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Multl-messenger probe of Cosmic Ray Origins

Goal Participating institutions

Multi-messenger study of bursting sources o)Ci

and their contribution to UHECRs. %y

< — ,é?*\;j".ark\hf)\_\

Approach @g b L:‘f: )

Modelling in-source production, S T

interactions and propagation of UHECRs

from bursting sources to compute expected Funded by:

values of observables.
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Check the website for updates

;{v’l‘{CR. Updates Research About Members

https://micro-uhecr.qgithub.io/

E q E Multi-messenger Research on Cosmic Ray Origins
1
ﬁ

OF j

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

Which interaction models??

Interactions

/ discussed \

Photohadronic Hadronic (p+p, p+A)

(photomeson) p+p/y—=pn+rt+n®+KE+ ... . 5
B[ ~ B3
\?\\z (B]) =0.92G ,
at = ut 4, L A/
+ + 7 in erar,((:)ri‘tl)cns — = \\~ ST T
7 —>_e +Vet+v, ¢ /‘/;( .
e \:/// E=1-100EeV
P e+ e+, S yemmnp :
0 K
=% Tk
K* = #+/#= 2 Uﬂ/ﬁp p = const.
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https://doi.org/10.22323/1.444.0285
https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007

_W‘WR‘
Workflow in CRPropa

CR/Propa D &

Cosmic Ray Propagation code

propagation
e Modular structure
° Inter.actlve S|mulat|o_n . sequence
e Flexible and extensible . \ f
e Python interface sy -l °
= particle “ modules

;
A
f
y
while
whniie |
ac i1 ve |
|
\ |
interactions /

energy losses

Extensions and plugins are ooy
under active development.

acceleration
code modules ——

_/

Source: R. Alves Batista ICRC (2021)
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Interactions in CRPropa

Bethe-
Heitler pair
production

photo-
disintegratior

nuclear
decay

elastic
scattering
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photopion
production

/\

processes

synchrotron

Source: J. Dérner (DPG 2022)
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pair
production

photons

double pair
production

inverse
Compton
scattering

electrons

triplet pair
production

synchrotron

propagation

interactions
energy losses

while
active |

candidate
= particle

acceleration

cosmology
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Interactions in CRPropa

Hadronic doct
production ;
= photopion -
Interactions production
Bethe-
MOdu Ie Heitler pair
e candidate
production photons activ =paicle
\/\, N . double pair
A production
)
photo- ~ cosmology
disintegratior N /
processes
inverse
il electrons Compton
decay scattering
elastic
e synchrotron
triplet pair
production

synchrotron

Source: J. Dérner (DPG 2022)
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Which interaction models??

Interactions
/ discussed \

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

at = ut 4y,

pt—=et 4.+,
T = U+,

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

L. Morejon, et al, JCAP 11 (2019) 007
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https://doi.org/10.22323/1.444.0285
https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007

Photohadronic interactions

Single nucleon vs Collective interactions

1./

%‘ 0.9

L
i 3 0.8
./ )
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) &H by

Aei(e,) = AN

/T A?/3 scale

e e —

A scale |

B (T T T T

e (GeV)

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

Leonel Morejon
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https://iopscience.iop.org/article/10.1088/1475-7516/2019/11/007

Photohadronic interactions

Single nucleon vs Collective interactions

\icre

O Aer(e,) = A )

1T A%/ scale

A scale |

e (GeV)

100 10T 102 A

Ref: L. Morejon. et al, JCAP 11 (2019) 007
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o
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CRPropa meeting | 25-27.09.2023

Leonel Morejon

Updated interaction modules in CRPropa


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

Photohadronic interactions _AL[CR -

Total photonuclear cross section

Single Particle Model (A scaled)
500¢ —— Empirical Model (4® scaled) for *°Fe
. . | Fit of scaling exponent «(e,)
Properties: 100! H 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
¢ HEPData-ins405665-v1-Tablel
e Smeared R
Ezoo. }  Caldwell D. O. etal PRLA2 1979
resonances g i
e Mass scaling is 100} i S
energy dependent - ; _
0t A scale A“ scale
(universal) i (mass dependence)
107 100 107 102 103 10*

