UHECR composition in source
simulations with CRPropa
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Bursting Sources of UHECRs: AGNs

Ongoing work by Leander and Marcel
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Hoerbe, M. R.. et al (2020) MNRAS. 496(3). 2885-2901

Source: DESY
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https://doi.org/10.1093/mnras/staa1650
https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=1431&two_columns=1
https://docs.google.com/file/d/1Q7ggikEH93DQOErsdY6sxXWjYv1m4sF6/preview
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Bursting Sources of UHECRs: AGNs

Ongoing work by Leander and Marcel
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Bursting Sources of UHECRs: Choked GRBs

Scenarios | am currently working on
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Source: NASA

Senno. N., et al. (2016) PRD, 93(8), 083003

SFB1491 Gen. Assem. | 6-9.11.2023 Leonel Morejon UHECR composition @ Sources 5


http://www.youtube.com/watch?v=BuMCP4pQvhY
https://doi.org/10.1103/PhysRevD.93.083003
https://www.youtube.com/watch?v=BuMCP4pQvhY
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Bursting Sources of UHECRSs: Relevant Interactions

Necessity of simulating both p-p and p-y interactions consistently!
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https://doi.org/10.1103/PhysRevD.93.083003
https://doi.org/10.1093/mnras/staa1650

Modeling interactions and secondaries’ spectra

(photomeson)

L. Morejon, et al, JCAP 11 (2019) 007
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Interactions

/ discussed \

Photohadronic

p+p/y—=pn+rE+1° +KE+ ...

at = ut 4y,
pt—=et 4.+,
T = U+,
po e+ e+ vy,
™ = 5 e
K* = p*/p=+v./v,
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https://doi.org/10.22323/1.444.0285
https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007

Modeling interactions and secondaries’ spectra

Interactions

A\icre

/ discussed \
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Hadronic (p+p, p+A)
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https://doi.org/10.22323/1.444.0285
https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007

Workflow in CRPropa

CR/Propa D &

Cosmic Ray Propagation code

propagation

Modular structure
Interactive simulation
Flexible and extensible
Python interface
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Extensions and plugins are ooy
under active development.
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code modules ——

candidate
= particle

geometry
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Source: R. Alves Batista ICRC (2021)

sequence
of
modules
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Interactions in CRPropa
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Source: J. Dérner (DPG 2022)
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Hadronic interactions

Hadronic Interactions Module (HIM)
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Publicly available code HIM for CRPropa
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https://github.com/micro-uhecr/prototype_him_crpropa

Hadronic interactions

Elements of the HIM

Module written in python. Available on

Sample hadr. interaction Github (installation separate from CRPropa)

e Produce input params.

Call to external codes: Hadronic \ * pypjicly available code HIM for CRPropa
o EPOS-LHC, SIBYLL, Interactions
QGSJet, DPMJET, etc. nlgeuls h
e Collect secondaries ) §

e Transform btw. frames

processes
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https://github.com/micro-uhecr/prototype_him_crpropa

Hadronic interactions

New interface: CHROMO

Module written in python. Available on

Sample hadr. interaction Github (installation separate from CRPropa)

e Produce input params.

s Callto external codes: Hadronic Publicly available code HIM for CRPropa
o EPOS-LHC, SIBYLL, Interactions
QGSJet, DPMJET, etc. Module
e Collect secondaries ~__ "'« o &
e Transform btw. frames o \ o

processes

https://qithub.com/impy-project/chromo

nuclear
decay
elastic
scatterin g

Cosmic ray and HadROnic interactiOn MOnte-carlo
frontend
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https://github.com/impy-project/chromo
https://github.com/impy-project/chromo
https://github.com/micro-uhecr/prototype_him_crpropa

Hadronic interactions Interaction model Supported projitarg

DPMJET-III 3.0.6 & PHOJET 1.12-35 hN, yy, YN, hA, YA, AA
CHROMO

DPMJET-Il & PHOJET 19.1 and 19.3 on
" (fepo BN, vy, YN, hA, yA, AA

GitHub)
_ _ EPOS-LHC hN, hA, AA
Sample hadr. interaction
. PYTHIA 6.4 hN, ee, yy, yN
e Produce input params. 4
e Call to external codes: PYTHIA 8.3 (https://pythia.org/) il 00, v, N & A
Ir (Argantyr)
o EPOS-LHC, SIBYLL,
QGSJet, DPMJET, etc. QGSJet-01 hN, hA, AA
e Collect secondaries QGSJet-11-03 hN, hA, AA
e Transform btw. frames G AN BA A
https://qithub.com/impy-proje  SIBYLL-2.1 hN, hA (A<=20)

Cosmic ray and HadROnic interactiOn MOnte-cal SOPHIA 2.0 yN
frontend UrQMD 3.4 + second citation hN, hA, AA*

SFB1491 Gen. Assem. | 6-9.11.2023 h = hadron, N = nucleon (p or n), A = nucleus, y = photon, e = electron/positron


https://github.com/impy-project/chromo
https://github.com/impy-project/chromo

Hadronic interactions

L. Morejon, K.H.Kampert PoS ICRC2023 (2023) 285

Simulation time versus matter density

Simulation scenario...
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https://doi.org/10.22323/1.444.0285

Hadronic interactions
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https://doi.org/10.22323/1.444.0285

Viicre

Which interaction models??

