Interface of Cosmology and Magnetic
Fields with High Energy Cosmic Rays:
News from the Pierre Auger Experiment

Observations

. Anisotropies and Mass Composition
Tests of Lorentz Symmetry

. Cosmic Rays and Cosmic Magneftic Fields
. Primordial Magnetfic Fields
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Auger exposure = 31645
up to December 2012
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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 |
10%° 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



Nucleons can produce pions on the cosmic microwave background
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sources must be in cosmological backyard
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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upstream downstream
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galaxy clusters

supernov
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shock front L [kpc]

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

€ E ;
Linin ~ =— = 10% 272 | —= o
7 (1020 eV) 3

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

B nas 2
1020 eV

BR>3x 10" T'& < ) (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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Or Cygnus A
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All Sky View from Pierre Auger and Telescope Array

Equatorial Coordinates - L=4 Equatorial Coordinates - 15° smoothing

90

Figure 9. Left: flux sky map in km=2 yr~! sr™! units, using a multipolar expansion up to £ = 4. Right: significance sky map smoothed out at a 15° angular scale.

(A color version of this figure is available in the online journal.)

Pierre Auger and Telescope Collaborations, ApJ 794 (2014) 172 [arXiv:1409.3128]
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Depth of shower maximum Xmax and its distribution contain information on
primary mass composition

Auger level
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Pierre Auger data suggest a heavier composition toward highest energies:
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potential tension with air shower
simulations and some hadronic interaction
models because a mixed composition would
predict larger RMS(Xmax)




combined measurement of Xmax and its fluctuation a(Xmex) can be translated to
distribution of atomic mass A within a given hadronic interaction model

SiByrLL 2.1 Eros LHC

unphysical

109
E [eV]

would imply that fluctuations
predicted by a pure composition
already higher than observed




Muon number measured at 1000 m from shower core a factor ~2 higher than
predicted

0 Erpos LHC E=10YeV, 0 = 67°
o QGSJET 11-04

<& QGSJET II-03 —

v¢ QGSJETO01

] Auger

data
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Pierre Auger Collaboration, arXiv:1408.1421 leading  pion cascade electromagnetic
baryons cascade

The muon number scales as

N,u X Ehad X (1 ~ fﬂo)N .

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

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

f7r0 !
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The global picture for the mass composition

—— TA, preliminary
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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
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IceCube observed 283 cascade and 105 track events from
the Southern sky above 1 TeV deposited energy:

1 Conventional v @ Penetrating p [ Astrophysical v

ey 102 e

Southern sky ] F Northern sky ]
0.2 < cosbOrec < 1.0 | [ —1.0 < cosbrec < 0.2 ]

Events in 641 days

Events in 641 days
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r I
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t
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L1111l ‘ I ‘
105 106
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IceCube collaboration, Phys.Rev. D 91 (2015) 022001 [arXiv:1410.1749]
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Sky distribution

absorption

TS=2log(L/LO)

Galactic

IceCube collaboration, Phys.Rev. Lett. 113 (2014) 101101 [arXiv:1405.5303]




A possible Correlation of IceCube Neutrinos with the

Telescope Array Collaboration, ApJ. Lett. 790 (2014) L21 [arXiv:1404.5890
(a) (b
T / R, - O~  E>57EeV Dec. (deg)
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SER lMsolaryr 'MpC -

Cosmogenic Neutrinos: Maximal Fluxes for Pure Proton
Injection insufficient to explain IceCube neutrinos

Including
secondary
photons

strong source
evolution is here
constrained by
Fermi-LAT
results
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v bounds included in figure 1.




: Cosmogenic v models
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Single flavour, 90% C.L. p, Fermi-LAT best-fit (Ahlers '10) [33]
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At the highest energies the neutrino flux limits start to constrain cosmogenic

flux predictions
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Discrete Extragalactic High Energy Neutrino Sources

BL Lac /FSRQ Afterglow
Sevyfer-I
local

¢' / SSRQ medium

log{z/pc)

Narrow emission line region

0% v
50
Broad emission “Sline region N\
X-rays, opt,
FR-1/FR-II radio, ...

