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Ultra-high energy cosmic rays
E>10Y eV

Pressing questions:

1. Where do they come from?

2. What are they made of?

3. How are they accelerated?

4. What can they tell us about
fundamental and particle physics?

Particle propagation from source to
observer is important to answer
these questions
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Propagation features
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Extra-galactic energy density

» Cosmic rays can interact with background photons:
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Interactions

» Pion production
Pion production for a head-on collision of a nucleon N.:

N+~v—=N+m

with the threshold energy

Mz (my +mg/2) 19 € -
Eopo — ~ 6.8 - 10 ( ) eV
thres Ve 10—3 eV
where € ~ 107° eV represents a typical target photon such as a CMB photon.
Both the electromagnetic and the strong interaction play a role.

Example: Pion production by protons via delta resonance:

—ut +u,
n+ 7"  with branching ratio 1/3
p + Mo with branching ratio 2/3
=7+

- — — — —— ——
- \ﬁ" ———

After the discovery of the CMB (1965) people realized:

p+7%A+%{

Universe gets opaque for cosmic rays at ultra-high energies: GZK-effect

first realized by Greisen, Zatsepin and Kuzmin in 1966
K. Greisen, PRL 16 748 (1966), G.T. Zatsepin and V.A. Kuzmin Sov. Phys. JETP Lett. 4 78 (1966)
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Interactions

» Pair production
Pair production by a nucleus with mass number A and charge Zon a photon:

A A -+ —
z+ 77—y te +e
with the threshold energy

_ Me(m+me) 17 ( : )_1
Ethres = . ~ 4.8 10 A 10_3 oV eV

where ¢ ~ 1073 eV represents a typical target photon such as a CMB photon.
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Interactions

» Pair production
Pair production by a nucleus with mass number A and charge Zon a photon:

7+ =% +et +e”

with the threshold energy
Me (M + M) 17 € —1
By = ~4.8-10 A( ) %
th . 103ev/)

where ¢ ~ 1073 eV represents a typical target photon such as a CMB photon.

» Photodisintegration of nuclei
Gamma ray is absorbed by nuclei and causes it to enter excited state before

splitting in two parts. 6
T

W
NS

photon

AVAVAVA <

Changes in energy AFE, and atomic number AA, are related by AE/E = AA/A
Thus, effective energy loss rate is given by:

1 dE 1 dA i
= ==L =N L(E
E dt |, Adt ;AA’()
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Interaction rate

Interaction rate can be calculated as

A= [ nlous(e) de
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mean energy of leading particle [eV]
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Attenuation length for protons

Low energies:

energy loss dominated by expansion of the
universe

Intermediate energies:

Most important loss length is pair
production on CMB

High energies:

Most important loss length is pion
production on CMB

DK, PhDT, (2011)
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1 09 D. Allard, Astropart. Phys. 39-40 (2012) 33-43
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GZK-effect: For propagation distances > 100
Mpc the primary energy is attenuated to
almost the same value
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Energy loss rate for Carbon-12

10° —
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Low energies:

energy loss dominated by expansion
of the universe

Intermediate energies:

Most important energy loss is
photodisintegration

High energies:

Pion production on CMB
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I9(D,+/Mpc)

Secondary photons

: DK, PhDT, (2011)
[ T [ T [ T [ T

» Dominant interaction process is pair
production:

YUHE + Y — et +e”

» Strong attenuation in PeV regime by
CMB photons

redshift

DK et al., ICRC 2009, 430
Z Y proton sources with spectral index oo = 2.5
5
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» Typical energy loss length: - ‘.
- H 1
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Current status: No photons above ~TeV energies observed 3
Daniel Kuemw hcontres d nan
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» Typical strength of the field varies:

Extragalactic magnetic fields

» Some words of caution: Extragalactic magnetic fields are currently poorly constrained.
» Their origin is not well understood (primordial Universe, magnetic pollution from

astrophysical sources, e.g. jets from radio galaxies, ...)

» 1-40 nG with coherence length of about 10 kpc (clusters of galaxies)
» 101%-10° G with coherence length between 1-10 Mpc (in filaments)
» Field strength probably related to matter density in this environment
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K. Kotera, A.V. Ollnto Ann Rev. Astron Astrophys 2011 49 119-53
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Sigl, Miniati & En3lin 2004
Dolag et al. 2005

Das et al. 2008

Donnert et al. 2009
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log B (Gauss)

I » Absence of powerful counterparts in the

arrival direction of UHECRs is probably
related to magnetic fields

. ——— e

T —— - .-\"_'___,.._\ — - —————

- Simulations lead to very discrepant results

- lllustrates variety of assumptions made

- E.g. Sigl, Miniati & EnBlin estimate proton
deflection with energy > 100 EeV by 10-20°,
whereas Dolag et al. < 1° of the same energy

‘”——”‘ —— - —
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Galactic magnetic fields

Much progress in recent years
Models based on Faraday rotation measurements and
polarized and unpolarized synchrotron emission

Concentrate on field from Jannson & Farrar: JF12
R. Jansson and G. R. Farrar, ApJ 757 (2012) 14
R. Jansson and G. R. Farrar, ApJL 761 (2012) L11

Field strength of order micro-Gauss
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TA hotspot
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Mean deflection for Auger and TA site

180 Basedlon JF1é model‘
160 - - #Xge' ~ > Mean deflection assuming that particles
arrive isotropically at the edge of the
140 central 68% quantile | gaIaxy
—120- - » Events recorded at each site up to 60° in
imo | zenith angle
S
—
=
TA and Auger observe
different deflections.
0 proton deflection I mp or tan t Wh en

