Ultra-High Energy Cosmic Rays
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(Very short) reminder on Cosmic Ray experimental situation
and current understanding

Interpretations of Correlation with Large Scale Structure
Composition and propagation in cosmic magnetic fields
Multi-messenger signatures of potential sources

Physics with Secondary gamma-rays and neutrinos
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All Particle Spectrum and chemical Composition

Heavy elements start o dominate above knee

Rigidity (E/Z) effect: combination of deconfinement and maximum energy

Hoerandel, astro-ph/0702370
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Lowering AGASA energy
scale by about 20% brings
it in accordance with HiRes
up to the GZK cut-off, but
maybe not beyond ?

Bergmann, Belz, J.Phys.634 (2007) R359
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Nucleons can produce pions on the cosmic microwave background
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The most widely accepted scenario
of cosmic ray acceleration

5y

u
L downstream
upstream W
UZ

Fractional energy gain per shock
crossing ~u,-u,on time scale ~r,/u, .

This leads to a spectrum E™ with
q > 2 typically.

When the gyroradius r, becomes
comparable to the shock size L,

log(Magnetic field,

15

gauss)

[T}

1
(1]

the spectrum cuts off.

(candidate sites for E=100 EeV and E=1 ZeV)
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Monte Carlo Simulation Particle Trajectories

Diffusive Shock Acceleration

Upstream

M. Baring

Gyration in B-fields and diffusive transport modeled by a Monte Carlo
technique; color-coded in Figure according to fluid frame energy.

Shock crossings produce net energy gains (evident in the increase of
& SY S
gyroradii) according to principle of first-order Fermi mechanism.




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 - 17 Arc Seconds -
88,000 LIGHTYEARS 400 LIGHTYEARS




Or Cygnus A




New results from the Pierre Auger Observatory presented at
) the International Cosmic Ray Conference 2009 in Krakow, Poland
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The case for anisotropy does not seem to have strengthened with more data
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Red crosses = 472 AGNs from the Veron Cetty catalogue for z < 0.018
circles = 27 highest enery events above 57 EeV.
20 events correlated within 3.1°, 7 uncongla’red of which most in galactic plane

15

Pierre Auger Collaboration, Science 318 (2007) 938



Points = galaxies with z < 0.015

Black circles = Auger events above 60 EeV.
Black lines = equal exposure contours
red line= supergalactic plane

Lipari, arXiv:0808.0417
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Black dots = 457 AGNs + 14 QSOs from the Veron Cetty catalogue for z < 0.018
red circles = 2 correlated events abov&tb6 EeV within 3.1°, 17
blue squares = 11 uncorrelated events

\ %
HiRes Collaboration, arXiv:0804.0382 \



Black dots = 389 AGNs + 14 QSOs from the Veron Cetty catalogue for z 4 O 016
red circles = 36 correlated events abdVe 15.8 EeV within 2.0°,
blue squares = 162 uncorrelated events

HiRes Collaboration, arXiv:0804.0382 \\\
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Correlation with supergalactic plane

O Auger, 27 galactic coordinates
* HiRes 13

+ asza, 4
® Hawverah Park, 1
A akutsk, 3

Correlation with supergalactic plane within 10° (15°) is improved from 2.0{2.4)
sigma to 3.6 (3.2) sigma when definition relates to structure within 70 Mpc.

Stanev, arXiv:0805.1746
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Are there only three sources ?
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source A

Wibig and Wolfendale, arXiv:0712.3403

YN,
7

source B
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Accelerating particles of charge eZ to energy E__ requires induction

£> Emax/eZ. With Z ~ 100£2 the vacuum impedance, this requires

dissipation of minimum bolometric power of (Lovelace, Blandford, ..)
2

i Emax =
L ~elZ,~10°Z7" T, ergs

This ,Poynting" luminosity can also be obtained from L~ (BR)* where BR
is given by the ,Hillas criterium™:

.| E
BR > 3x10"1r"! 25““ Gausscm
107 eV

Where I is a possible beaming factor.
If most of this goes into electromagaetic channel, only AGNs and maybe21
gamma-ray bursts could be consistent with this.
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In arXiv:1003.2500 Hardcastle estimates a corresponding lower limit on
the radio luminosity:

712 112

E/Z rlobe

TS = 2 1 (e
N 102V 100 kpc

For an E? electron spectrum
with € = energy in electrons / energy in magnetic field

He concludes: if protons, then very few sources which should be known
and spectrum should cut off steeply at observed highest energies

If heavier nuclei then there are many radio galaxy sources but only
Cen A may be identifiable

test 22



Further Curiosities in the Sky Distributions

too few events from Virgo cluster, see
Gorbunov et al., JETP Lett. 87 (2007) 461

too many events from Centaurus A, e.g. Moskalenko et al., arXiv:0805.1260;
Rachen, arXiv:0808.0348.

