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~1 particle per
km 2 century

Spectrum extends well beyond
- the knee and
- the energies that can be produced

by shock acceleration in
known shocks.

A new component is needed.

Ultra High Energy Cosmic Rays (UHECR): The PuzzleUltra High Energy Cosmic Rays (UHECR): The Puzzle



The Fly's Eye EventThe Fly's Eye Event

E = 3x1020 eV
~ 50 J
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Catalogue of U H ECRsCatalogue of U H ECRs (i.e.E > 1020 eV )

T hese events are no artifacts !

V olcano Ranch/U S A S cintillator A rray 1962
1 event E > 100 EeV

H averah Park/U K array of w ater-Cherenkov detectors 1970 - 1980
4 events E > 100 EeV

Yakutsk/S ibiria S cintillators & atm ospheric Cherenkov 1989
1 event E > 120 EeV

D ugw ay/U S A atm ospheric fluorescence 1991
1 event E > 320 EeV

A keno/J apan S cintillators & M uon D etectors 1990 - present
~15 events E m ax > 330 EeV

Energy resolution :~ 30%
Flux at E > 100 EeV :~ 1 per km 2 and century



Where ???
How ???

There are “accelerators” out there
that make > 1020 eV particles.

Where ???
How ???

Tony Bell & Luke Drury to tell us ?



Particle T ype ?Particle T ype ?

no neutrinos,
since distribution of start points of show er
peak in upper atm osphere

no photons,
since show er form different from expectation for photons

S how ers look like show ers from p and nuclei
at low er energies, .... just m uch larger.



106

1

1012

10-6

1 km 106 km 1 pc 106 pc
Size L

M
ag

ne
tic

fie
ld

B
(G

)

sunspots

white
dwarfs

neutron stars

mag.
A stars

interplanetary
space SNR

disc
halogalactic

active galactic nuclei
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galactic
cluster

10 20
eV protons

β=1
β=1/300

Crab

A.M. Hillas 1984

Possible Acceleration Sites to 1020 eVPossible Acceleration Sites to 1020 eV

BµG x Lkpc > 2 EEeV / Z

BµG x Lkpc > 2 (c/v) EEeV / Z

to fit gyro radius within L and
to allow particle to wander
during energy gain

But also:
gain should be more rapid than
losses due to magnetic field
(synchrotron radiation)
and photo-reactions.

No obvious candidates ....



D ifferentialEnergy S pectrumD ifferentialEnergy S pectrum



D ifferentialEnergy S pectrumD ifferentialEnergy S pectrum
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p
Fe

galactic extra galactic

... more about this in talk of Michael Hillas



Highest-energy particles must be extragalacticHighest-energy particles must be extragalactic

deflection < 1o



Extra Galactic SourcesExtra Galactic Sources
(AGNs, radio galaxies, ...)

For a homogeneous distribution of sources in the universe
UHECRs are dominated:

either by the distant sources
or by one very close source

If our Galaxy is typical, most of the UHECRs
come from great distances.

But reactions with 2.7 K photons should affect
particles above few 1019 eV and absorb those coming
from far: Greisen-Zatsepin-Kuzmin Cutoff expected



p + γ3K ∆+

56Fe + γ3K

n + π+
p + π0

Greisen Zatsepin Kuzmin

p in lab
system1020 eV 0.5 meV

3K photon

0 eV 300 MeV
in p rest
system

GZK Cut-OffGZK Cut-Off

Universe is opaque for E > 5.1019 eV

Photo-pion
production
Photo
dissociation

55Fe + n

γ

ν



Energy Loss of ProtonsEnergy Loss of Protons

Propagation distance (Mpc)

En
er

gy
(e

V)

1 102 10310 104
1019

1020

1021

1022

3x1020 eV

1020 eV

1021 eV

1022 eV

proton + 3 K

sources must be close
(d < 50 Mpc, z < 0.01)

but:
no suitable energetic
objects known



Nuclei ?Nuclei ?

Distance (Mpc)

Fe

O

1 10 102 103

En
er

gy
(e

V)

1019

1020

1021

Photo disintegration :
A + γ A-1 + n

loss: ~4 nucleons/Mpc



If GZK cut-off is seen:

If GZK cut-off is not seen:

If GZK cut-off is seen:

then sources are distant,
CRs are p (or He... Fe)

Lorentz invariance holds up to γ ~ 1011

... and we can do particle physics with 1020 eV beam

If GZK cut-off is not seen:

then sources must be < 100 Mpc
or CRs are not p, ... Fe
or Lorentz invariance is violated
or ...
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fixed source distance:
z = 0.004 ...1
(2...5000 M pc)

1017 1018 1019 1020 1021 1022

Form of Energy S pectrum

different source distributions
over cosm ologicaldistances

dN /dE ~ E-2



A G A S A :A G A S A : ICRC 2001 p.333

N o evidence
for cut-off
at 5x1019 eV

Energy (eV)

J(
E

). E
3

[e
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2
/(m

s
sr

)]

