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The cosmic ray spectrum stretches over some 12 orders of magnitude in energy
and some 30 orders of magnitude in differential flux:
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Lowering the AGASA energy
scale by about 20% brings it
in accordance with HiRes up

to the GZK cut-off, but not

beyond.

HiRes collaboration, astro-ph/0501317
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Stereo Event E ~50 EeV
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Water Tank in the Pampa

Communication — \GPS antenna
antenna

Electronics enclosure
40 MHz FADC, Solar Panel
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Current state of Observatory
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A stereo hybrid event
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107% AGASA exposure

Statistics as yet insufficient to draw conclusion on 6ZK cutoff
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EUSO concept:
Detecting air
showers from space.

Fluorescence ™
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Nucleons can produce pions on the cosmic microwave background
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What the GZK effect tells us about the source distribution (in the
absence of strong magnetic deflection)
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Observable spectrum for an E= injection spectrum for a distribution
of sources with overdensities of 1, 10, 30 (bottom to top) within 20 Mpc,

and otherwise homogeneous.
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1st Order Fermi Shock Acceleration

15

The most widely accepted scenario
of cosmic ray acceleration
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Fractional energy gain per shock
crossing Uu, —u, on a time scale
r./u,.

Together with downstream losses
this leads to a spectrum E™ with
q > 2 typically.

When the gyroradius r, becomes
comparable to the shock size L,
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A possible acceleration site associated with shocks in hot spots of active galaxies

Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

380 Arc Seconds B 17 Arc Seconds -
88,000 LIGHTYEARS 400 LIGHTYEARS
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A possible acceleration site associated with shocks formed by colliding galaxies

Colliding Galaxies NGC 4038 and NGC 4039 HST « WFPC2
PRCY7-34a » ST Scl OPO « October 21, 1997 « B, Whitmore (ST Scl) and NASA
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Arrival Direction Distribution >4x10!°eV zenith angle <50deg.

Isotropic on large scales Extra-Galactic
But AGASA sees clusters in small scale (A6<2.5deg)

- Itripl
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Spectrum of the clustered component in the AGASA data
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Ultra-High Energy Cosmic Ray Propagation
and Magnetic Fields

1.) The knee is probably a deconfinement effect in the galactic magnetic
field as suggested by rigidity dependence measured by KASCADE:
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2.) Cosmic rays above ~10% eV are probably extragalactic and may be deflected
mostly by extragalactic fields By, rather than by galactic fields.

However, very little is known about about B,.: It could be as small as
10-° G (primordial seeds, Biermann battery) or up to fractions of micro
Gauss if concentrated in clusters and filaments (equipartition with plasma).

Transition from rectilinear to diffusive propagation over distance
d in a field of strength B and coherence length A, at:

d /2 }\ 2
E, 014.7x10" | B . H v
0 Mpc ] 077 G ] Mpc

In this transition regime Monte Carlo codes are in general indispensable.
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Example: Magnetic field of 10-° Gauss,

coherence scale 1 Mpc, Typical humbers:
burst source at 50 Mpc distance
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Principle of deflection Monte Carlo code

Observer is modelled

Solrce as a sphere

A particle is registered every time a frajectory crosses the sphere
around the observer. This version to be applied for individual
source/magnetic field realizations and inhomogeneous structures.

Main Drawback: CPU-intensive if deflections are considerable
because most trajectories are "lost". But inevitable for accurate
simulations in highly structured enivornments without symmetries.

URJA200S, Banff, July 11-15 Giinter Sigl, Astroparticules et Cosmologie, Paris



Effects of a single source: Numerical simulations

A source at 3.4 Mpc distance injecting protons with spectrum E-2# up to 1022 eV
A uniform Kolmogorov magnetic field, <B3(k)>~k'/3, of rms strength 0.3 pG,
and largest turbulent eddy size of 1 Mpc.

10° trajectories,

251 images beftween
20 and 300 EeV,

2.5° angular resolution

Isola, Lemoine, Sigl

Conclusions:
1.) Isotropy is inconsistent with only one source.
2.) Strong fields produce interesting lensing (clustering) effects.
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The Universe is structured
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The Sources may be immersed in Magnetized Structures
such as Galaxy Clusters

Miniati, MNRAS 342, 1009
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Scenarios of extragalactic magnetic fields using large scale structure
simulations with magnetic fields followed passively and normalized to a
few micro Gauss in galaxy clusters.