€. (GeV
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 %@R‘

Photopion suppression

Energy dependent escape, decrease of production

o x A%

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

(O ST T T P P PP PP PP P TSI PPIPPPPPPPPPPRIPY T SPE PEPPYS e
— Fit of data )
== sigmoid joint
— -~ spline fit to all data
0.9 1
08
g Experimental data (7")
A (12)0 « (93)Nb
0.7 O “ca v ®pp
Experimental data (7*)
0.6 + $ i He $ Ky
4 (20 Ne ) (132) Xe 9- OC Z| a
0.2 05 1.0 50 10.0 50.0
€ (GeV) Ref: L. Morejon. et al. JCAP 11 (2019) 007
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Photohadronic interactions M[,:R -

Cascade Enhancement

Ref: L. Morejon. et al, JCAP 11 (2019) 007
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Photohadronic interactions MQR -

Cascade Enhancement

Photopion production with cascade

‘ Single Particle Fragments from e
10045 BEm Empirical
M "] Fluka ’
¢ I [ Residual
>,
./ § 10_1_:
E_,‘ §
=
=
>
1072 -
10-3 .

..... 24 28 32 36 40 44 48 52 56
Ref: L. Morejon. et al, JCAP 11 (2019) 007 A (daughter mass)
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Photohadronic interactions

_W‘WR‘
Impact on source simulation: Tidal Disruption

: ; cross section Marked dlfferences In
- Single Particle Model extrapolation .
— Empirical Model cascade composition!
- 14N
= 2.5 1 - C
» |
§ - “Be
2 14 - N ] G
\i ] E 2.0 L
= E
&, ]
bao 1.2 = A
S l - “He
13 ' : ' : AL . 1.0 - T T T T T
10t 10°  10°  10%° 10 107 10° 10° 10'° 10!
E (5eV) E (GeV)
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Photohadronic interactions

Impact on source simulation: Tidal Disruption

= Single Particle Model

—— Empirical Model

logig [E?F,/GeV /cm?]

— v(n,p)
I/(2 - IZZ)
P— I/(HN)

10* 10° 10° 107 10%® 10°
E (GeV)

CRPropa meeting | 25-27.09.2023

cross section
extrapolation

Leonel Morejon

H\icre

Nuclear contribution is
not the dominant!

Updated interaction modules in CRPropa



Which interaction models??

Interactions

/ discussed \

Hadronic (p+p, p+A)

Py Pt A K . s
IB| ~ B}
\?\\\/ (Bl) = 0.92G
7r+ __) #+ + V‘l, had . \\S\OO
-+ + - inleralfcmilécns X N
I‘L — e + Ve + Vﬂ : t/%}‘ .
T = g+, Zau
3 if o E=1-100EeV
2 /,L —> € + UC + V#) //l;"lera e, n,p
™= y+9 |
K* = ut/p=+v,/v, oo
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Hadronic interactions

—WTWRMIC‘
Hadronic Interactions Module (HIM)

Hadronic e , «
Interactions Lt A
Module sl

Heitler pair while candidate \
production photons active | |
\/\ S - v

= particle
N \
)
photo- X
disintegratior N A

double pair
production

processes

aaaaaaaaaaaa

inverse
nuclear electrons Compton
decay scattering
elastic
synchrotron
scattering .
triplet pair
production

synchrotron

Source: J. Dérner (DPG 2022) Publicly available code HIM for CRPropa
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https://github.com/micro-uhecr/prototype_him_crpropa

Hadronic interactions

Elements of the HIM

Sample hadr. interaction
e Produce input params.

