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Accelerators

Challenging

to reach 1020 eV

LHC magnetic field,

radius ~ 107 km (Sun - Mercury)

or 10 GT fields!
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“Known unknown’

Cosmic Magnetic Fields
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Cosmic Magnetic Fields
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“Known unknown’

Cosmic Magnetic Fields
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High Energy Cosmic Rays
OBSERVABLES:
Spectrum

Composition
Sky Distribution
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Above the Knee...
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LHC tests of Hadronic Models
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"Cosmologically Meaningful Termination”

1 020 e

—

—

GZK Cutoff

Greisen, Zatsepin, Kuzmin
1966



Greisen-Zatsepin-Kuzmin cutoff
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Last Century’s question:
GZK or No GZK?
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Cosmic Ray Flux x E3 - High Resolution Fly's Eye
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High Resolution Fly’s Eye
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Cosmogenic (GZK) Neutrinos & Photons
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Ultrahigh Energy Cosmic Rays

Telescope Array
Utah, USA _’
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‘.u'«i’é’ e Pierre Auger
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#3000 km? array
4 fluorescence sites



Argentina
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The Pierre Auger
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surface detector
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Telescope Array
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Telescope Array SD spectrum
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- Transition Gal/Extragal model
- Source evolution: FRII, SFR, uniform

dip proton FRII evol., s=2
- dip proton, SFR evol., s=2.5 .
Galactic mix, SFR evol, s=2.1
pure iron, SFR evol., s=2.0
1023 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1
18.0 18.5 19.0 19. 5 20.0 20.5

log E [eV] Kotera, AO 2011



High Energy Cosmic Rays
OBSERVABLES:
Spectrum

Composition
Sky Distribution



CR arrival directions
E < 6 10 eV

Isotropic!




“Known unknown’

Cosmic Magnetic Fields

— -1 -1
R, = kpc Z-1 (E / EeV) B / G 1 £ v _ 1018 ey *

R, = Mpc Z-1 (E / EeV) (B / nG)-1 v
Extra-galactic B? %

B < nG " weak deflection

E > 10VYeV

Galactic B deflection
<< 10°Z (40 EeV/E)

anisotropic in sky




“Known unknown’

Cosmic Magnetic Fields

— -1 -1 -
R = kpe Z'1 (E / EeV) B/ uG)™ | oy - 1018 eV *

R, = Mpc Z-1 (E / EeV) (B / nG)-1 %
Extra-galactic B? %

B < nG " weak deflection

E > 10VYeV

Galactic B deflection
<< 10°Z (40 EeV/E)

anisotropic in sky




“Known unknown’

Cosmic Magnetic Fields

_ -1 -1
R =kpcZ (E/ EeV) (B /uG)t EeV = 1018 eV

R, =MpcZ!(E/EeV) (B /nG)t! 'y

Extra-galactic B?

B < nG weak deflection

E > 10V

Galactic B deflection
<< 10°Z (40 EeV/E)

anisotropic in sky



Galactic N\ag\ne’ric Field:

Rotation

easures

Pshirkov et al, arXiv:1103.0814



Large Scale Structure Simulations with Magnetic Flelds -
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Expected angular deflection (degrees)
for protons E > 6 10! eV (PSCz catalog)

Kotera & Lemoine’08; Kotera & A.O. ‘11



GZK Effect

= Spectral Feature

+ LSS
= Anisotropic Sky Distribution
E > 60 EeV



GZK Horizo
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Horizons:

10" eV .1 Gpc

100 Mpc @

102° eV < 100’ Mpc



Inhomogeneous

2MASS - Two Micron All Sky Survey



Pierre Auger:

consistent with
Anisotropy

AGN catalog test
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68% CL 1 |
. 28/84 events correlate 95% CL
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8 0.8 data ——e—
D - (33 + 5)% correlation vs. 21% expected from isotropy
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Pierre Auger:

consistent with
Anisotropy

AGN catalog test

,. SRy p——
09 28/84 events correlate 95% CL J
' 99.7% CL
8 08 | daia ——e—
g 7 - (33 + 5)% correlation vs. 21% expected from isotropy
v P=0.006
o 06 4
2 05 e
-
g 04 W
—
8 03
R 12 out of 15 events (3.2 expected)
7 prescription
. | | | 8 out of 13 (2.8 expected)
0 10 20 % passed 99% isotropy rejection: 36

Number of event



Pierre Auger:

consistent with
Anisotropy

AGN catalog test

1

. 28/84 events correlate g — J
' 99.7% CL

8 0.8 | data ——e—
g 7 - (33 + 5)% correlation vs. 21% expected from isotropy
@ ' P=0.006
H o 06
2 05
ol
s 04
—
8 03
B
9 o