Sigl, Miniati, Ensslin, Phys.Rev.D 68 (2003) 043002; astro-ph/0309695; PRD 70 (2004) 043007.
: Magnetic field filling factors
Sources of density ~10-> Mpc3 follow 100 . —
Baryon density, field at Earth ~10-"" G.
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40 ey
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The spectrum in the magnetized
source scenario shows a
pronounced GZK cut-off with field
as well as without field.
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Unmagnetized, Structured Sources: Future Sensitivities
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Comparing predicted autocorrelations for source density = 2.4x10* Mpc3 (red set)
and 2.4x10-° Mpc3 (blue set) for an Auger-type exposure.
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Magnetized, Structured Sources: Future Sensitivities
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Comparing predicted autocorrelations for source density = 2.4x10-* Mpc3 (red set)
and 2.4x10-5 Mpc3 (blue set) for an Auger-type exposure.
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Comparison with Dolag et al.

o
MOy
A
f-o
" 0.1
| T3
o
]
-
g
o 107
O
B,
i)
0
103

" angle distribution

LI Y B B T T
A Y

A S
110 Mpe > 500 Mpc

\ S
~ 2
A ry

35 Mpc

SN
filaments “~
rd -

a -

Y
F ol

L
4!
o,
=
Z]
4
@
1

L AA il

Cumulative deflec,ﬁ%n

Ll I I T N M =Y

0.1 1

00 02 04 06 08

110 [Degrees]

6,, [Degrees]

Sky map of deflection
angles

URJA200S, Banff, July 11-15

Giinter Sigl, Astroparticules et Cosmologie, Paris



The simulated sky above 4x10* eV with structured sources of density
2.4x10° Mpc3 : ~2x10° simulated trajectories above 4x10% eV.
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The simulated sky above 102° eV with structured sources of density
2.4x105 Mpc3 : ~2x105 simulated trajectories above 4x10% eV.

100. < E/EeV < 1000.
e ] 1.00

— 50 ' _: With field
- i
= ]
50 { o0.10
i= 7]
© .
= —50 ]

1 0.01

i ]”UDIII
50 - Without field
- i
= 1
S0 | 0.10
k= d
© .
= —50 ]

1 0.01

360 180
richt ascension [°]

URJA200S, Banff, July 11-15 Giinter Sigl, Astroparticules et Cosmologie, Paris

<2




Generalization to Heavy Nuclei: Structured Fields and Individual Sources

Spectra and Composition of Fluxes from Single Discrete Sources considerably
depend on Source Magnetization, especially for Sources within a few Mpc

magnetic field g
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Sigl, JCAP 08 (2004) 012 «/Mpe

Source in the center; weakly magnetized observer modelled as a sphere
shown in white at 3.3 Mpc distance.
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accelerated protons interact: Xloss” ¥ine /mean inelasticity
4 T T T T T T L W T T T
N TT" - neutrinosl] o
p + Ly SoNE : [] 3 - r \‘ 10-12{;
Y M L y-rays O | ofs v
0 - X
during propagation ("cosmogenic") S ;
or in sources (AGN, GRB, ...) & o €
g
=> energy fluences in y-rays and -ir
neutrinos are comparable due to _at 10-5& i
Isospin symmetry. ol s
Neutrino spectrum is unmodified, 9 12 15 18 21
y-rays pile up below pair production log (E/eV)
threshold on CMB at a few 10 eV, freiuded processes:

Electrons: inverse Compton; synchrotron rad
(for fields from pG te 10 nG)

Gammas: pair—production through IR, CMB, and
radio backgreounds

Protons: Bethe—-Heitler pair production,
Pion photoproducticn




The EGRET background
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Total injected electromagnetic energy is constrained by the diffuse y-ray
flux measured by EGRET in the MeV - 100 GeV regime
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Propagation of nucleons, photons,

electrons, and neutrinos

In one dimension propagation is governed by Boltzmann equations for differential
spectrum of species ¢, n;(E):

a'ni (E ) #ﬂﬁﬁt

o = (B —m(E) [densfe) [ d > Z}:Ji—>1|s=zE(l—ﬂﬁaﬂ¢)
1— #ﬁbﬁ do;i(s, E)
+ dB [ denyle) [ dus = ) ) ,
f f f dk s=cE'{1—pfuf;)
where:

®,{E') =injection spectrum,

ny{e) =diffuse background neutrino or photon density at energy ¢,
# = cos(angle between background and in-particle},

B =particle velocities,

0;; = cross sections for processes ¢ — j,

s =center of mass energy.

