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Extra-galactic energy density

» Cosmic rays can interact with background photons:

e = eI'(1 — cos(19))
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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

mx(my + myx/2) 19 ¢ -1
B = ~ 6.8 - 10 ( ) %
th € 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:

—>,u++uu

n+m" with branching ratio 1/3
p+ with branching ratio 2/3

— Y+

cak-etiess
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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

photon

AVAVAVA <

T

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

120

100

0
o

Cross section [mb]
o
S

10° 10° 107 10® 10° 10 10! 10%2
Photon energy [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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Multiparameter challenge

Ex
: : : p,{rag Alactic
Aim: Constrain / determine Pagatio,,
astrophysical parameters
Challenge: Many unknown/ V=s 2 _—
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" 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
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Simulation Challenge

Flexibility and speed
Large parameter space,
large statistics needed,

multiple use cases

4D simulations
3D simulations including
expansion of the universe

Galactic Propagation
High resolution fields Milky Way tiny (~ 30 kpc)
Large volume, fast lookup compared to extragalactic
distances ( ~ Mpc) Earth
tiny compared to Galaxy
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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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R.A. Batista et al. ICRC 2013

C RPro Pa‘ 3 https://crpropa.desy.de

= CRPropa in a nutshell:
» Publicly available numerical tool to propagate UHECR nuclei and its secondaries
» Takes into account nuclear decay and interaction with ambient photon fields
such as pion production, photo-disintegration, and pair-production
» Model deflection of galactic and extra-galactic magnetic fields

SourceModel
Spectrum
Evolution
Direction
Composition

pa— Module List

e e = = —
— =
—

Boundary

Candidate
position, type, ...
isActive?

Interaction

Observer

Tabulated data
Infrared background
Radio background

External libraries
SOPHIA
DINT
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Galactic
lensing

Deflection

Magnetic field
Uniform
Grid

UHECR 2014

» One, three and four
dimensional simulations

» Able to predict spectra,
composition and arrival
direction of UHECR
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Implement galactic magnetic flé|d$’

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

N120° |-

. ' )180"
v / s

5 kne 192 194 196 19.8 20.0 202 20.4

2 S

Deflections important in
anisotropy studies

W——

Daniel Kuempel UHECR 2014


mailto:kuempel@physik.rwth-aachen.de

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
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GZK vs. source exhaustion

D. Walz, PASCOS 2014

1020 D. Walz, PASCOS 2014 | | | |
e, 4 Source exhaustion | {., GZK example |
| oS example | | CRPropa simulation |
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» Differentiation via measurement of mass composition in suppression region
» Need high statistic data and particle identification!
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3D including EGMF and GMF

Simulation setup:
» Sources:
» Mixed composition injection with relative abundances

H 4 14 56

1 105:03:0.1

» Power low injection spectrum
d.V;
dE

» Continuous source density following the large-scale-structure (LSS)
baryon density of the Dolag et al. simulation up to 4 Gpc distance

a=1.8
X A?—lE—ae—E/(ZiEmaX)

Eooe = 10198 eV

» Magnetic fields
» Extragalactic: Combination of Dolag et al. field structure and Miniati et al.
strength
» Galactic: JF12 model including regular, striated and turbulent component

Daniel Kuempel UHECR 2014
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3D including

R.A. Batista et al. ACAT proceedings 2014

EGMF and GMF

1038+

J(E) [eV?/(km? yr sr)]

e

Data: Auger ICRC2013, PRD arXiv:1409.4809 /
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Multi-messenger approach
» IceCube PeV neutrino events from extragalactic UHECRs?

S, A.v. Vliet, Proc. Rencontres de Moriond 2014
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» pure proton injection
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D 105 S ........... TR LS T S S ..... ....... »  Emax =200 EeV
L T » Relatively strong source

Auge; (,CRCE 2013)5 ......... ........... ........... ........... ..... * ....... evolution model

[ TTTHI gy

I\IIIII

.
’ .
cty owm

1 IIIIIlls\
[ 1 IIIIIII

Vm

1 Illllll
| | IIIIII|

10*

E2dN/dE

—— UHECR(CRPropa) | : - : & & & i i@ S
- IceCube 2012 (v limit) S : é : S ’ -

3 _ o SO SRR e U SO —
10 Auger (v limit) : L : : : : I
— = ANITA-II (v limit) ‘ =
IceCube Flux 7]

102 . credeeenanns AT leagrereand e P Beeeeaeeans S —
neutrinos v (CRPropa) A 5 5 5 5 5 5 E

Fermi LAT I R
photons y (CRPropa) | | | | i . i i A

10° 10" 10'° 10'° 107
E (eV)
» Difficult to interpret IceCube events in terms of cosmogenic
neutrino flux

» Gamma ray flux of the order of Fermi diffuse level

B e L e——m———
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Conclusion

» Numerical propagation of UHECRs plays an important role
constraining astrophysical parameters

» Modern simulation tools enable | D, 3D and 4D simulations in
structured (extra)galactic environments including secondaries

» Too early to draw decisive conclusions on astrophysical parameters
= Use more observables and more 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...
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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, ...)

» Typical strength of the field varies:

» 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

K. Kotera A.V. Ollnto Ann Rev. Astron Astrophys 2011 49 119-53

100 prss

A '\, ......... - .
S T 1 » Absence of powerful counterparts in the
1071 £ ~N o el - arrival direction of UHECRs is probably
_ - L
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o \ N
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Secondary photons
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» Typical energy loss length:
» 7-15 Mpc at 10*° eV
» 5-30 Mpc at 10%° eV
S ———— -~

» Dominant interaction process is pair

production:
YuHE + Y6 — € + e

» Strong attenuation in PeV regime by

CMB photons

DK et al., ICRC 2009, 430

Y proton sources with spectral index oo = 2.5
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Current status: No photons above ~TeV energies observed 3
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Galactic magnetic field lensing

Neglect energy loss during relatively short galactic propagation
-> Effect of magnetic field can be addressed as magnetic lensing:

For a specific energy bin:

® Backtrack protons starting isotropically at Earth

® Departure direction and exit direction of galaxy binned with 1° resolution

® Calculate probability matrix for a particle entering the galaxy from
direction n to observe at Earth from direction m

® Repeat procedure for different energies to Edge of Galaxy
produce energy dependent lens

® Particle with Z> 1 use rigidity dependent
deflection

-
—
—
-
co-

e
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3D ma

Extragalactic magnetic field:
—5 '

Obtain field strength
from mass density
using B-rho profile
(Miniati et al.)

log10(B/[G])

gnetic field

"33
LSS mass density (Dolag et al.)
T SR o
200 " -2 | l»?.S
/ P90 <
1504 1| b-1055
a B ' =
= -—12.0 £
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50 4ol
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log1o(p/ [g/cm3])

Select largest cube
that fits inside
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