Call to external codes: Hadronic
o EPOS-LHC, SIBYLL, Interactions
Module

QGSJet, DPMJET, etc.

e Collect secondaries
e Transform btw. frames
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Wicre

Module written in python. Available on
Github (installation separate from CRPropa)

Publicly available code HIM for CRPropa

production

processes

Updated interaction modules in CRPropa 20


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

Hadronic interactions MR °
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*
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Hadronic interactions

Interaction rate and step sampling

The interaction step is sampled as

Wicre

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

Ejap [GeV]
d — log p 10! 103 105 107 109 1011
—  op - T | T T T 2
where p is a random number 200F  -7=- EposLHC =
sampled using CRPropa functions. B —— Dpmyetllis0e A
Q = 2= |
The density is handled by the E + PDG data 2020 _} 4 -
Density class available in CRPropa. = ;o . ,f ’~'> |
S B /.f;f":{- i
The cross section can be chosen: E e -
, e 50 A= -
- from hadronic code (inefficient) R N 3
- from DPG recommended fit | | | | | [
10! 10° 10° 107 10° 10!
* C. Patrignani 2016 Chinese Phys. C 40 100001
* P.A. Zyla et al. (Particle Data Group), Prog. Theor. Piab [GeV/C]
Exp. Phys. 2020, 083C01 (2020) and 2021 update.
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https://doi.org/10.22323/1.444.0285

Hadronic interactions _nL[cR -

Additional random-seed settings

@ Y T ® n p
. 0 + ° 5 1.0
Seeds available for control: 4 ! " b r
1. Step-sampling seed fos
2. Hadronic engine’s seed | 9
3. Interaction-plane angle seed /L i O.Og
Example figure... =
e Injecting a proton 1EeV 1.0

e Interaction step controlled by seed 1

e Secondaries’ species, energy, momenta and
distribution controlled by seed 2

e Transversal plane momenta controlled by
seed 3

0.0
X / 0.5
pc 1.0 —10
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Hadronic interactions

Simulation time versus matter density

matter density [part. / m?]
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Hadronic interactions

Example simulation (Magn. Field OFF)

——i.‘—;“ricwRo

C 1 a%nrnt/nm [Cdn/m [Jdp/p [CJe /et [+ [ injected
=T 1 1 1 r [ rrrr 111t 1r 113 ELT T T T 1 1 T T 1 T 13
3: p:1012: » p:1017_
7 0°F ERlS E
< - 1 F :
" 2 L L —d L =
£
0 (51 E 2 2
- HEREN: ]
| Escaping particles | [ | Escaping particle g
| = T e B [ T L1 3 EL 1 1 1 | [T I N =

17 18 19 20 17 18 19 20

loglo( E / GeV )
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Hadronic interactions _nL[cR‘
Example simulation (Magn. Field OFF)

1 a%nt/nm C3d A [C3nt/n™

=T . r 1 r [ rrrr1r1r1 113 ET T 1 rrr 1111 1113
3: o =101 1 [ p:1017:
— 10 z—_'_'—\_‘_‘ﬁ 9 F L1 E
kd F 1 E 1 =
= - 1 1 | .
C 102 \_‘_l_l_l_l_ 4 L :
5
- Escaping particles 1t Escaping particles T
1l 0 L =H EL 4+ 0+ 0o b by =
17 18 19 20 17 18 19 20

log1o( E / GeV') log1o( E / GeV')
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Hadronic interactions MR‘
Example simulation (Magn. Field ON)

C223 A% nt/ne CIZ3 n/m p/p  CIZ3 e /et CIZ3 4y [ injected
=T r r r r [ rrrr1r1r1r 113 ET T T 1 rrrrr o 111 1 113
. e o=10"2 3 F . N i = 1017 1
7 W0 e ERI ™ E
g 10°¢ Tt T 5 E (g T |
= | TRl O o T, L, |3
Zk 11 L i =m0 [ s b ||
T 10 3 BT = I : E
=y ' dped S| E ! T T i

| Escaping particles \ . |71 [! Escaping particles [ P 47

10 AN N T N [ b N T A = I = AT N bos & 1 3 v 1 | IS

17 18 19 20 17 18 19 20

log1o( E / GeV') log1o( E / GeV')
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Hadronic interactions MCR‘
Example simulation (Magn. Field ON)

