is not known in detail

Particle Physics issues:

ultrahigh energies that cannot be reproduced on Earth (E ~ 2x10%0 V)
shower development (hadronic interactions) still unknown




Since 1990 in ultrahigh energy cosmic rays
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Since 1990 in ultrahigh energy cosmic rays
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What observational information do we have?

— energy spectrum

ol arrival directions in the sky
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What observational information do we have?

energy spectrum arrival directions in the sky
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Crucial information from the energy spectrum
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Crucial information from the energy spectrum
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Crucial information from the energy spectrum

UHECR energy budget [@E=10"7 eV]:
o Evuecrn ~ 0.5x1 044 erg [\/\pC'3 yr'1
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Crucial information from the energy spectrum

UHECR energy budget [@E=10"7 eV]:
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Funecr > 1029 eV: first selection of sources
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Crucial information from the energy spectrum
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Crucial information from the energy spectrum

E? dN/dE [eV m™% 57! sr7']
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Galactic/extragalactic transition?
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Galactic/extragalactic transition?
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Galactic/extragalactic transition?
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Galactic/extragalactic transition?
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Galactic/extragalactic transition?

E? dN/dE [eV m™% s7' sr7]

1 1 I 1 I 1 1 1 I 1 1 1 I 1
KK & Olinto 11, data collected by R. Engel
10" —
A HiRes |
i, knee A HiRes |
+++++~3‘~?’-... ® Auger (2010)
10" -
source injection: power law in E with a=[2, 2.6]

\ 4
\ AGN I

10°

10°

--> /xE
10* -
‘@lli]  pulsars
- LHC (p—p) /
extragalactic
102 L | S T
12 14 16 18 20

log E [eV]



Galactic/extragalactic transition?

A HiRes |
A HiRes I
® Auger (2010)

source injection: power law in E with a=[2, 2.6]

AGN

‘@lli]  pulsars

extragalactic
| I

1 1 1 I 1 1 1 I 1 1 1
KK & Olinto 11, data collected by R. Engel
1 012 |
'.i_
-~ _+m+++++y knee
TL 10 | "
= 10
" v
n B y
IE 10°
>
lgl -
L)
61
J 10
Z --> /xE
O n
L
10*
i LHC (p—p)
1 02 1 1 1 | 1 1 1 | 1 J/ 1
12 14 16
log E [eV]

18 20



Galactic/extragalactic transition?

A HiRes |
A HiRes I
® Auger (2010)

source injection: power law in E with a=[2, 2.6]

AGN

%

‘@lli]  pulsars

extragalactic
| I

1 1 1 I 1 1 1 I 1 1 1
KK & Olinto 11, data collected by R. Engel
10"
"
_ _‘*‘m‘*‘—}—_*_ +—|—~y k nee
TL 10 | "
= 10
" v
n B w
IE 10°
>
lgl -
L)
61
J 10
Z
O n
L
10*
i LHC (p—p)
1 02 1 1 1 | 1 1 1 | 1 J/ 1
12 14 16
log E [eV]

18 20



Galactic/extragalactic transition?

A HiRes |
A HiRes I
® Auger (2010)

source injection: power law in E with a=[2, 2.6]

AGN

%

‘@lli]  pulsars

extragalactic
| I

1 1 1 I 1 1 1 I 1 1 1
KK & Olinto 11, data collected by R. Engel
10"
"
_ _‘*‘m‘*‘—}—_*_ +—|—~y k nee
TL 10 | "
= 10
" v
n B w
IE 10°
>
lgl -
L)
61
J 10
Z
O n
L
10*
i LHC (p—p)
1 02 1 1 1 | 1 1 1 | 1 J/ 1
12 14 16
log E [eV]

18 20



What observational information do we have?

