Multi-messenger modeling of Galactic
cosmic-ray acceleration and transport
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Motivation
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Observation of high-energy neutrinos from the
Galactic plane

IceCube Collaboration*t
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unknown. Because of deflection by interstellar magnetic fields, cosmic rays produced within the Mil
Way arrive at Earth from random directions. However, cosmic rays interact with matter near their

70:95 (2pp), 200 4 Jul ' “urino propagation, which produces high-energy neutrinos. We searched for neutrino
i uly 20 “~kninues applied to 10 years of data from the IceCube Neutrino
*~=karaund-only hypothesis, we identified

httpg- . *~liec consistent w
he Coher Ps.//dm.org/l0.3847/1538-4357/ d
ent —
. Magneic Field of the M G

hysics (onacl Unger!-2 ¢ Mlﬂ(y W.
S (IAP), Ky ay CrossM

ikk, No egian ;lhe I.nStltute o hneI;H SR. F
eceived 2024 » hysics Dep, Versity Science am‘; ;ﬁgh(ng), Karlgrh.. ~

a, . . .
6, revised »n~ - Sice N

'er@kit.edu
RESEARCH ARTICLE

g25@p
YU.edu
ASTROPARTlCLE PHYSICS

An extremely energetic cosmic ray observed by a

surface detector array
ni Telescope Array Collaboration*{ R
ial sources, Wi )
Pro . rmi i d particles from extraterrest.na so g eres
p:li?es Of Cos .c-Ray SUIf o thou aretenerrgn? |;:rt;:rrr‘\ag(t:rzl‘g)alactic sources. Their arnva: t:s g\f{::t\:::‘\t; fs:n :Xtremely e
O Primary C ur and Det .. events thought to co extragasctc source 10 2L daectionof an xtremely on
ry Osmic Ra €le natlon Of t instruments with large collecting areas. e e ey g i
- i | e e (e ~40 joules). Its arrival direc
Ten-Year Resul Y Carbon, N he Composition T orded by the i o7

-on M i m 9 (stat) 5 (Syst i tions include a large
’ 2 neSl article’s energy 2 244 £29 (S24) 7 the Universe. Possible explanatio
tS fl‘ 0 the Alpha g u o al‘ld SUIfur: ::‘(:n?ts back to a void in the |arge-scale structure of the

de"eCtloll b the fore; lOu"d ma; netic lle‘d, an ull|de|lhf|ed source in the |Oca| extr agalactlc

i ics.
neighborhood, or an incomplete knowledge of particle phys!

Galactic Acceleration and Transport with CRPropa | SuGAR 2024 | 14.10.2024 | University Wisconsin Madison | Lukas.Merten@rub.de




How are Cosmic Rays accelerated?

e Diffusive Shock acceleration R e "\
(first order Fermi) | B 7= = " Pt

e Stochastic acceleration
(second order Fermi)

« Magnetic Reconnection

Argonne Leadership Comp. Fac.
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How are Cosmic Rays transported?

minor deﬂectlons diffusion: (92> sl
\ 0°) < n (L/r) = for n2(r/l) =0’

magnetic
mirroring
possible
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magnetic

field lines
FLRW

~—— particle trajectory e e e e e

== magnetic field line ‘NRSR el
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field lines .
FLRW ) majn%tl'c mirror
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strong magnetic field

e Transport properties vary
widely

e Different descriptions are
needed

e Full Orbit simulations or

e Ensemble averaged
descriptions
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https://link.springer.com/article/10.1007/s42452-021-04891-z
https://link.springer.com/article/10.1007/s42452-021-04891-z
https://link.springer.com/article/10.1007/s42452-021-04891-z
https://link.springer.com/article/10.1007/s42452-021-04891-z
https://link.springer.com/article/10.1007/s42452-021-04891-z

How do Cosmic Rays Interact? . 5 cetibe

o Interaction with ambient photon and matter
fields

« Feedback from cosmic rays on their r
environment, e.g., in sources - a

n 101 200 300 18
e SSC, etc. (oo [B] 02 |

¥y DO |D1|D2 D3

set1_pgpi

« Variety of energy losses and secondary |
productions
e Harder to model
« But gives additional channels to compare
to data

300+ I I I I I I I
( 20 40 60 80 100 120 140 160 180
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CRPropa - Open Source Simulation Framework



8

Alves Batista, ..., LM, ... JCAP (2022)

CRPropa - Cosmic Ray Propagation Framework
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https://iopscience.iop.org/article/10.1088/1475-7516/2022/09/035

How to build a simulation?