O3 amt/a— L3 #7 LC°58 ghim
=T r r. r.r [ rrrrrrrrr1r 149 ETTrTr 1T 1T [ I 1 1 1T [ T T T T [3
= 0= 102 3 F-- 0= 1017 3
— 103 T =S =
- = iy 1 Ei S =
£ F! = 1 Fi e :
= " T 1 [ == y
g 1026 e TR 3 El E
R = | e T = i El = i =
2oL T ey B ]
SR BN R T
"i Escaping particles . 'i Escap}iﬁ'gl particles E i i
1=l v v v bkt BEL v b1
17 18 19 20 17 18 19 20

log1o( E / GeV') log1o( E / GeV')
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Hadronic interactions MCR‘
Magn. Field ON versus OFF

C 1 a%nrnt/nm [Cdn/m [Jdp/p [CJe /et [+ [ injected
=T r . r r [ rrrtrr 1111134 ET T rrrrrrt ot 1 11 1 T 13
B p:1012 4 E_ o =102 1
— 103 E_—I_l_|—|_|_|_|_‘ MF OFF E §_i 1__'——1 _____ | MF ON TE
= E . E E:L—'-L_-_-,--__- _“1""'__ E
R R
= = Bl == 3 E! - i =
L, - | ‘ 1 [ i ] :
%L% i IL‘_I_L 1 Ll E_i 4 | LT T
: 43 F LS
| Escaping particles | [} Escaping particles : E 1
1 &1 [ T L1 H EL 10 L& 1 1 73 1 § 13

17 18 19 20 17 18 19 20

log1o( E / GeV') log1o( E / GeV')
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Hadronic interactions MCR‘
Magn. Field ON versus OFF

C 1 7a%nat/nm [ dn/m [1p/p [CJe /et [+ [ injected
1T r .1 [ rrrrrrrrr1r 3 ETTrrrrprrrr Tt 11T T[]
B 0= 107 1 F--. — 1017 =
— 10° g MFOFF 5 & "o, MFON =
5 el - S I s e i
2l 101 L - 1L |
L0 L E M E
r Escapin iIclels - :E Esca ing zanibles i l“i -
1l 1 pl ﬂTml [ I N N | 5 EL 1 pl gp o8 % 1 3 1 1 | 1=

17 18 19 20 17 18 19 20

log1o( E / GeV') log1o(E / GeV')
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Hadronic interactions MCR‘
Magn. Field ON versus OFF

1 a%nt/nm C3d A [C3nt/n™

E | | | | | 1 | L | [ I E E | | | | | L | | [ | [ E
.F p=10*3 £ — 1012 3
7 VR WORF R B T MFON S
2 u - 1 Ei ___}-_ o

3 2 l_|_|_|_I_|_ : |": -_‘;'_T; B
< 10°F g E! el L Sy E
& - 1 E | s I = =
- Escaping particles 1T i Escaping particles :_'_'i 1
1l v vy 3 EL 100 b byt
17 18 19 20 17 18 19 20

10810( E/ GeV) loglo( E / GeV)
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Hadronic interactions MCR‘
Magn. Field ON versus OFF

1 a%nt/nm C3d A [C3nt/n~

=1 r r r[rrrtrrrrr 113 ET T rrrprrrrt 1t 1111 []
- =10 3 E-- — 1017 1
— 10° E—_H_l_' = L MFOFF o El T Tt-i. ) MFON =
2 F ] 1 F! -

2 an l s " ey
s 10°g ENS ey ; E
s F 3 E! S = 3
2 o1 L 1 L | ey B
10 1 E! ; T o
E 1 Ei : T
| Escaping particles g 'i Escap{iﬁ'gl particles '
1el 0 L L = EL 1t b b I=
17 18 19 20 17 18 19 20

log1o( E / GeV') log1o( E / GeV')
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MICRO website MICRO@github

Photopion @ github  HIM @ github
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Thanks!
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