— energy spectrum

ol arrival directions in the sky
F— A HiRes | E—
(b, A HiRes |l -
— ™ ® Auger (2010)
s 10" -
T
(2]
B sl |
g 10 - ATIC
> % PROTON
2 + RUNJOB
% 108 B\ -
~ * Tibet ASq (SIBYLL 2.1) Bia
= i = KASCADE (QGSJET 01) Boy |
o o KASCADE (SYBILL 2.1) g
L 4 ¢ KASCADE—-Grande (2009)
0t § -
- LHC (p-p) + H 1
102 I U \|/ R R 1

12 14 16 18 20
log E [eV]
w *
chemical composition

i proton

(03]
o
o

other messengers:
secondary gamma-rays,
neutrinos

NKema> [g/em?]
~
(o)
o

~
o
o

650 F

(SN O o))
o O O o
1 1

o o

E [eV]




What observational information do we have?

— energy spectrum

ol arrival directions in the sky
A HRes |
(b, A HiRes |l _
— ™ ® Auger (2010)
s 10" —
T
(]
b sl |
g 10 + ATIC
> % PROTON
2 + RUNJOB
% 108 R -
~ * Tibet ASq (SIBYLL 2.1) Bia
= i = KASCADE (QGSJET O1) by |
o o KASCADE (SYBILL 2.1) g
L 4 ¢ KASCADE—-Grande (2009)
0t § -
i LHC (p—p) + H 1
102 M RN R ¢ P R 1 I 1

12 14 16 18 20
log E [eV]

850 F

(03]
o
o

other messengers:
secondary gamma-rays,
neutrinos

K> [g/em?]
~
(o)
o

~
o
o

650 F

a o
o O O
1

N WD
o O

RA ’(Xmax) [g/cmz]

OO
T




Puzzling composition measurements at UHE

T. Pierog (KIT), MACROS workshop, IAP Nov. 2013

PAO vs TA after LHC
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Clearer composition measurements at 10'>-19 eV

Kampert & Unger 2012
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Arrival directions in the sky & magnetic fields
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poorly known (no observation)
upper limits: B Icon'’? < 1-10 nG Mpc'/2
simulations --> complex and contradictory

Beck 08, Vallée 04, Dolag et al. 05, Sigl et
al. 05, Ryu et al. 98, Donnert et al. 09...

Propagation of UHECR
in extragalactic magnetic fields?

complicated because B not known
standard B lead to low proton deflections

e.g., Dolag et al. 05, Sigl et al. 05, Ryu et al.
98, Takami & Sato 08, KK & Lemoine 08a,
KK & Lemoine 08b

+ Galactic magnetic fields...
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Arrival directions in the sky seen by Auger
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Pulsar properties
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SN envelope = dense baryonic background
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Collateral good news: spectrum, composition! Fang, KK, Olinto 2012
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A scenario that fits UHECR Auger data (rare) Fang, KK, Olinto 2012
Fang, KK, Olinto, 2013
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Contribution of all Galactic+extragactic pulsars?

contribution to cosmic rays?

Fang, KK, Olinto, 2013
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Contribution of all Galactic+extragactic pulsars?
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Ultrahigh energy neutrinos from the pulsar model

Fang, KK, Murase, Olinto, in prep.
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Signatures in supernova lightcurves

related works
Gaffet et al. 77: can a pulsar power the SN?
McCray et al. 1987: X-ray emission from SN1987A?

KK, Phinney, Olinto 2013
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Thermal/non-thermal radiation
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Pulsars as sources of High and Ultrahigh Energy CR?

Surprisingly promising candidate: pulsars
acceleration? Lemoine, KK, Pétri, in prep.

successful escape from acceleration region and source

Fang, KK, Olinto 2012
good adequacy with UHECR observables ang to

Galactic+extragalactic pulsar populations ---> explain cosmic rays from 10'” eV to UHE
Fang, KK, Olinto 2013
signatures: UHE neutrinos! Fang, KK, Murase, Olinto, in prep.

signatures if birth in our Local Group
look for signatures in SN light curves @ few months-years after explosion  kk, phinney, Olinto 2013

UHECR data to improve

more statistics for anisotropy signatures (transient/steady sources)
more statistics for shape of energy spectrum at highest E

more statistics for chemical composition at highest E

shower development, parameters for hadronic interactions

Kumiko Kotera - LPNHE - 16/01/14
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