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Auger exposure = 31645 km? sr yr
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Cosmic ray versus neutrino induced air showers
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The Ultra-High Energy Cosmic Ray Mystery consists of
(at least) Four Inferr'elat Ilnges
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| 1.) electromagnetically or strongly interacting particles above |~
1029 eV loose energy within less than about 50 Mpc.

2.) in most conventional scenarios exceptionally powerful
acceleration sources within that distance are needed.

3.) The observed distribution does not yet reveal unambiguously
the sources, although there are hints of correlations with local
large scale structure

4.) The observed mass composition may become heavy
toward highest energies, but no completely clear picture

yet between experiments and air shower models
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Nucleons can produce pions on the cosmic microwave background
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B Only Lorentz symmetry breaking at M>10"
could avoid this conclusion.
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Length scales for relevant processes of a typical heavy
nucleus
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U, > U, Hillas plot
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AGN cores

P, >> P,
' : ‘/synchrotron iron, proton
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57
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galaxy clusters

B, 5
/ \ZA
hock front

Fractional energy gain per shock crossing ~ ui - u2 on a time scale r,/us, .

Together with downstream losses this leads to a spectrum E™ with q > 2 typically.
Confinement, gyroradius < shock size, and energy loss times define maximal energy
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Some general Requirements for Sources

requires induction

Accelerating particles of charge eZ to energy E,_ .,

e>E,/eZ With Z, ~ 1002 the vacuum impedance, this requires
dissipation of minimum power of

2

C E s
Linin ~ =— = 10% Z7% | —= o
Z (1020 eV) 3

This ,Poynting" luminosity can also be obtained from L_.. ~ (BR)? where BR is
given by the ,Hillas criterium”:

/I 7,
102V eV

BR>3x 107 15 < ) Gauss cm

where T is a possible beaming factor.
If most of this goes into electromagnetic channel, only AGNs and maybe
gamma-ray bursts could be consistent with this.
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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
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Centaurus A is a UHECR source candidate

Pierre Auger sees an excess
in the direction of Centaurus A
above 55 EeV



But even for iron primaries Centaurus A can not be the
only UHECR source

Iron Image of Cen A in the Prouza-Smida Galactic Including an extreme choice for the turbulent
magnetic field model Galactic field component with strength 10 6,
coherence length 50 pc, 10 kpc halo extension
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Maximurm anqular distance to Cen A (deg
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Lobes of Centaurus A seen by Fermi-LAT
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CentTaurus A as MultTimessenger Source:
A Mixed hadronic+leptonic Model
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Low energy bump = synchrotron
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TeV-y-rays: py interactions of shock-accelerated protons
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Depth of shower maximum and its distribution contain information on primary
mass composition
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FIGURE 1. RMS(Xnax) from different hadronic interaction
models [23] and a two-component p/Fe composition model
(E =108 V).

1

1

00 600 700 800 900
Depth g/cm2




Pierre Auger data suggest a heavier composition toward highest energies:

— EPOS-LHC but not confirmed on the northern
QGS Jetll-04 S

- SibylI2.1 hemisphere by HiRes and Telescope
Array which are consistent with protons
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107 simulations and some hadronic interaction
models because a mixed composition would
predict larger RMS(Xmax)




combined measurement of Xmax and its fluctuation o constrains composition
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Muon number measured at 1000 m from shower core a factor ~2 higher than
predicted
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Pierre Auger Collaboration, ICRC 2011, Allen et al., arXiv:1107.4804

leading pion cascade electromagnetic
baryons cascade

The muon number scales as

NM X Ehad X (1 T fwo)N 5

with the fraction going into the electromagnetic channel f,o ~ % and the number

of generations N strongly constrained by X,.x. Larger IV, thus requires smaller

f7r0 !
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KASCADE data suggest a heavy composition below ~10!8 eV possibly becoming
lighter around 10!8 eV
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FIG. 4 (color online). The all-particle and electron-rich spectra
from the analysis [8] in comparison to the results of this analysis
with higher statistics. In addition to the light and heavy spectrum
based on the separation between He and CNO, the light spectrum
based on the separation on He is also shown. The error bars show
the statistical uncertainties.
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The global picture for the mass composition
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Cross section (proton-air) [mb]
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Very High High Energy Neutrinos

The .grand unified" differential neutrino number spectrum
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Summary of neutrino production modes

Aclive galactic nucleus

Shock
fronts
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Current Neutrino Flux Upper Limits at TeV-EeV energies

| | HH

AMANDA v, 2000-2003 90%CL limit Waxman-Bahcall upper bound (2011)
ANTARES v, 07-09 90%CL limit Mannheim 1995

IC40 v, 90%CL limit BBR | 2005 steep spectra sources

IC59 diffuse sensitivity Stecker AGN (Seyfert) 2005
IC59 diffuse 90%CL limit High Peaked BL Lac (max) Mucke 2003