170 175 180 185 190 195 200 205 comparing Auger and

|0g10(E/eV)
TA measurements

Daniel Kuempel 10th Rencontres du Vietnam


mailto:kuempel@physik.rwth-aachen.de

Mean galactic deflection

Mean deflection of protons Mean deflection of protons as
arriving at the edge of the galaxy seem from Earth

energy [log(E/eV)] 18.00 energy [log(E/eV)] 18.00

/

TA hotspot

galactic coordinates galactic coordinates

0 Mean Deflection [deg) 90 0 Mean Deflection [deg) 90
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Mean galactic deflection

Mean deflection of protons Mean deflection of protons as
arriving at the edge of the galaxy seem from Earth

energy [log(E/eV)] 18.00 energy [log(E/eV)] 18.00
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TA hotspot

galactic coordinates galactic coordinates
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Multiparameter challenge

Aim: Constrain / determine astrophysical parameters
Challenge: Many unknown/uncertain parameters

Number

Position

Size

Luminosity
Spectrum
Composition
Evolution
Transient sources

Emission patterns

J
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Propagation

" Energy loss, cross sections
Change in composition
Background radiation model
Redshift effects

Extragalactic Mag. Field
Strength, coherence length,
structure (filaments, voids, cluster)

Galactic Mag. Field
Model and strength

. scale heights, turbulence

Observation

s
Di re Cti ON (direct)

Energy (direct)
Composition

(indirect e.g. Xmax,)
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Simulations

» Much progress in recent years

\

\\\\\\

\

NN

OBSERVATORY

CRPropa
R.A. Batista et al. ICRC 2013
https://crpropa.desy.de

SimProp
R. Aloisio et al. JCAP 10 007 (2012)

Using high statistic experimental data in combination with
sophisticated propagation tools and powerful computing
clusters we are entering a new phase of data / MC comparison

e~~~ - - et
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Simple example data comparison

| Auger ICRC 2013I

i ) 8 |
e 1D simulation 1 03 Toreliminary
® Homogeneous :

source distribution le ©®
o m=0 |

N\
\
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RN\ |

1035 [ [ [ [
18.0 18.5 19.0 19.5 20.0 20.5
log,o(E /eV)
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Simple example data comparison

® 1D si lati 1038 | | Auger ICRC 2013I
Simuiation | preliminary : |
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Simple example data comparison

e 1D simulation

® Homogeneous
source distribution

o m=0

Daniel Kuempel

| Auger ICRC 2013I

10°%-

preliminary

10t Rencontres du Vietnam

\

o Fit 4 masses at source

®\Variable maximum
energy. Best fit:

Emax = 101973 x Z eV
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Composition observable

K.-H. Kampert & M. Unger Astropart. Phys. 35 (2012) 10
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Use composition as additional observable
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Example with composition observable
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» In this example:
} Emax’p = 1018'9 eV

Emax,Fe =26 Emax,p

» Source spectral index = 1.55
(very hard)

» No source evolution

» Here limiting energy of sources
combined with GZK describes
composition data best

» Additional (proton) component
may be needed to describe
composition at highes energies

» Pure proton composition can
not describe Auger data

IR ——— - - ———
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Astroparticle Physics

journal homepage: www.elsevier.com/Iocate/astropart

Many other papers on this subject

Astroparticle Ph;siicsi3§—;107(270125 373—437 |

W;sitirio];article Physics 54, 48 (2014)
Astroparticle Physics

Extragalactic propagation of ultrahigh energy cosmic-rays g
Denis Allard

Laboratoire Astroparticule et Cosmologie (APC), Université Paris 7/CNRS, 10 rue A. Domon et L. Duquet, 75205 Paris Cedex 13, France

journal homepage: Www,elsevier.com/locate/astropart

UHECR composition models

Andrew M. Taylor w

e I Jand
Dublin Institute for Advanced Studies, 31 Fitzwilliam Place, Dublin 2, Irelan

Astroparticle Physics 33 (2010) 151-159
Astroparticle Physics

journal homepage: www.elsevier.com/locate/astropart

On the heavy chemical composition of the ultra-high energy cosmic rays

Dan Hooper **, Andrew M. Taylor <%*

Frontiers of pi

Myslcs

T K Gaisser, T Staney, g, Tilay

Subm. to JCAP 2013

Bottom line:

———— ) Hard source spectral index needed, unless
nearby source (additional component) IS assumed ¥
» Too early to draw decisive conclusions

Daniel Kuempel

(large parameter space and big uncertainties)
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Multi-messenger approach

» IceCube PeV neutrino events from extragalactic UHECRs?

G. Sigl, A.v. Vliet, Proc. Rencontres de Moriond 2014
| I} I} I} I} I} I} I\J I} | '.Ii |

—h
o
~

In this example:
» pure proton injection
I D R S 5 » source spectral index 2.2

...... e ] P Emax = 200 EeV

I EE » Relatively strong source
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» Difficult to interpret IceCube events in terms of cosmogenic
neutrino flux
» Gamma ray flux of the order of Fermi diffuse level
et —— —— - - et
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Conclusion

» Propagation of UHECRs plays an important role constraining
astrophysical parameters |

» Modern simulation tools enable | D and 3D simulations in
structured (extra)galactic environments including secondaries

» Too early to draw decisive conclusions on astrophysical parameters
= Use more observables and experimental data |

spectrum composition arrival direction photons, neutrinos

— EPOS-LHC
QGSJetll-04 7 §0€
--- Sibyll2.1 Lo

LR ‘-‘. 4
e, TH0° )120°)-180°
3 !

o ,'! / p
F A

=

|

5
180 185 190 195 200 205
log, o(E /eV)

10°

» Secondaries as messengers may further constrain astrophysical
parameters, e.g. by comparing with TeV observations
» Vibrant field of‘MC / data comparison. More results to come...

... the future is bright