Backeround spectrum between ~ 10~%eV and ~ 10eV
propagated particles between 100 MeV and 10'% GeV (GUT scale)
transpart equations {including cosmology, i.e. redshift-distance relation) solved by

implicit methods.
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Processes taken into account

N ucleons:
¢ (multiple} pion production: N« — N(nw) with subsequent pion decays: leads

to “GZK-effect”.
e pair production by protons: py — pete”: relevant below GZK threshold
(similar to triplet pair production below)

e Neutron decay: n — pe I,

Electromagnetic channel:
¢ pair production and inverse Compton scattering: vy, — ete™ and ey, = 71

leading arder processes with

3 mg 5 4
opp = 20705 59T, ]112mg (s »>m).

e double pair production: yy;, =+ e*e"ete”: dominates at highest energies with

ODpP =2 %JT (s> md).

e triplet pair production: ey, — eeTe”: dominant at highest energies with

3n (28 s 218 ,
OTPP 2 00T (ﬁ]nmg = 2—7) (s »m),

e

with fractional energy loss i of leading e

§ Y4
1~ 1.768 (mg) (s 3> m2).

€

e synchrotron loss of electrons and positrons in cosmic magnetic fields: e B — e

Energy loss given by

dE _ 4 B (Zme)‘i( E )9
at EJTB_’JT m me)
Giinter Sigl, Astroparticules et Cosmologie, Paris

URJA200S, Banff, July 11-15



Example: diffuse sources injecting E proton spectrum extending up to
2x1022 eV with (1+z)3 up to redshift z=2. Shown are primary proton flux
together with secondary y-ray and neutrino fluxes.
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Future neutrino flux sensitivities
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Secondary y-rays from discrete sources

a3 -TT a3 g
L=2x10 erg/s, B=10 G L =2x10 "erg/s, B=10" G
10_9: IIIIIIII‘ I'IIIIIII| T T TTTT T IIIIIII| T TTTITT T T TTTT T IIIIIH| T IIIIIE E ||||||II‘ \'\Illll\l T TTTTTI ||||||H| T TTTTI T TTTTTI T TTTTTT T |||IIE
;\ . D= 76.2Mpc E - D_= 6 Mpc
F= — D= 21Mpc|f \ D= 21Mpc
ey —- D= 48Mpe|l e — ——-- D= 46Mp
B D= 71 Mpc|Ex \ D= 69Mpc
- MAGIC - \ MAGIC
- « = HESS - HESS
|~ == VERITAS \ == == VERITAS
KERURS = = GLAST - « == GLAST
‘s F & - &
|2| — — - —
:g- [ - (— -
Z,
- 12 1 | 1
m 10 F E i E
0P E 3 2 E
. i i . ]
10—14 IIIIIIII‘ | IIIIIII| IIIHIII‘ | IIIIIII| | IIIIIH| IIIIIIII| \I 11 IIH| | RN IIIIIIII‘ | \IIIIHl IIIIIIII| IIIIIIH| | IIIIIII| Illlhlll HIHHl | RN
10 10" 10° 100 100 100 10" 100 10 o> 100 10° 100 10° 100 100 100 10
Energy [GeV] Energy [GeV]

Fluxes depend significantly on extra-galactic magnetic fields.

Ferrigno, Blasi, DeMarco, astro-ph/0404352.
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Correlations with extragalactic Sources

Farrar, Biermann radio-loud quasars ~1%
Virmani et al. radio-loud quasars ~0.1%
Tinyakov, Tkachev BL-Lac objects ~104
G:S. et al. radio-loud quasars ~10%
o Ty 1 ¢
| 3
I . e
“____ 10—t - """" E
_ 10_2 £ e :
_ N, 103 — ------- —
: F _|_|__I_I_ ]
L 1 104 * 3
10—3 3 3 F
; Q=+1 B 107° ¢ E
—_|||||||||I ......... Ly v v v b v | 1076_ : ' : ' : : : : ' .
1976 17 18 19 20 4 5
mag B i
Surprise: Deflection seems dominated by BL-Lac distances poorly known: Are
our Galaxy. Sources in direction of voids? they consistent with UHECR

energies ?

Tinyakov, Tkachev, Astropart.Phys. 18 (2002) 165 4
Tinyakov, Tkachev, hep-ph/0212223
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The Z-burst mechanism: Relevant neutrino interactions

'30 E | T | | I

Log (o/cm?)