IC40 atmospheric unfolding Prompt GRB Razzaque et al. 2008

conventional atmospheric v, (HKKMO07)

conventional (HKKMO7) + prompt (Enberg et al.) atmospheric v,

E2 d®/dE, [GeV cm™® s sr]

LZT TTTHI

Preliminary
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| [
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IceCube collaboration, Neutrino 2012 proceedings, arXiv:1210.4195 log10(E  [GeV




But now two PeV energy candidate neutrinos observed
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and even more events at few 100 TeV:
preliminary IceCube results

IceCube ICRC 2013

Most likely event direction
X track-like events
* All p-values are post-tnial + shower-like events

B Background Atmospheric Muon Flux
I Bkg. Atmospheric Neutrinos (=/K)
Background Stat. and Syst. Uncertainties
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Discrete Extragalactic High Energy Neutrino Sources

BL Lac/FSRQ Afterglow
Seyfer-I
local

l‘ / S5RQ medium

-3
I ~
OQ{ZIPC) n/o cm

Narrow emission line region

08
5 a A
Broad emission -3 line region N\
X-rays, opt,
FR-1/FR-II radio, ...

—— neutrinos?
Seyfert-ll 6
~10 s

16
logit/pey . ~3*10 cm

active galaxies gamma ray bursts

Figures from J. Becker, Phys.Rep. 458 (2008) 173
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Neutrino Fluxes from Gamma-Ray Bursts

GRBs are optically thick to charged cosmic rays and nuclei are disintegrated

=> only neutrons escape and contribute to the UHECR flux by decaying back
into protons

Diffuse neutrino flux from GRBs can thus be linked to UHECR flux (if it is
dominantly produced by GRBs)

3, (E,) ~ —, (5) ,

Ny Ny

where 1, ~ 0.1 is average neutrino energy in units of the parent proton energy.

Above ~ 10'7 eV neutrino spectrum is steepened by one power of E  because pions/
muons interact before decaying
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GRBs as UHECR sources now strongly constrained by non-
observation of neutrinos by IceCube

NeuCosmA 2012 NFC prediction 100
Waxman & Bahcall — GRB, all

IC40 limit --- GRB, z known -+ 50
IC40 Guetta et al. , stat. error.

IC40+59 Combined astrophysical

limit S IC401—5_9 uncertainties

_ 20
IC40+59 Guetta ,” P
et al.
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but re-evaluation of diffuse
neutrino flux from GRBs gave
factor ~10 smaller fluxes
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But GRB models can still be tweaked to explain the
IceCube events

| w—|C86 5 year sensitivity AGN(Stecker et ol.) ==+ GZK (Kotero et ol.,FRII)
Reference Model n ’\— s gtmosphere neutrincs GRB(He et al.) ~«=-+GZK (Anlers et al.,best)
o GZK (Yoshido et ol.)
- —--- Low Luminosity GRBs - =-GZK (Engel et al.)
Alternative z—Distribution

Alternative Spectral Break
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IceCube events are unlikely to be produced during UHECR
propagation ("cosmogenic neutrinos”)

proton sources, a=2.4, E_ .. =200 EeV, GRB2

max

[ r—-—IIAuger sptlectrum |

- ——=—1 Hires2 spectrum

XGal CRs
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v (CMB only) Anita
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Figure 1. Proton ‘dip’ scenario with source spectral index a@ = 2.4 and E,,,x = 200 EeV. Indicated
are the propagated proton spectrum and the resulting all flavor neutrino fluxes (obtained with CR-
Propa). We also show separately the neutrino backgrounds due to interactions with CMB alone as well
as those resulting from n decays. The CR flux measured by Auger and Hires and the neutrino limits
from IceCube, Auger and Anita are displayed. We also indicate the energy range and approximate
flux level suggested by the two observed IceCube events.




IceCube events are unlikely to be produced during UHECR
propagation ("cosmogenic neutrinos”)

proton sources, E_ ..=200 EeV
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Figure 2. Proton scenario with F,,,, = 200 EeV for different source evolution models (SFR1, GRB2
and FRII). The source spectral index is a = 2.4 for the SFR1 and GRB2 models, while @ = 2.2 for
the FRII model. Indicated are the propagated proton spectrum, the resulting (all flavor) neutrino
and the photon fluxes. The photon background measured by Fermi-LAT [10] is indicated, besides the
CR spectra and v bounds included in figure 1.




