Title: The Origin of the Highest Energy Particles
Date: Jan 09, 2008 02:00 PM
URL.: http://pirsa.org/08010000

Abstract: After amost a century of observations, the ultra-high energy sky has finally displayed an anisotropic distribution. A significant correlation
between the arrival directions of ultra-high cosmic rays measured by the Pierre Auger Observatory and the distribution of nearby active galactic
nuclel signals the dawn of particle astronomy. These historic results have important implications to both astrophysics and particle physics.
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High Energy Cosmic Rays




Birth of Particle Physics & Particle Astrophysics
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ig. 3. 2005 CHANDRA image of Tycho's SNR. from
handra.nasa.gov. The outer thin surface is synchrotron
diation from highly relativistic electrons accelerated

the outer shock men-i this is a highly turbulent
gion. presumably formed by Rayvleigh-Taylor instabil-
v at the contact discontinuity. Acknowledgement to
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Ultra High Energy Cosmic Ray Accelerators?

Galaxy Jets from Black Holes? Gamma Ray Bursts?
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Ultra High Energy Cosmic Ray Accelerators?

Galaxy Jets from Black Holes? Gamma Ray Bursts?

e
2
o &
- i -
’  #
" '

e -
o

Y

# »
-
g

o 8

Neutron Stars? Magnetars?



Challenging Accelerators

LHC magnetic field,
radius = 6x107 km (Sun/Mercury distance)

acceleration time = 815 years
ILC electric field,
radius = 1.5x10° km (Saturn)
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Cosmologically Meaningful Termination

Protorg Horlzon t
1020 eV

K Cutoff
-""_H, tht Kuzmin 1966
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Energy loss Features for protons

Berezinsky et al. 03
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GZK Effect

Spectral Feature
+

Anisotropies in Sky Distribution
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High Resolution

Fly’s Eye

No GZK cutoff
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Horizon of 10%°-> eV proton ~ 100 Mpc
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Protons with > 10205 eV
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Protons with > 10205 gV
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Protons with > 10193 eV




Protons with > 10205 gV
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Protons with > 1020 eV
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Protons with > 10193 eV

Armengaud



Protons with > 10205 eV
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Charged Particle Astronomy

Window of opportunity

101° to 1021 eV

Maximize the Statistics in this window




The Pierre Auger Observatory
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The First Hybrid UHECR Observatory
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The Surface Detector Array
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The Surface Detector Array
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Example Event 1
A moderate angle event 762238
Zenith angle ~ 48°, Energy ~ 70 EeV
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Example Event 2 i
A high zenith angle event - 787469
enith angle ~ 60°, Energy ~ 86 EeV
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Example Event 2 e
A high zenith angle event - 787469 |
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Example Event 2 __bhane
A high zenith angle event - 787469 |
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Example Event 2 e
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view of Los Leones Fluorescence
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2s overlooking the site




A Hybrid Event
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1st - 4 Fold Hybrid Event




1st - 4 Fold Hybrid Event

20 May 2007 E~10"Y eV




Hybrid Era

HYBRID SD only FD only
Energy A & M indep depend independ
Aperture E, A, Mindep independ depend
Angular ) 2¢ ~1-2° ~3-5°

Resolution

E= energy, A= mass, M = hadronic model



Goals of the Auger Observatory

*** Determine the Origin of UHECRs ***

Energy Spectrum

Composition

Arrival Direction Distribution



Goals of the Auger Observatory

*** Determine the Origin of UHECRs ***

Energy Spectrum
features? ankle, GZK; injection? Propagation?

Composition
protons, nuclei, photons, neutrinos

Arrival Direction Distribution
anisotropies?




Recent Results




Energy spectrum from SD showers with 6 < 60°
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Energy spectrum from SD showers with 6 < 60°
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Spectrum facts

There 1s an ankle

===p How to interpret it?

Galactic/Extragalactic transition?
or

Spectral feature from pair-production
energy losses of pure-proton UHECRSs?

== analyse composition!

There 1s a “cut-off”

===)p How to interpret it?

GZK suppression?
or
Limit of the acceleration process?
E

max

== analyse arrival directions!



Ankle as Pure Proton e*e dip

Strong Source
Evolution {(1+z) °
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Nucleus Model
CR abundance is same as low energy Galactic components
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Goals of the Auger Observatory

*** Determine the Origin of UHECRs ***

Energy Spectrum
features? ankle, GZK; injection? Propagation?

Composition
protons, nuclei, photons, neutrinos

Arrival Direction Distribution
anisotropies?




