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P%.  UHECR Source codes

® NeuCoSMA Himmer et al. Astrop. Phys. Vol. 34 Issue 4. 2010, 205-224

- ® AMS3 (no nuclear cascades) kinger et al. 2023 (arxiv:2312.13371



https://www.sciencedirect.com/science/article/pii/S092765051000126X?via%3Dihub
https://arxiv.org/abs/2312.13371

Extra-galactic UHECR Propagation codes

. UHECR Source codes
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A clearer picture

Probabilistic description with analytic expressions
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Probabilistic description

Nuclear interactions over cosmic distances
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Probabilistic description

Nuclear interactions over cosmic distances

P (L) = de Ml
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Probabilistic description

Nuclear interactions over cosmic distances
P (L) = e Ml
Py (L) = he Ml
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Probabilistic description

Nuclear interactions over cosmic distances
P (L) = Xe Ml
Py(L) = Xe 22 za

CMB

XSCRC | 16-18.10.2024 Leonel Morejon Photonuc. xsecs & UHECR transport 21



Probabilistic description

Nuclear interactions over cosmic distances
P (L) = Xe Ml
Py(L) = Xe 22 za

CMB

XSCRC | 16-18.10.2024 Leonel Morejon Photonuc. xsecs & UHECR transport 22



Probabilistic description

Nuclear interactions over cosmic distances
P (L) = Xe Ml
Py(L) = Xe 22 za

CMB

Convolution of exponential
functions with different rates!
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Probabilistic description

UHECR disintegration as a Markov Process

Xt Bladt, M., & Nielsen, B. F. (2017). Matrix-Exponential Distributions in Applied Probability (Vol. 81)

The successive
disintegrations are Prob(S;) = Ae % absorption

: g p+11 ® ?
Poisson distributed. pl —_—

The propagation is
equivalent to a Markov
jump process (CTMC).

Nuclear species

Jumps are transitions
between nuclear : - { }
species. S S8y Sy Y
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Matrix Exponential Distributions: Construction

Theoretical expressions for distributions injected species

f(L) = wexp(AL)Ae e
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Matrix Exponential Distributions: Construction

Theoretical expressions for distributions

injected species
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Matrix Exponential Distributions: Construction

Theoretical expressions for distributions

f(L) = wexp(AL)Ae

injected species
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Matrix Exponential Distributions: Construction

Theoretical expressions for distributions injected species

f(L) = wexp(AL)Ae e
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Probabilistic description
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Matrix Exponential Distributions: Construction

Theoretical expressions for distribution Distance until full disintegration
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Example distribution chains
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Probability density

L. Morejon PoS ICRC2023 (2023) 284

Example distribution chains f(L) = wexp(AL)Ae
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f(L) = wexp(AL)Ae
Extragalactic propagation distributions

Rates ranging several orders of magnitude ... but very similar distribution shapes
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Example case: AGN with Oxygen injection (homogeneous)

1. Simulation of protons (no interactions) to compute the distributions of trajectory
lengths.

A\ B

*Provided by L. Schlegel, scaled up by factor 100
*Source parameters: Hoerbe, M. R.. et al (2020) MNRAS, 496(3), 2885-2901
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Example case: AGN with Oxygen injection (homogeneous)

1. Simulation of protons (no interactions) to compute the distributions of trajectory

lengths. - ' ' :
» B El
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*Provided by L. Schlegel, scaled up by factor 100 10 10 10 10
*Source parameters: Hoerbe. M. R.. et al (2020) MNRAS. 496(3). 2885-2901 Rigidity [V, SRF]
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Example case: AGN with Oxygen injection

2. Computing interaction rates for nuclei (photodisintegration & photopion production)

10 14 L 1 I I I i
3 —— Synchrotron E

1013;. —— Accretion Field -
----- total ]

EfeV]

*Provided by L. Schlegel, scaled up by factor 100
*Source parameters: Hoerbe, M. R.. et al (2020) MNRAS, 496(3), 2885-2901
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Example case: AGN with Oxygen injection

2. Computing interaction rates for nuclei (photodisintegration & photopion production)

14 B 1 I I I
: —— Synchrotron

1013;' —— Accretion Field _

10° §

10-1 4

Optical depth]

1072 §

10-3 { === photodisintegration — escape

~ photomeson = synchrotron (x103)
E[eV] = photodis. + photomes.

*Provided by L. Schlegel, scaled up by factor 100 105 u’,i a 168 10° 1010
*Source parameters: Hoerbe, M. R., et al (2020) MNRAS, 496(3), 2885-2901 Lorentz Boost
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Probability density

Example case: AGN with Oxygen injection

3. Producing the distributions of nuclei and confidence bands
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Example case: AGN with Oxygen injection

3. Producing the distributions of nuclei and confidence bands

Energy density [arb. units]
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Spectral index: 2
Maximum rigidity: 1E18V
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A\icre

MICRO website MICRO@github

E——— Thanks:!

CRISP

Cosmic Ray Stochastic Interactions for Propagation »

R DI G L. Morejon PoS ICRC2023 (2023) 284
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MICRO website MICRO@github

Additional

CRISP slides

Cosmic Ray Stochastic Interactions for Propagation »

R DI G L. Morejon PoS ICRC2023 (2023) 284
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Mean distance (L) [Mpc]

Similarity of distributions

f(L) = wexp(AL)Ae
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Mean distance (L) [Mpc]

Similarity of distributions

f(L) = wexp(AL)Ae
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Motivation

Extreme-Energy events

Why these events?
- Nearby origin

- Very few events g‘
- Less deflections g,
Example: Amaterasu z
*TA Collab. Science 382, (2023) -
- EO ~ 244 EeV ]
- DO ~ few Mpc N

- Large rigidities

Expected to point back to origin!

XSCRC | 16-18.10.2024
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https://www.science.org/doi/10.1126/science.abo5095

Likelihood distributions

Combined distance vs rigidity distribution

lg(rigidity at source / V)

Michael Unger and Glennys R. Farrar 2024 ApJL 962 L5
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Telescope Array detected extreme UHECR
*TA Collab. Science 382, (2023)
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E =244 EeV

Composition @Earth unknown
No clear source candidate
Energy @ source unknown
Composition @ source unknown

Monte Carlo analysis has
limitations!

i S
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Likelihood distributions

Probability of detection as He

Computed distributions Starting with one species ...

i i Fe - He f(L) = wexp(AL)Ae
Ié_ 0af 205)
> Convolve with emission density for a range
207 of boosts / rigidities
_,? 0.2
3 L(Dg) = [xp f(Dg — D')pp(Dg)dD’
= m

0.0}

‘ "100 ‘ — "101
Distance [Mpc]
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Likelihood distributions

Likelihood over range of rigidities @ source

. / /
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Likelihood distributions
Likelihood over range of rigidities @ source
) = [ap f(Dg — D')pg(Dg)dD’
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Likelihood distributions

Weight by probability of energy reconstruction

Computed with CRPropa
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Likelihood distributions
Localized regions in the phase space
) = [ap f(DE — D')pp(Dg)dD’
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