IceCube events are unlikely to be produced during UHECR
propagation ("cosmogenic neutrinos”)
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Figure 3. Extragalactic Fe scenario with source spectral index a = 2.0 and E,,,x = 5200 EeV.
Indicated are the propagated CR spectrum and the resulting (all flavor) neutrino fluxes, as well as
the neutrino background due to n-decays alone.
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IceCube events are unlikely to be produced during UHECR
propagation ("cosmogenic neutrinos”)

p/Fe=10, a=2.0, R =5 EV, GRB2

——=— Auger spectrum " v

——=— Hires2 spectrum
XGal CR
neutrinos ' ——="Auger
v from p e
v from Fe IC40 =<

Q‘Q‘?
Auger skimming: final

£y
IceCube final

e
)
%)

N
£

S
[}

S,

L

S,
S

©

o
L

—

S
—
o

—

]
—
—

10712 & : '
108 10" 10'° 10'8 10" 10'8 10'° 10%° 10°!
E [eV]

Figure 4. Mixed composition (p-Fe) scenario with source spectral index o = 2.0 and E,,x = 5 Z EeV.
Indicated are the propagated CR spectrum, the resulting (all flavor) neutrino fluxes and the separate
contributions from p and Fe primaries.
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The idea:

Experimental upper limits on Contradict predictions if pair
UHE photon fraction production is absent
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Lorentz Symmetry Violation in the Photon Sector

For a photon dispersion relation

k g
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In the absence of LIV for electrons/positrons
for n=1 this yields:
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3-Dimensional Effects in
Propagation

Galaxy (disk + halo) vicinity of the
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Structured Extragalactic
Magnetic Fields

Miniati
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Filling factors of extragalactic magnetic fields are not well known and come out different in
different large scale structure simulations
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Extragalactic iron propagation produces nuclear cascades in structured magnetic fields:

Initial energy 1.2 x 104! eV, magnetic field range 10!° 10 10° 6. Color-coded is
the mass number of secondary nuclei
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CRPropa 2.0/3.0

Sources : Observers :

— discrete _ Origin of

— continuous coordinates

Injection : — Spheres

— single E R ——— around the

Propagation : sources

— Small spheres
in the box

— power law )
— Interactions
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— Deflections in 3D
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Version 1.4: Eric Armengaud, Tristan Beau, Glinter Sigl, Francesco Miniati,
Astropart.Phys.28 (2007) 463.
Version 2.0 at https://crpropa.desy.de/Main Page
Now including: Jorg Kulbartz, Luca Maccione,
Nils Nierstenhoefer, Karl-Heinz Kampert, Peter Schiffer, Arjen van Vliet
arXiv:1206.3132, Astroparticle Physics
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http://apcauger.in2p3.fr/CRPropa/index.php

Mixed chemical compositions

For an injection spectrum Eelemental abundance at given energy E is modified to

dnA

d—E(E) — N.ZUA Aa_l E_ag(E)

where x, is the abundance at given energy per nucleon E/A and g(E) is the cut-off
shape.

Composition at given E/A (blue)
following elemental abundances in the
Galaxy

Composition at given E for an E-2¢
injection spectrum (red).
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Discrete Sources Iin nearby
large scale sftructure

magnetic field
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Building Benchmark Scenarios
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Composition and the Transition Galactic/Extragalactic
Cosmic Rays

Giacinti, Kachelriess, Semikoz, Sigl, arXiv:1112.5599 and Pierre Auger Collaboration, Astrophys.J. 762 (2012) L13
Light Galactic Nuclei produce too much anisotropy above = 10'® eV. This implies:

1.) if composition around 10'¢ eV is light => probably extragalactic (and ankle may be due
to pair production by protons)

2.) if composition around 10'® eV is heavy => transition could be at the ankle if
Galactic nuclei are produced by sufficiently frequent transients, e.g. magnetars
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It is surprisingly difficult to construct simple scenarios

with structured sources and magnetic fields that reproduce all
observations: spectra, energy dependent composition and
anisotropy. to explain them separately is quite easy

Relatively hard injection spectra and low maximal rigidities of
few times 10'® eV seem to be favored
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Conclusions

1.) It is surprisingly difficult to construct simple scenarios
with structured sources and magnetic fields that reproduce all
observations: spectra, energy dependent composition and
anisotropy; to explain them separately is quite easy

2.) The observed Xmax distribution of air showers provides
potential constraints on hadronic interaction models: Some
models are in tension even when “optimizing"” unknown mass
composition; however, systematic uncertainties are still high.
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Conclusions

3.) Both diffuse cosmogenic neutrino and photon fluxes mostly
depend on chemical composition, maximal acceleration energy
and redshift evolution of sources

4.) Multi-messenger modeling sources including gamma-rays and
neutrinos start to constrain the source and acceleration
mechanisms

5.) Highest Energy Cosmic Rays, Gamma-rays, and Neutrinos
give the strongest constraints on violations of Lorentz
symmetry => terms suppressed to first and second order in the
Planck mass would have to be unnaturally small
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