¢ .
-

/
/
/ |
/ y
/ /‘
/
i
z/f ’/'
L7/ /

.2: a framework for high-

) e — - N

__4

energy astroparticle propagation

cker Tjus, J. Dorner, A. Dundovic, B. Eichmann, A. Frie, C. Heiter, M. R. Horbe, K-H. Kampert, L.
/ Merten, G.Muller, P.Reichherzer, A.Saveliey, L. Schlegel, G. Sigl, A.van Vliet, T. Winchen

/ Rafael Alves Batista for the CRPropa team:
(ol

i

g | Department of Astrophysics/IMAPP

F R Radboud University Nijmegen
B ﬁ, 3 ! L \";"”“‘:‘{'~:f¢'{’§r;§’m
AP o -

I G SR S RSt ST e
g ORI, GOt gl P e b X
> ""'4?:"5":5-}, P S S
RPEIRE R e .

B4 r.batista@astro.ru.nl
ICRC 2021



the high-energy astrophysical landscape
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recipes for astroparticle propagation

astrophysical Injection spectrum
) Initial composition
Inputs source distribution
source emissivity evolution

particle interactions
particle acceleration

propagation background photon fields
background matter fields
magnetic fields

spectrum
particle type
arrival directions
arrival times
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the CRPropa framework
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» publicly available Monte Carlo code

» modular structure

» propagation of cosmic rays, gamma rays, neutrinos

» galactic and extragalactic propagation

» parallelisation with OpenMP

» development on Github:
https.//github.com/CRPropa/CRPropa3

» CRPropa 3.2 coming out very soon!

Alves Batista et al. JCAP 05 (2016) 038. arXiv:1603.07142
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CRPropa: an overview

propagation

i

candidate
— particle
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X

while
active

geometry

interactions /
energy losses

cosmology
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https://github.com/CRPropa/CRPropa3

CRPropa: propagation modes

Stochastic
Differential

Equations
3D (diffusive)

propagation

modes

simple 1D
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CRPropa: interactions with photon backgrounds

Inverse
Compton
scattering

elastic
scattering
triplet pair nuclear
production decay
electrons
. . photo-
|nteraCt|0nS disintegratior
pair Bethe-
production Heitler pair
production
photopion
production
double pair
production
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applications at a glance

fit UHECR measurements test UHECR source models transition G-EG CRs diffusion of Galactic CRs

10% | = SNR-CRs —-EG-Add (3.0) —— Total (3.0)
o | e EG-Minimal ==-EG-Add (3.3) == Total (3.3)
10% 2
= o
it | o
o e 2y . b
9102 o
£ £
R et >
o, 12 2>
= |Ww 17— tZt=|1 + z’ i
)T 1024 — 2<z<6 S - o
Ly 11— 7<2z<10 Cygnus A, Z,=1.0 —— CygnusA, Z =8.0 \\ £ - 8
] — 11<72<20 1033 —— CygnusA, Z =20 —— CygnusA, Z =26.0 X >
{ — 21<Z72<26 —— Cygnus A, Z, =6.0 === Cygnus A, tot \\\ «l’l.l o 7 o
_ ] : ————— \ —— Cygnus A, Z;=7.0 4 Auger data \\\ i —
1018 1019 1020 1032 5 TR 1|1||||7 L1 1111118 L 1|1|l9 L1 |||l10 L lllllll11 a ||
E [eV] 18.6 18.8 19.0 19.2IO (;2.\;1) 19.6 19.8 20.0 20.2 10 10 10 10 10 10 | ~
g Energy E (GeV)
Alves Batista, de Almeida, Lago, Kotera. JCAP 01 (2019) Thoudam et al. Astron. Astrophys. 595 (2016) A33. .
, , , , Merten et al. JCAP 06 (2016) 046. arXiv:1704.07484
002. arXiv:1806.10879 Eichmann et al. JCAP 02 (2018) 036. arXiv:1701.06792 arXiv:1605.03111
g J g J g J g J
gamma rays + IGMFs EGMF constraints
140.0 -5
= 10-1 EGMF + regular GMF _
10-10: T T T TTTTIT T T T TTTTIT T T T TTTTIT T T T TTTTIT T T TTTTTYH 1395 ;U-‘J
ERRPR Intrinsic = = = Halosize=0.1° ¥ VERITAS 3 T
= C Total B=10"1° G ==+ Halo size = 0.3° 4 HESs ] N A
8 | —— Cascade B=10-!> G === Halo size = 0.6° 4 Fermi/LAT 9 years 139.0 ‘ ! - 4
D 10-11L— CascadeB-10G @ CTANomh50hr | & 3
& - e 138.5 . o Z, o
\g/ E ........................ . E rg‘ g ) o qa
% 1012 egeag! S =,138.0 L S c . > 102 o]
H = . . E >\ m = osmogemc v ._‘: .Q
— T OPEL ] 2 & 109 [ Pessimistic 0 E
"Lg -_' I i 137.5 cr\.nl_]; E Standard ] QC) =
% 10-135_ _E 1370 z GRAND200k integrated (3 yr) 1 % _SEa_r_-f_o_rin_u:g_ gfl_ax| <
CETJ E E 136.5 \;é/ 10101 200k integrated (10 yr)_é §
10—14 Ll Ll Ll B N L 1..(—_:3
103 102 107 10° 10T 107 T 03
E TeV 136.0 < -1 o 1
nergy [TeV] 112 113 114 115 10 11l - 5 - . 10 10 10
10 10 10 10 10 10 10 > 1/2
x [Mpc] Neutrino energy Ev [GeV] EGMF strength B [nG Mpc*/“]
) ) Hussain, Alves Batista, de Gouveia Dal Pino. GRAND Collaboration. Science China Phys 63 (2020) ) ) ) )
CTA Consortium. JCAP 02 (2021) 048. arXiv:2010.01349 ) . van Vliet, Palladino, Taylor, Winter. arXiv:2104.05732
. ) arXiv:2101.07702 ) | 219501. arXiv:1810.09994 N )