>l TELESCOPE ARRAY: 8/20 - 40% with 24% expected from isotropy

0
Number of events (excluding exploratorv scan)



Pierre Auger : consistent with LSS
Density Maps 2MRS Anisotropy

Cross-correlation d<200 Mpc

68% isotropic 1
95% isotropic

2MRS 99.7% Isotropic

data —e—

Relative excess of pairs

(Astropart. P. 34 (2010) 314) h 0 15 20 2

Separation angle (degrees)
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Number of events
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Centaurus A

| |
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Separating Populations - 1,000 events

D = 0 joypc, 7—‘\ 80 [ Correlation | | |

102 events
above 60 EeV
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At current rate ~ 30 events/yr
with E>60 EeV

need over 30 years!



High Energy Cosmic Rays
OBSERVABLES:
Spectrum

Composition
Sky Distribution



Composition

observable:
shower maximum

Ne - Auger level
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Composition observable:

shower maximum
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Composition observable:

shower maximum
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Auger Composition
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Telescope Array Composition
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GZK Horizon

] I 1 I I I

E > 100 EeV
E > 60 EeV
E > 40 EeV — — —

(]
A\
Q
O
-
O
4
R
O
&
O
—
(-
n
>
O
| -
R
&
(7))
O
QO
——
O
C
RS,
s
Q
O
-
Y—




Heavy Composition at UHEs

Sources are very Iron rich: 4x Fe Galactic CRs!
and have low E_ _ (protons) < E

Mixed Composition (at sources)
E .=<x10 P eV
B =2.00
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My Favorite Model:

Birth of fast spinning Pulsars
Newborn Pulsar with:  B; = 10”B,; G and Q. = /3000 rad s*

At the light cylinder: R, = 107Q3}! cm

Magnetic wind can accelerate particles up to E

max’

where /.. = 7126

_ Ze B\ R,

max

= 8 X loz(V)Z:anQ.:u eV,
C
Plasma n the WINU 1w \JULUr ELUri=-J uLLUrL uernsiLy. Ny = 17 x IOIIBISQ-;L_/Z C111_3

Crab Pulsar wind E..= B../8mng;

E. =4 x 10*°Z,.B,,02 eV

Maximum Energy? ¢/
Blasi, Epstein, AVO ‘00



My Favorite Model:

Birth of fast spinning Pulsars
Newborn Pulsar with:  B; = 10”B,; G and Q. = /3000 rad s*

At the light cylinder: R, = 1079;k1 cm Z.,. = 7126
ch = 4 X IOZOZQ(,BBQ%]( eV Maximum EIlCI'gY? v
Spectrum?

Spin down 1n a year:

V&
Q%f — l3k1 -
(1) 1 +1,B55Q5,

The predicted UHECR flux at the Earth 1s

£eQ
T:RlzBlsEzozze

GeV 'em 2 st

F(E)=10"*

: 1
Spectrum 1s too hard ~ E Blasi, Epstein, AVO



But Pulsars are born in Supernovae!

- the escape from SN
remnant

" softens the spectrum
and selects heavy

" elements above
10 EeV!l




Escape from Supernova Remnant:
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Escape from Supernova Remnan’r
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Escape from Supernova Remnant:
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Heavy Composition

Unexpected Astrophysics:

Sources are very Iron rich |young
?
and have low E__ pulsars’

Very Bad News for Neutrino Detectors

Interesting Particle Physics:

Hadronic Models do not represent
well UHE interactions

Higher Cross Sections, Elasticities,
Multiplicities...



Cosmogenic (GZK) Neutrinos & Photons
and UHECR composition
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Cosmogenic (GZK) Neutrinos & Photons
and UHECR composition
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The UHE Gamma Ray Astronomical Window
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Auger Photon Limits ICRCLL
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Puzzling Composition™

Unexpected Astrophysics:
Sources are very Iron rich
and have low E_
Very Bad News for Neutrino Detectors

Interesting Particle Physics:

Hadronic Models do not represent
well UHE interactions

Higher Cross Sections, Elasticities,
Multiplicities...



lower cross section — heavier composition with FD
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UHECRS return favor
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UHECRS return favor
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The primary composition can be

determined Astrophysically
at higher energies (above 60 EeV):

through ANISOTROPIES or
Secondary Neutrinos & Photons

then hadronic models can be tested
E > 100 TeV CM

More Statistics at the Highest energies



Scratching the Surface

Increase Exposure!

HE neutrinos IceCube

UHE cosmic rays

crAlll ARAARIANNAY
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