CSimpIePropagation
® PropagationCK

* PropagationBP

e DiffusionSDE

Deflection

\

* PhotoPionProduction
e PhotoDisintegration
* NuclearDecay

e ) R
e ElectronPairProduction

Nuclei-
Interacion

-
* EM(Double/Triple)-
PairProduction

e EMInverseCompton-
Scattering

EM-

Interactions

-
¢ Redshift
e SynchrotronRadiation
¢ AdiabaticCooling

General

Interactions

/0 MaximumTrajectory-
Length

e MinimumEnergy
e CubicBoundary
e SphericalBoundary

Boundaries /
Threshold

(o ObserverSmallSphere
e ObserverTracking
® ObserverPoint
® ObserverDetectAll

¢ ObserverTime-
Evolution

/OSheIIOutput
¢ TextOutput
e HDF50utput
e ParticleCollector

Observer

-
¢ PerformanceModule
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Solving the Transport Equation



Transport Equations

ige
Focused Pitch Angle Transport Equation |
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LM and Aerdker subm. (2024) ArXiv:2410.01472
Solving the Transport Equation with SDEs

Time forward Fokker Planck Equation

of GGl 1 O g o
ot ) ; ox, A +7 L5 <B"ff )

(

)L b

ddvockien tecwmy & M@,\ Aetns

Corresponding stochastic differential equation

. &\Gv&vxg Td'e
dx = Adr+ B dW, omuven

~ AR 1 A A
A, =A.and BB' = E(B + BY
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https://arxiv.org/abs/2410.01472

Fokker Planck Form

Focused Pitch Angle Transport Equation

of(s,1) 0 o | oD\ | 1 &
IOD _ 2 (uvfts.n) - — (—( i)+ ””)f +o—— (2D,f) -1

ot os ou 2L ou
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Spatial Transport Equation
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or 2 & eryey op op p 3 W 3 v
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https://arxiv.org/abs/2410.01472

What about the other terms?

L ISR o
o0 | ot 292
w, = exp(—Cdr) wy; = const.

Usually included in CR transport equations
Transformation needs to be adapted.

Apply weights to the phase-space element
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https://arxiv.org/abs/2410.01472

SDE Form of the

... Focused Pitch Angle Transport Equation

v ) oD,
ds =vudt and du =L Z(l_ﬂ)_l_ " dr+,/2D,, dW,
— Y )

... Spatial Transport Equation

R — oD 2D p
dx = (VR+v+w)dr++/2kdW, and dp= —————V w ) dt+ /2D, dW,
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https://arxiv.org/abs/2410.01472

Euler-Maruyama scheme ( \
K”€ O O

0 K”€ 0

SDE is integrated with Euler-Maruyama Scheme:

>
I

dx = (V& +u) dt ++/2RdW, \
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How are Cosmic Rays accelerated?



Stochastic Acceleration



~ LM and Aerdker subm. (2024) ArXiv:2410.01472
Stochastic Acceleration

Stochastic Acceleration may contribute

Lot ] in several situations to CR energy gain,
: e.g., (Dogiel et al. (2018), Tautz et al.
(2013), Zhang (2015))
103l X X .
i ; X Y X Simple Test case:
¥
| ! ¢ o[, 0 [n
—— power law fit with y=0.673-|_-0.004>|< >|< O = — p Dop P
¥ t=1.0E+01s, (E)/Eo = 6.4E+00 op op p2
¥ t=2.0E+02s,(E)/Eo=3.7E+01 >|( Jf
X t=2.0E+03s,(E)/Ey;=1.5E+02 |
102 L= ————ri T VSSN—
107! 10° 101 102 l—a
relative energy [E/Eo] n p P
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Diffusive Shock Acceleration



Diffusive Shock Acceleration S frome w=0
Interplay between diffusion, advection and adiabatic heating is , % s’
responsible for energy gain at the shock: MN
DVQ /
dX = |V - R+ u(@)| dr +/2& dW, A\
——f=10 -47i=20 —p—f=40  ¥-F=80 —J—i=160  -#—7=200 =N Jowaskceam
dp = — BV cudt : . 10! “PS*‘
P 3 _
10° 10°
101
g 101 5
= < 107
S )
Candidate splitting -2 108
module compensates : B}
loss of pseudo- | | |
particles at high energy N e— S U

E/E,.
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https://iopscience.iop.org/article/10.1088/1475-7516/2024/01/068

Diffusive Shock Acceleration
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How are Cosmic Rays transported?



Focused Pitch Angle Transport



LM and Aerdker subm. (2024) ArXiv:2410.01472
Example Trajectories

d dt and d Y+ 22 ) g [2D,, dw,
s=v = —( -
/’t :u 2L :u a'u 777! t
Pitch angle Position on field line

Regime for pitch angle is bound to u € (—1,1)

Implemented with reflective boundaries
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https://arxiv.org/abs/2410.01472

Example Trajectories

2.0

z[10° m]

-2.0

Pitch Angle Diffusion

— light travel distance

1
Dy = [
-1

Spatial Diffusion

2.0

_2.0 T T T T T
0 1 2 3 4 5
t [s]
(1 —u??
du
DMM

Same asymptotic behavior

Superluminal spreading of f
for spatial diffusion

Correlated random walk for
pitch angle diffusion
(smoother distribution)