1019 1020
1023

1024

1025

1026

uniform
source distribution

17 events

alldata untilM ay 2001
+ evts.from 20 km 2 array,
θ < 60o

N o evidence
for cut-off
at 5x1019 eV

(large-angle events
w ithdraw n)



AGASA vs HiRes

Statistics is not sufficient: need much more events &
control of systematics

HiRes Collaboration, astro-ph/0501317



IsotropyIsotropy
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A G A S A : 4% anisotropy at 10 18 eV

at lower energies: CRs are completely isotropic
(scrambled in magnetic fields)



Arrival directions of Cosmic Rays with E > 4 x 1019 eV
AGASA, Japan
Arrival directions of Cosmic Rays with E > 4 x 1019 eV
AGASA, Japan

E > 4 x 1019 eV

E > 1020 eV

No obvious correlation with nearby matter
(supergalactic plane, quasars, ...).

6 doublets and one triplet
Isotropy or indication of point sources?

5 σ



A rrivaldirections of cosm ic particles w ith E >4x1019 eVA rrivaldirections of cosm ic particles w ith E >4x1019 eV

S uper-galactic plane

G alactic plane

180360

30

60

-30

-60Fly's Eye
A keno

Yakutsk
H averah Park
V olcano Ranch

0

>10 20eV

>4x10 19eV

no clear anisotropy or correlation w ith galactic or super-galactic plane.
but : 6 D oublets & 1 T riplet (chance probability <1% ??)

Indication of first sources,or random associations ?
.... again: m uch m ore statistics needed !



If anisotropy/sources are seen:

If no anisotropy/sources are seen:

If anisotropy/sources are seen:

then start “charged particle astronomy”,
probe magnetic fields,
spectrometry
...

If no anisotropy/sources are seen:

then indication of top-down origin,
or re-think propagation,
or ...



Astrophysical

solutions

(bottom-up)

Proposed SolutionsProposed Solutions (1/week)

Hot Spots in AGN-Jets Biermann
AGNs Biermann
Pulsars Bell
Galaxy collisions, wind shocks Cesarsky, Morfill, Jokipii
Shocks at formation of gal. clusters Biermann et al
GRBs Milgram, Usov, Waxman, Vietri

ν annihilation with relic-ν Weiler et al.
Superheavy relic particles Ellis, Sarkar et al.
Topologic defects - Monopoles Schramm, Sigl

- Necklaces Berezinsky et al.
Dirac Monopoles Weiter & Kiphart et al

New SUSY particles S0 (uds+gluino: 2 GeV) Farrar et al.
UHECRON (m ~ 10 GeV) Farrar & Kolb
Deviation from Lorentz invariance Coleman & Glashow

Heavy partic
le

decays

(top-down)

New Physics

Exotica



T he Pierre A uger O bservatoryT he Pierre A uger O bservatory

S cientific goals:
m easure CRs w ith E > 1019 eV w ith good statistics

(2 x 3000 km 2,6000 evts/yr)

m easure energy spectrum :Is there a G Z K cut-off ?
are there point sources ? V iew the entire sky w ith

tw o observatories (S outh + N orth).
com position of CRs ? com bine array & fluorescence det.

first ideas: W orkshop in Paris 1990
design studies: 1994-1995

Collaboration form ing,fund raising,site selection

1998 begin of funding
2001 engineering array operational
2002 begin of m ass production and construction
2006 southern site com plete



Galaxies

North and South
are different

Kravtsov
Chicago

7 < R < 93 Mpc



Hybrid DetectorHybrid Detector
angle of
incidence

shower-detector plane

fluorescence detector
with fired photo tubes

impact point

Cherenkov
detectors

24 fluorescence telescopes (30o x 30o)

1600 water Cherenkov detectors
on 3000 km2

arranged in hexagonal grid
with 1.5 km grid spacing

allows cross-calibration of energy scale
control of systematics

FD: calorimetric energy measurement
Xmax directly measured,
stereo imaging, good geometry,
low energy threshold (~1018 eV)

SD: 100% duty cycle, high statistics,
(rel.) simple detectors, cheap,
easy to calculate aperture



3000 km2

F: 25x size of Paris

UK: size of Lancashire
area inside M25

D: size of Saarland



Auger South
(1400 m a.s.l.,
35.2o S, 69.2o W)

Malargüe
Mendoza
Argentina





presently ~700 array detectors and
12 fluorescence telescopes operational



three
9" PM T s

T ank liner

T ank

PM T w indow s

10 m 2 x 1.2 m w ater
view ed by 3 PM T s,
solar panel& batteries

(pow er budget 10 W )
electronics box
radio antenna



Communications
antenna GPS antenna

Electronics
enclosure

3 x 9" PMTs
Plastic tank
12 m3 water

Solar Panels

Battery box

Communications
antenna GPS antenna

Electronics
enclosure

3 x 9" PMTs
Plastic tank
12 m3 water

Solar Panels

Battery box
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