The AGNs with which Auger events correlate are not thought to be strong
enough, see Moskalenko et al., arXiv:0805.1260; Zaw, Farrar, Greene,

arXiv:0806.3470 (the latter arguing for flares)

According to Gureev and Troitsky, arXiv:0808.0481, the correlation of Auger
events with AGNs is stronger when nearest neighbor sources only are counted,
than when all AGN within given off-set are counted. According to them, this

reveals individual sources rather than the population.
23
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There may be a significant heavy component at the highest energies:
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Auger data on composition
seem to point to a quite heavy
composition at the highest
energies, whereas HiRes data
seem consistent with a light
composition.
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Deflection in galactic magnetic field is rather
model dependent, here for E/Z=4 10" eV for
Models of

Tinyakov, Tkachev (top)

.« Harrari, Mollerach, Roulet (middle)

=180

Prouza, Smida (bottom)

Deflection in extragalactic fields is even more
uncertain

26
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Kachelriess, Serpico, Teshima Astropart. Phys. 26 (2006) 378




Deflection of iron in galactic magnetic field model of Prouza&Smida

E=60 EeV

27

E=140 EeV

G@gcin‘ri, Kachelriess, Semikoz, Sigl, arXiv:1006.5416



éach’rracking of iron in galactic magnetic field model of Prouza&Smida

E=60 EeV Giacinti, Kachelriess, Semikoz, Sigl, arXiv:1006.5416

Density range between 10~ and 10°3, galactic coordinates

Highly anisotropic picture
Empty backtracked regions are invisible from within the Galaxy !

28



“Iron Image” of galaxy cluster Abell0569 in two galactic field models

Energy range from 60 to 140 EeV

o
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"Iron image” of supergalactic plane
in galactic magnetic field model of Prouza&Smida

E=60 EeV

30

E: 140 Eev - x\S.Lgcin’ri, Kachelriess, Semikoz, Sigl, arXiv:1006.5416



} i) ’
“Conundrum”:

If deflection is small and sources follow the local
large scale structure then

a) primaries should be protons to avoid too much deflection
in galactic field

' b) but air shower measurements by Pierre Auger (but not
HiRes) indicate mixed or heavy composition

c) Theory of AGN acceleration seem to necessitate
heavier nuclei to reach observed energy

31
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Smoothed rotation
measure:

Possible signatures of
~0.1u6G level on
super-cluster scales!

Theoretical motivations
from the Weibel instability
which tends to drive field
to fraction of thermal
energy density

But need much more data
from radio astronomy,
e.g. Lofar, SKA

2MASS galaxy colymn
density

Xu et al., astro-ph/0509826



Observer immersed in fields
of ~10- Gauss:

Cut thru local magnetic
field strength

Filling factors of magnetic fields
from the large scale structure
simulation.

crulative filling factor

B [¢] “SSigl, Miniati, Ensslin, Phys.Rev.D 68 (2003) 043002;
astho-ph/0309695; PRD 70 (2004) 043007.
)




Scenarios of extragalactic magnetic fields using large scale structure
simulations with magnetic fields reaching few micro Gauss in galaxy clusters.

magnetic field

9

Discrete sources of -, 3

density ~105 Mpc3 |
follow baryon density,
field at Earth ~10-% G.

Sigl, Miniati, Ensslin, Phys.Rev.D 68 (2003) Ogl}3002:
astro-ph/0309695; PRD 70 (2004) 043007. y/Mpc
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cumulative distribution
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cumulative distribution
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cumulative distribution
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Conclusion:

A correleation with the local large scale structure is not
necessarily destroyed by relatively large deflection, not
even for iron, provided the field correlates with the
large scale structure and deflection is mainly within
that structure

It would mean that any correlation with specific sources
does not identify particular sources, but only a source
class that is distributed as the large scale structure

Instead of AGN it could be e.g. due to GRBs or magnetars

But galactic deflection is also large and in general does
not align with with supergalactic_ plane
DS

¥



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

magnetic fleld
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Importance of deflection obvious from comparing energy loss/spallation
time scales with delay times
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low delay-time spike at ~50 EeV due to
spallation nucleons produced outside
source field.

Energy loss times for helium (solid),
carbon (dotted), silicon (dashed), and
iron (dash-dotted).
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Interactions of Hadronic primary cosmic rays

y-rays can be produced by pp -> ppm°® -> ppyy

o, (5)~[35.49+0.307In"(5/28.94 GeV )| mb

This cross section is almost constant -> secondary spectra roughly the
same shape as primary fluxes as long as meson cooling time is much
larger than decay time.

y-rays can also be produced by py interactions:

For sub-MeV photons the cross section has a threshold and is
typically ~ 100 mb and weakly energy dependent at energies
much above the threshold

=> Secondary neutrino flux also has a (very high energy) threshold 45
above which it roughly follows the primary spectrum.