and much more!
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ensemble-averaged propagation

» ensemble-averaged propagation using transport equations & 0 =B80Myr & 1y =240Myr  H  f, =400 Myr
Y tons =160 Myr ¥ tons =320 Myr tons = 480 Myr
» ideal for diffusive propagation of charged particles, e.g., in the Galaxy %
o | | _ LA
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» Galactic wind termination shock 10°

harallel

10°
» anisotropic diffusion + advection + adiabatic cooling - 1

» Archimedean spiral background field

10° o
» CRs from the termination shocks might account for part of the Lot 3 perpendicular
flux at PeV-EeV 10° . . | . .
-90 -60 -30 0 30 60 90
Merten et al. ApJ 859 (2018) 63. arXiv:1803.08376 Galactic latitude 7 [°]
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Winchen and Buitnik. Astropart. Phys. 102 (2018) 25. arXiv:1612.0.675

new features: acceleration

Cg=53 |
Ao = 1/1OR

q=5/3

Ao =1/100 R |
» implementation of 1st- and 2nd-order Fermi acceleration '

» performance improvements through particle splitting

» quasi-linear theory predicts scattering of charged particle

in magnetic fields with typical length scale A H
P 2—q =
» prediction: 4V 5, | _( E =
dE p EO O
example

» 2nd-order Fermi acceleration of protons

» sub-relativistic case: 3=0.5

57 105 167 169 107

T 07 T
Energy [eV]
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Jasche, van Vliet, Rachen. PoS (ICRC2019) 447.

» problem with 3D/4D Monte Carlo

simulations — low detection efficiency

» start with isotropic emission and learn

from detections and non-detections

» correct source emission according to
detection probability using a von

Mises-Fischer distribution

» performance enhancement depends on
scenario — weaker magnetic fields

lead to greater speedup, in general

13 Rafael Alves Batista
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Reference simulation
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p=0.2

new features: targetting

reference scenario -

0 =0.1

Robs = 0.1 Mpc
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no interactions
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Speedup
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new features: new photon production channels

Heiter, Kuempel, Walz, Erdmann. Astropart. Phys. 102 (2018) 102. arXiv:1710.11406

$ Electron Pair Production: e*/e’
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CRPropa-native implementation of electromagnetic interactions

replaces the external codes DINT and EleCa used in previous versions

new interactions: pair production, inverse Compton scattering, double and triplet pair production

thinning procedure to speed up simulations — performance gains

applications to gamma-ray astronomy: EBL & IGMF studies, UHECR-induced cascades, etc

B=10"1°G
example .
» gamma rays from blazar 1ES 0229+200 o g
|—|| O
» 3D simulations £
B=10"*G
i 10_1— 0.10
» models for IGMF constraints, searches for Z | B
pair haloes —— g £
. 9 442
1 - N N S - < —0.05 O
10° 1010 10 10*2 1013 10 ~0.10
E [eV]
Alves Batista and Saveliev. arXiv: 2105.12020 ~0.10 —g.;smpo.[gzgre%g]s 0.10
15 Rafael Alves Batista | [ICRC 2021 |

CRPropa 3.2: a framework for high-energy astroparticle propagation



16

summary & outlook

Rafael Alves Batista | [ICRC 2021

CRPropa 3.2: a framework for high-energy astroparticle propagation



CR/Propa

CRPropa: public framework for the propagation of high-energy particles

treatment of CRs, neutrinos, gamma rays, electrons

1D, 5D, and "4D" simulations possible

many photon background and magnetic-field models

modular design enables easy customisation for various applications in astroparticle physics

enables a self-consistent interpretation of observations with multiple messengers

iImproved algorithm for Galactic CR propagation
new Galactic magnetic field models
more information: targeting algorithm to speed up 3D/4D simulations
crpropa.desy.de native treatment of electromagnetic interactions
new channels for photon production

and much more
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