——— neutrinos?
Seyfert-lI 6
~10 s

log{r/pc)

active galaxies gamma ray bursts

Figures from J. Becker-Tjus, Phys.Rep. 458 (2008) 173
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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,‘ n
Wh = e e (—) s

Mp

In the absence of LIV for electrons/positrons
for n=1 (CPT-odd terms) this yields:

LHLE 1074

Even for n=2 (CPT-even) one has sensitivity to £2~10°

34



The modified dispersion relation also leads to energy dependent group velocity
V=9E/dp and thus to an energy-dependent time delay over a distance d:

yi d V)

o TS 100Mpd) \ TV

for linearly suppressed terms. GRB observations in TeV y-rays can therefore probe quantum
gravity and may explain that higher energy photons tend to arrive later

At = —£d

SEC

GRB 09092B  Fermi 09/2009

i Fermi

080916¢c

AGN Mkn 501 oy

MAGIC GRB 090510

% L e Fermi 08/2009

!

AGN PKS 2155-304
HESS
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3-Dimensional Effects in
Extragalactic Cosmic Ray Propagation

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

DB: MiniatiLSS_Bfield.fits
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— — — Daos et ol 2008

Donnert et al. 2009

user: yoshi
SunFeb 7(

Filling factors of extragalactic magnetic fields are not well known and come out different in
different large scale structure simulations
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The Magnetic Universe:
Understanding the origin and evolution of B fields

(Vazza et al. 2014)

55 -53 -52 -5 -4.7 -44 -4 -3.5 -28 -18 -0.49
loglO[muG]

» Determine the role of magnetism in regulating galaxy evolution
» Detection and characterization of the magnetic cosmic web
* Magnetic evolution of AGN over cosmic time

Exploring the Universe with the world's largest radio telescope




Observations and simulations of the non-thermal Universe




Observational Status
of Extragalactic Magnetic Fields
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Magnetic Field Influence on Charged
Particle Propagation

B ~ 10'* G and a coherence scale I ~ 1 kpc are possible ranges for primordial fields
from cosmological phase transitions (for significant magnetic helicity)

gyro-radius
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Effects of Primordial Magnetic Fields
on Electromagnetic Cascades

principle: deflection of electrons and positrons out of the beam can lead to a
flux suppression of electromagnetic cascades if photon flux dominated by
inverse Compton scattering, i.e. for hard injection spectra
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Solution 1:
magnetic fields > 10" G sufficiently disperse the GeV
Y-ray cascades

—~ - Solution 2:
Ferm| upper limit cascade absorption by plasma beam
instabilities

Solution 3:
Primary cosmic rays produce TeV

Essey et al., Astrophys. J. 731 (2011) 51 Y-rays continuously during propagation

10°
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5
>
9,
g
% 10°2
()

ol
=N

Solution 4:
Y-ray mixing with new light states

) . (ALPS, hidden photons)
Pure Y-ray injection tends to underproduce

“prompt” TeV Y-rays (observed by TIACT) and
overproduce GeV Y-ray cascades (nhot observed
by Fermi LAT) Solution 5

Lorentz invariance violation

A



Sensitivities from y-Ray Observations versus Theor
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EGMF - Origin

The origin of EGMF is still uncertain - mainly two different seed
mechanisms:

» Astrophysical scenario: Seed magnetic fields are generated
during structure formation (e.g. by a Biermann Battery
[Biermann, 1950]) and are then amplified by the dynamo
effect [Zeldovich et al., 1980]

» Cosmological scenario: Strong seed magnetic fields are
generated in the Early Universe, e.g. at a phase transition
(QCD, electroweak) [Sigl et al., 1997] or during inflation
[Turner and Widrow, 1988], and some of the initial energy
content is transfered to larger scales.