Interactions

/ discussed \

Photohadronic
(photopion) p+p/y—=pn+rt+n®+KE+ ...

= ut 4+,

pt—=et 4.+,
T = U+,

p = e +ve+ vy,
™ = 5 e
K*—> pt/p=+v,/v,

L. Morejon, et al, JCAP 11 (2019) 007

SFB1491 Gen. Assem. | 6-9.11.2023 Leonel Morejon UHECR composition @ Sources 17


https://doi.org/10.22323/1.444.0285
https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007

Photohadronic interactions

Total photonuclear cross section

Single Particle Model (A scaled)
500°" ‘ —— Empirical Model (4® scaled) for *°Fe
. . | Fit of scaling exponent «(e,)
PrOpertleS - 400! Confidence band of fit (95%)
° Universal curve "1 A-dependence in EM (“He — *Fe)
f I =) Experimental data:
or all masses = 3007 ¢  HEPData-ins457684-v1-Tablel
<t ¢+ HEPData-ins405665-v1-Tablel
[ ) mear
Smeared Ezoo. }  Caldwell D. O. etal PRLA2 1979
resonances 5 |
e Mass scaling is 100} | S
energy dependent - ; _
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(universal) i (mass dependence)
107 100 10 102 103 10*
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r ( ) Ref: L. Morejon, et al, JCAP 11 (2019) 007
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https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007

Photohadronic interactions

Photopion suppression

Energy dependent escape, decrease of production

1.0 Freereenernrenninniiii g fepe e e e e
— Fit of data ;
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0.7 O “ca v ®pp
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https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007

Photohadronic interactions

Cascade Enhancement

Photopion production with cascade
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Ref: L. Morejon, et al. JCAP 11 (2019) 007 A (daughter mass)
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https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007

Photohadronic interactions

Impact on source simulation: GRB

- Single Particle Model Remarkable differences in

Cosmic ray spectra —— Empirical Model yn
d mpirical Mods cascade composition!
) 4 ; = 56Fe
=4 12 3 —— neutrons 4 A0
g 3 P . y B i1
g product nuclei 3 ]
- injected iron : _
3 11 4 A Fa
z?u - T T E
S v 21
= 103 | 41,
k= q
] | o
9 T T T T T = T T T T T
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Ref: L. Morejon. A. Fedynitch, D. Boncioli, D. Biehl and W. Winter, JCAP 11 (2019) 007
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https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007

Probability distributions of
disintegration chains of
UHECR nuclei
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UHECR disintegration as a Markov Process

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

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

) p+1+ @ 5
UHECR are stochastic. el -

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

Nuclear species

Jumps are transitions
between nuclear : L { }
species. S S8y Sy Y

Length covered

— N W B Wn

O
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https://doi.org/10.1007/978-1-4939-7049-0

Matrix Exponential Distributions: Construction

Theoretical expressions for distribution injected species

25 1 in crpropa (185 species)
f(L) = wexp(AL)Ae
20 A
Matrix Exponential (ME) distribution /

tot
—AG" Agi58  Asi 8 As s,
S1
__\tot
)\52

AS, 58, A$58 A58

A(’)/) = 0 )\53_>53 )\33_;53 ce 10 A
0 0 0
5 -
Total interaction rate
0 2 T T T T T T T
. . . . 0 5 10 15 20 25 30
Lower triangular is null (mass increase not possible) N
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Example distribution chains f(L) = wexp(AL)Ae
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Example: In-Source propagation

L. Morejon PoS ICRC2023 (2023) 284

10!

]

Tidal Disruption Event

T Tl

-1
source

il SED: Broken power law
Radius: ~4E6 km
Injected species: CNO

|

- photodisintegration

photomeson

Dominant nuclear interactions are
boost conserving!

-~ photodis. + photomes.
n —— acceleration

Interaction Frequency [

—— synchrotron (x100)

10—1 ] ]
10° 107 10°

Lorentz Boost
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https://doi.org/10.22323/1.444.0284

Example: In-Source propagation
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https://doi.org/10.22323/1.444.0284

{\icre

MICRO website = MICRO @ github

Thanks!

Photopion @ github  HIM @ github
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