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UHECR Spectrum

Data from the Pierre Auger Observatory
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= Huge number of events at low energy but still few at > 10720 eV
= Arollover of the spectrum is confirmed but physical origin is controversial and complicated
= Significant differences exist in energy calibration among experiments
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UHECR Composition

Data from the Pierre Auger Observatory
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No collider data exists at this energies
Significant differences exists among high-energy particle interaction model

Two main indicators:

= Average shower profile
maximum <Xmax>

= Variation of Xmax from
shower to shower

Pure proton composition
of UHECR is disfavored at
> 101° eV



UHECR Propagation

The sources of CRs above 5x10%° eV should be very nearby to avoid catastrophic
energy losses during propagation: GZK radius ~ few hundred Mpc

Comparisons of UHECR proton and Fe Nuclear isotopes interesting for CR propagation
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Sources are distributed
uniformly in space in
comoving volumes, each
emitting the same spectra
of UHECRs

Interactions and energy
losses are simulated

Secondary particles are
tracked until they reach
observer or drop out of
the flux

Simulations of UHECR Propagation

SourceModel
Spectrum
Evolution
Direction
Composition

.

Boundary

Interaction

CRPopa 3.0 Monte Carlo

— - ——
-—
=
L. -

position

Module List

andidate

" C ~

‘ Galactic
lensin

- - -
-
-~

’ t‘_,'pe

Deflection

Tabulated data
Infrared background
Radio background

.-

External libraries
SOPHIA
DINT

-

Magnetic field

Uniform
Grid

Batista et al. 2013

Deflection of
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CRPropa Simulations Setup
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Injection spectra of nuclei at the sources: Ap Z KiE™" X feut(E, Z Reut)
1

1 (E < ZRcut)

E
exp (1 - ZR(:m,> (E' > ZRcut)

Rigidity-dependent cutoff of the spectrum:  f..«(F, ZRcut) = {

Evolution of the source density with redshift: ~ (1+z)™

Deflection in intergalactic and Galactic magnetic fields ignored - OK for diffuse flux
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Single Population Model Fits — Light Nuclei
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Fit to Auger Spectrum
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Single Population Model Fits — Intermediate Nuclei

10% ¢

101 5

a=-147, m= 0, l0gs(Re/V) = 18.15 Z=1
Kyt Ko : Kn:Ks;=45:52:3:0.06 — 2s5Zs6 |
— 1s2Zs10
., ~ — 1187520

LN ) — total
&  Auger 3

10 |

10° 10 101!
E [GeV]

a=-1.6, m=-3, 10g10(Rc/V) = 18.1 Z=1
Ky i Ky 1Ky Kg;=17:81:2:0.04 — 25256
— 7=2Z=10 |
) — 1152520 ]

tee. — total
$  Auger E

10° 1010 10"

10°

—
o
~

E*dN/dE [GeV? cm™2 s~ sr=1)

10°

103

—
o
~

E3dN/dE [GeV? cm™ s~ srY)
[
o

10°

10" |

a=-1.8, m=0, 10g10(Reg/V) = 18.1 Z=1
Ky Ko : Kn: Ks;=39:59:2:0.03 — 252Zs6
— 1s2Zs10
., — 115Zs20 |
L) — total
&  Auger

L )

10° 10'° 10!
E [GeV)
a=-15, m=-6, l0g)s(R./V) = 18.1 cul
Ky Kie : Ky : Kg;=57:42:1:0.02 — 2sZs6 |
— 1=2=<10 |
— 11sZs20

10° 101° 10!

H+He+ N+Si
at injection

Requires:

= Very hard injection
spectrum
= No or negative
source evolution
a <0

m <0
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Single Population Model Fits — Intermediate Nuclei

TABLE III. Best-fit values in parameter space [H + He +

N + Si] and in the energy range E > 10'87 eV,

m a log(Rew/V) Ky Ky Ky Kg 2

0 -1.8 18.1 39 59 2 0.03 259

-3 =16 18.1 17 81 2 0.04 257

-6 -1.5 18.1 57 41 1 0.02 2.66
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Very low /undetectable
cosmogenic neutrinos flux
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Two Population Model Fits — Example 1
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m =0, a = —1.58, Reyt = 10312V

Kie ~ T1%, Kxn ~ 29%
KSi ~ 003%, KFe ~ 0.02%
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Proton flux on earth ~ 25% at the highest E
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Two Population Model Fits — Example 2
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Cosmogenic Neutrino Fluxes

Example 1 Example 2
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Very similar neutrino fluxes, dominated by proton primaries



Summary and Outlook

We present new fits to the Pierre Auger UHECR spectrum

[ Single Source Population Models
= Light nuclei composition: H+He (Can fit spectrum >~ 1018 eV)
o Injectionindex: -2.2,-2.4
o Source evolution index: 0-3
o Rigidity cutoff: ¥~50-80 EV
o Redshift range: 0.0007-4
= Light-intermediate nuclei composition: H+He+N+Si (Can fit spectrum >~ 5x1018 eV)
o Injectionindex: -1.5,-1.8
o Source evolution index: -6-0
o Rigidity cutoff: “1 EV
o Redshift range: 0—1
1 Two Source Population Models
= Light-intermediate nuclei composition above + pure proton sources
= Pure proton sources contribute ~25% of the observed flux at the highest energies
= Pure proton sources evolve with redshift similar to luminous astrophysical objects
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