The latter are the so-called primordial magnetic fields and will be
focused on in the following.

» Basics for the time evolution: Homogeneous and isotropic
magnetohydrodynamics in an expanding Universe.



Primordial Magnetic fields - Simple Estimates

The main problem is that the comoving horizon at the temperature
T of creation is very small,

T 1 100 MeV
[y ~ -2 ~ (0.2

so that length scales of interest today are far in the tail.

A magnetic field in equipartition with radiation corresponds to
B~3x107°G.



Primordial Magnetic fields - Basic MHD

Magnetohydrodynamics (MHD)

» Maxwell’'s equations:
V-B=0, VXE=-0:B, V xB =4nj
» Continuity equation for mass density p: 9;p + V(pv) =0

» Navier-Stokes equations:
p(Ov+ (VW)v) = =Vp+ puAv+ A+ p)V(Vv) +f

For the magnetic field and the turbulent fluid it follows therefore

9%B = — AB+V x (vxB)

Ao
B B
41 p




Primordial Magnetic fields - Basic MHD

» Switch to Fourier (k-)space: B(x) — E(q) v(x) — V(q)

1
0:B(q) = q°B(q) o)}
W

q X

~~
N
&
hrefh

' (;W;% amp / @k |(kx B(k)) x B(a— k).
(1

Terms of the type U(q — k) x B(k) describe mode-mode coupling
such that power from small length scales 1/k can be transported
to large length scales 1/q.



Primordial Magnetic Fields - Correlation Function

Aim: Computation of the correlation function for B and v

» Homogeneity: The correlation function cannot depend on the
position In space

» |sotropy: The correlation function only depends on the
magnitude of the spatial separation

In Fourier space this means that the most general Ansatz is
[de K&rman and Howarth, 1938]

(BOQB(K)) ~ o(k — K)[(31m ";ﬁm)“,f: ey HY

(UK ~ Dk — k)G — ) &+ ey H




Master Equations for the Power Spectra

In the absence of helicity, H;” = H; = 0, the master equation for
the magnetic field power spectrum then reads

00 ( 0 i 1 2k4
<at/wq>:/ dk- At/ 40| — 5 L3 sin® 0(Mg) (Ui, +
o | Jo ]
1qg*

4+ §k_f (q2 + k? — gk cos 9) sin’ O(Mi){(Uy)

1
_ Zqz (3 — cos? «9) sin (M) (Mg)| ¢,

1 )

where 6 is the angle between q and k.



Primordial Magnetic Fields: Full-Blown Numerical MHD Simulations
versus semi-analytical methods based on transport equations

| ||||||I| | ||||||I|

normalized to
& turbulence

& -6
F < 10° G 3 energy, < 10° G

magnetic fields

turbulent velocity

magnetic helicity

dotted = initial condition

dashed = final state
without helicity
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10°

solid = final state
with maximal helicity




Extragalactic iron propagation produces nuclear cascades in structured magnetic fields:

Initial energy 1.2 x 104! eV, magnetic field range 10 10 10° &. Color-coded is
the mass number of secondary nuclei
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http://apcauger.in2p3.fr/CRPropa/index.php

Model Predictions for Spectrum, Composition and
Anisotropy versus the Data

® measured data
(Pierre Auger Collaboration ICRC 2013) /

AE/E = 14%

~— EPOS-LHC

log,o(E/eV)

combining spectral and composition information with anisotropy can considerably
strengthen constraints on source characteristics, distributions and magnetization
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Conclusions

1.) The sources of ultra-high energy cosmic rays are still not
identified due to rather small anisotropies; composition seems
to become heavier at the highest energies which appears
economic in terms of shock acceleration power

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.) 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

4.) Cosmic Rays and electromagnetic cascades probe
extragalactic and primordial magnetic fields through deflection

and time delay
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