Centaurus A as Multimessenger Source: Hadronic Model

ICECUBE sensitivity
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acceleration of protons around the core: py dominated
and secondary y-rays cascade in infrared field of the source

Kachelriess, Ostapchenko, Tomas, NJP 11 (2009) 065017



Declination (L3000)

Lobes of Centaurus A seen by Fermi-LAT
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Can be explained within electromagnetic scenarios

A e B
Morth South

1" o .;.-'\

wip e R \ "a

“]J_‘

V3, [Jy Hz]

vS, [Jy Hz]

II.' Y / "'.I '.I /
|
1" ! 10 L
1’ o™ o' ' o' 1o 10" 1’ " o' o' o™ i 1w
v |Hz) v |Hz]
iy o' B o'
N h ICCMBE {; h IC/ACMB
ort : oul
I fatar B fetar
o' I o't — s
e — < iV
1 il .

=
4
4
" 1
L
o

v, [Jy Hz]
=
[
i,
vS, [Jy Hz)
2

B ¥ il . : -1 ! b J1I n ¥ : 7 ¥ 1-- ) ™
1" T 10" 1o o 0™ i 1o 1n* 1o o™ i

v |Hz] v |Hz]

Low energy bump = synchrotron

high energy bump = inverse Compton.on CMB in ~0.85u6 field
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In electromagnetic scenarios the magnetic field is given by relative height
of synchrotron and inverse Compton peak in the leptonic model would be too high:

I Upg

synch __

P UcmBHR

= Kepler SNR {c) i
= |
m — F
i ]
I
E
L]
- .
o
Iy
n L
o E
AN A I R A D O O |I' .I
= N .
£l 1||| | s

100%™ Moo o1 01 1 10 1o0tooo10* 107 10% 107 107 10¥ 100" 10" 10" 10"
Photon energy E (&V)
Voelk, Ksenofontov, Berezhko, arXiv:0809.2432



|
|

VFV [erg s cm ]

Core of Centaurus A seen by Fermi-LAT
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E5(E) (GeV em ™8 'sr ')
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Chemical Composition and Cosmogenic Neutrino Flux

E®dN/dE (eV m™® s7' sr™?)
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Range of cosmogenic neutrino fluxes consistent with PAO spectrum and

composition
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Limits and future Sensitivities to UHE neutrino fluxes
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Also UHE gamma ray fluxes depend on composition, see e.g.
Hooper, Taylor, Sarkar, arXiv:1007.1306
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Lorentz Symmetry Violation in the Photon Sector

For photons we assume the dispersion relation

:k2+§;‘k2( 4 ) n>1,

and for electrons
D,

MPI

E: . =p+m+n"p.

, n=>1,

with only one term presen’r Polamza’ruons denoted with +. For positrons, effective
field theory implies n” "=(—1)"n"". Furthermore, & =(—1)"%,, so that the
problem depends on three par'ame‘rer's which in the following we denote by

+

6n’ nn’ r’;z

for each n.
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Photon decay becomes possible and/or pair production may become inhibited !



In absence of pair production for 10” eV < w < 10?° eV the photon fraction
would be ~20% and would violate experimental bounds:
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Current upper limits on the photon fraction are of order 2% above 10% eV
from latest results of the Pierre Auger experiments (ICRC) and order 30%
above 1020 eV,
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Future data will allow to probe smaller photon fractions and the GZK

photons
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A given combination &, n,, 1, is ruled out if, for 10° eV < w < 102 eV,
at least one photon polarization state is stable against decay and does
not pair produce for any helicity configuration of the final pair.

In the absence of LIV in pairs for n=1, this yields:

£<10 "

Such strong limits may indicate that Lorentz invariance
violations are completely absent !

These limits are also inconsistent with interpretations of

time delays of high energy gamma-rays from GRBs within
quantum gravity secanrios based on effective field theory
(Maccione, Liberati, Sigl, PRL 105 (2010) 021101

60
Possible exception in space-time foam models,

Ellis, Mavromatos, Nanopoulos, “arXiv:1004.4167



1.) The origin of very high energy cosmic rays is still 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 doubft.

2.) Above 60 EeV, arrival directions are anisotropic at 99% CL and seem to
correlate with the local cosmic large scale structure.

3.) It is currently not clear what the sources are within these structures.
Potential sources closest to the arrival directions require heavier nuclei
to attain observed energies. Air shower characteristics also seem to
imply a mixed composition.

4.) This is surprising because larger deflections would be expected for nuclei
already in the Galactic magnetic field.

5.) A possible solution could be considerable deflection only within
the large scale structure; but this would be a coincidence for galactic
deflection
61



5.) Both diffuse cosmogenic neutrino and photon fluxes depend on chemical
composition (and maximal acceleration energy)

6.) The large Lorentz factors involved in cosmic radiation at energies
above ~ 10% eV provides a magnifier into possible Lorentz invariance
violations (LIV).

7.) Once UHE photons are detected, all LIV parameters in the electromagnetic
sector suppressed to first order in the Planck scale can be constrained to
be < 10°. At second order, one of the parameters can be large.
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