Composition-sensitive observables

Depth of shower maximum development: X__,
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Energy Spectrum
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Composition-sensitive observables

Depth of shower maximum development: X__,

\
P

v "
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Stochastic process  fiuctuations fluctuations




Composition observable:

shower maximum

Expectations from different hadronic models
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Shower maximum over 2 decades in E
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Comparison with previous studies
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Photon limit

Top-down models predict large UHE photon flux

SHDM models: decay of super-
heavy dark matter accumulated in
Galactic halo

TD models: supermassive particle
decay from topological defect
interaction or annihilation

Photon-induced showers
look very different

Showersat E=10%eV,0=0°:

Auger level

600 700 800
Depthr

900

gcriss



Comparison with previous studies
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“Amax” [9/CM7]
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Photon limit

Top-down models predict large UHE photon flux

SHDM models: decay of super-
heavy dark matter accumulated in
Galactic halo

TD models: supermassive particle
decay from topological defect
interaction or annihilation

Photon-induced showers
look very different

Showersat E=10%eV,0=0°:
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Implications & Future




Constraints on Super-Heavy Dark Matter
as sources of UHECRs
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Auger results (photon limit)

Auger 2007

Auger 2006

T Super heavy dark
ol matter (SHDM)
| Auger 2007 models are excluded
24 as UHECR sources!

integral vy flux fraction [%)|

Auger 2007

upper bound
_I_ lower bound E_ _ =40EeV

lower bound E_ ,=80EeV
ower bound E_ ,=100EeV
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Constraints on topological defects
as sources of UHECRs
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Auger results (photon limit
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upper bound for E__ <10_"eV
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lower bound for E_,,, <107 eV
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Topological defects
(TD) are still possible
UHECR sources |




TD models closer to
be constrained by
Auger neutrino limits

Auger results
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Anisotropies!!!




Auger anisotropy resulfts

Angular resolution of ~1°: good enough!

No significant excess emission from Galactic center
No signal from BL-Lacs as possibly seen by HiRes

== none of the previous reports have been confirmed...




Main Auger result

Highest energy cosmic rays have
an anisotropic distribution! ——

SCICIICC

Correlation with the most nearby
AGNs in the 12% Véron-
Cetty/Veron catalogue

RAYAAAS




Auger main anisotropy result

Position of t

he 27 highest energy events on an equal exposure map







Auger main anisotropy result

Angular Scan Redshift Scan nergy Scan
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Auger main anisotropy result

»
---!---'---t---t-------‘-.-.—- ;---i------ -

The energy above which the correlation is most significant corresponds to
an energy where the CR flux drops... (supporting the GZK interpretation)




Significance of the anisotropy result

Véron-Cetty / Véron, 12th Edition, 2006

“This catalogue should not be used for any statistical
analysis as it is not complete in any sense, except that it
IS, we hope, a complete survey of the literature.”




Significance of the anisotropy result

1st step: search between HECR arrival directions and
various source catalogues (hard to estimate how many,

how intensively, etc.) (data from 2004/01/01 to 2006/05/26)

Even after taking into account generous penalty factors for a
posteriori searches and scanning of parameter space

—
—

Most significant a posteriori “correlation signal™:

12 out of 15 events above “56 EeV™ are closer than 3
froman AGN in 122 VCV withz<0.018(D <75 Mpc )




Significance of the anisotropy result

2nd step: predefine a region in the sky where there seems
to be an excess of CR flux, and see if the next highest
energy cosmic rays come from this region

21% chance
iy .
=_— distribution
. 0 that # } - :
Result: 99% CL that the excess we had seen in the g « Lt

original data set was not a random fluctuation from events” out of 13
an otherwise isotropic cosmic ray distribution (2.7 expected)

—




Astrophysical implications?

Not clear yet! (very low statistics to check against
any model, whether naive or sophisticated)

Can UHECRs come from AGNs? =y YES

Do UHECRSs have to come from AGNs? ==» NO!

See further analysis of the observed “correlation” and
analyses with other catalogues




Centaurus A, Virgo, Fornax, etc.
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Implications for Models

Implications for “proposed” Models




Implications for Models

Implications for “proposed” Models




Implications for Models

TOP DOWN MODELS:

Super Heavy Dark Matter
“beating a dead horse” - photon limit
not correlated with Galactic Halo
Topological Defects
not totally dead yet - neutrino limit
clustering a la AGN - unnatural
but watch astro-ph for
the next (baroque) model!



Astrophysical Accelerators

Death to Galactic Accelerators
Neutron Stars
Magnetars
Microquasars
shocks in the Galaxy




Astrophysical Accelerators

Death to very Distant Accelerators
Clusters of Galaxies
(cluster shocks)
Quasars
BL Lacs




What Next?

Auger SOUTH 2007

Auger NORTH, JEM-EUSO, ....
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Total area: 4000 sg mile
84 x 48 mile rectangle
4032 surface detectors
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Source T e e
Spectra 2
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Total area: 4000 sq mile
84 x 48‘_ mile rectangle
4032 surface detectors
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