Log (s/GeV2)
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entrinos:

o s—channel Z°—production: v;#; - Z° — ff where f is any fermion (inchiding]
hadronic fragmentation in case of quarks)

do, (s M3

dut 167 (s — M2)2 + MiI'%
where u* = cos(scattering angle in center of mass), 'z =width of Z% gy =
ta — g5in B%V and g4 = —gs&in 9%;, with £y =weak isospin and g =charge.

931+ 1) + gh(1— MY,

e t—channel W*—exchange, e.g. v;7; = Egi_j, where {; is leptonic partner of v;:

doy, _ Gis  ME(1+p*)
du* ~ dw (s(1—p*)/2 + M)
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The Z-burst mechanism: Sources emitting neutrinos and y-rays
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Sources with constant comoving luminosity density up to z=3, with E2 y-ray
injection up to 100 TeV of energy fluence equal to neutrinos, m=0.5eV, B=10- G.
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The Z-burst mechanism: Exclusive neutrino emitters
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Even for pure neutrino emitters it is now excluded that
the Z-burst contributes significantly to UHECRSs

For homogeneous relic neutrinos GLUE+FORTE2003 upper limits on
neutrino flux above 10%° eV imply (see figure).

S m, 203eV

Cosmological data including WMAP imply
Z m, <0.6eV

Solar and atmospheric neutrino oscillations indicate near degeneracy
at this scale

0 m, <0.2eV

For such masses local relic neutrino overdensities are < 10 on Mpc scales.
This is considerably smaller than UHECR loss lengths => required UHE
neutrino flux not significantly reduced by clustering.
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Note: For primary energies around 10%° eV:

Center of mass energies for collisions with relic backgrounds
~100 MeV - 100 GeV —> physics well understood

Center of mass energies for collisions with nucleons in the atmosphere
~100 TeV - 1 PeV —> probes physics beyond reach of accelerators

Example: microscopic black hole production in scenarios with a TeV string scale:

108 EI_IIIIII| Tl IIIII| LI IIIIII| LI IIIIII| [ IIIII| Tl IIIII| | IIIII| I IE Fengl Shaper‘el PRL 88 (2002) 021303
= For neutrino-nucleon scattering with 3
" n=1,..,7 extra dimensions, B
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However, the neutrino flux from pion-production of extra-galactic trans-GZK
cosmic rays allows to put limits on the neutrino-nucleon cross section:
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Comparison of this Ny- (*cosmogenic”) flux with the non-observation of
horizontal air showers results in the present upper limit about 103 above the
Standard Model cross section.
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Solution: Compare rates of different types of neutrino-induced showers

| Deeply penetrating (horizontahummmen,
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Earth-skimming T-neutrinos
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Air-shower probability per T-neutrino at 102° eV for 10 eV (1)
and 10 eV (2) threshold energy for space-based detection.
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Kusenko, Weiler, PRL 88 (2002) 121104

Giinter Sigl, Astroparticules et Cosmologie, Paris



Conclusionsi

1.) The origin of very high energy cosmic rays is one of the fundamental
unsolved questions of astroparticle physics.
This is especially true at the highest energies, but even the origin of
Galactic cosmic rays is not resolved beyond doubt.

2.) Sources are likely immersed in (poorly known) magnetic fields of
fractions of a microGauss. Such fields can strongly modify spectra
and composition even if cosmic rays arrive within a few degrees from
the source direction.

3.) Future data (auto-correlation) will test source magnetization. Deflection
angles are currently hard o quantify.

4.) Pion-production establishes a very important link between the physics
of high energy cosmic rays on the one hand, and y-ray and neutrino
astrophysics on the other hand. All three of these fields should be
considered together. Strong constraints arise from y-ray overproduction.

5.) The only guaranteed high energy neutrino fluxes are due to pion
production of primary cosmic rays known to exist: Around 10" eV
“cosmogenic" neutrinos from photopion production. Flux uncertainties
stem from uncertainties in cosmic ray source distribution and evolution.
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Conclusions2

6.) At energies above ~10%® eV, the center-of mass energies are above
a TeV and thus beyond the reach of accelerator experiments. Especially
in the neutrino sector, where Standard Model cross sections are small,
this probes potentially new physics beyond the electroweak scale.
Lorentz symmetry can also be probed to high precision.

7.) The coming 3-5 years promise an about 100-fold increase of ultra-high
energy cosmic ray data due to experiments that are either under
construction or in the proposal stage. Similar in the neutrino and
y-ray sectors.
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