— 2.4 — .
Dﬂﬂ—l—ﬂ,V—CO,

Dy =c;/6;h=107"
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First results

Running diffusion coefficient

—— T R L B e e
T———f'——‘_-_
10_1': ”’—’
1 -
] ,f’ ’
] -
_ ’
&5 -
O 4
N ]
T 1072 ’
N
|
~ Y4
b — Ko/CE
= = Pitch Angle Diffusion
1073 -« Spatial Diffusion
] = = Pitch Angle Diffusion (uy=1)
c 0.10
= 0.05- '\.,'\
o »
> - N \ & M,(.\ Y A A x
| 0.00f—. . _"/ \ 7 \.~-Vv l:' YT -\\ I\\lt4dv".i
- | . ¢ V4 b * . . W‘ h
£ -0.05 ~ 7R v L)
< = T\& Foped i
T -0.10 . adi %70 W
100 10! 102
t [s]

Without focusing the
asymptotic diffusion coefficient
is the same

Focusing leads to a reduced
mean squared displacement

Superdiffusive phase at early
times for all pitch angle
diffusion models
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Galactic Diffusion



Source Distribution

Compare different source distributions with each other

-20

Older simulation often assumed a homogeneous cylinder

Likely source classes (supernova remnants, pulsar wind nebulae, etc.) have a spatial

structure

Burst injection: §' 5(t — to)

Injected energies: E/Z = R € (10 — 105) TV

Pulsar Distribution
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https://iopscience.iop.org/article/10.1088/1475-7516/2017/06/046v
https://iopscience.iop.org/article/10.1088/1475-7516/2017/06/046v

Magnetic Background Field
IR iy VI ,,,'23»495’««?”") Jansson and Farrar
Model by Jansson and ORGSR e inApJ149(201)
 Versatile model of the co-
herent magn. field
toroidal components, etc.
 Available in CRPropa
e Not cont. differentiable
s VB#0

Farrar (2012) NN NN end 0 S
 Spiral arms, poloidal and

« Some physics problems
* Updated field UF23 available now
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~LMeetal. JCAP (2017)
Results

o Source distribution is relevant on short  Diffusion ratio determines the magnetic field’s
timescales only. influence on CR density.
« Magnetic field morphology plays an important « Time scales are decreasing with increasing rigidity.

role for the stationary CR distribution.

Source: PWN, R=10TV, e = 0.01 R=100TV, e =0.01 Source: PWN, R=10TV

Cylinder SNR PWN

O
OO

20 -10 0 10 20 -20 -10 O 10 20 -20 -10 O 10 20

e=1073 e=1.0

11 ]

y [kpc]
0 10 20

y [kpc]

z [kpc]
20 10 0 10 2020 -10 0 10 20

0 10 20 -20 -10

z [kpc]

z [kpc] x [kpc]|  [kpc] j O
’ ' ‘ 1og?En) [a.u.] ) ’ ° x [kpc]
R 0.300.02
Escape time scale 7., = (53 £ 4) - ¢ 010220010
10 TeV
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How do Cosmic Rays interact?



Proton proton interaction



Secondary production in CRPropa

CRPropa will include proton proton and other —— Kafexhiu+ (2014)
. . 80 - Kelner+ (2006)
hadron interactions } data (inelastic, PDG 2022)
70 A
Monte Carlo approach needs 60

e Total inelastic cross section

g |
(depends on primary energy) © 40
e differential inclusive cross section 30 H,, Sl

(depends on primary and secondary energy) 20

This will allow to model

1071 10! 103 10° 107 10°

e Galactic plane neutrinos Prab [GeVic]

e y-rays from potential PeVatrons Figure by Julien DSrner
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Secondary production in CRPropa

perform interaction

Number of secondaries per \
De

cide on Interaction ? species
« particle ID
* crosssection
* mass density

no
Total energy loss

__ Sample secondary energy NG
Limit next step «  Random bin from CDF )
0.1 Ampp « Random position in bin Z Z €i " Jioss
s i=0
\ process - function / ‘
Add secondary if allowed /

Figure by Julien Dorner
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Influence on Observables

LI s

Energy loss rates

10—13 4

10—14 i

— prediction ¢ ODDK A AAfragLight
¥ Kelner ¢ AAfrag ¢ Kafexhiu
KK
X ""$§)‘).'=>
Uk o 4
,ll.ﬂ“" +++++#
i ek
%W* *

kinetic energy [GeV]

E20 dN/dE

y-ray Flux from a giant molecular cloud

107° 4
3 S===x —— AAfrag
10710 4 —-- AAfrag (light)
] - -~ Kelner
-11
10 R U R Kafexhiu
10—12 _;
o™ A\
10-14 ?(e\\
10-35 |
1016
10_17 :""l T T T T T T T T
o 2—- N\\.;. _ N/ N ————— ﬂa—.——.—-—"“-}
S ] Ny - N~'~_——’--—— N s N ;4.7] (Y
© E BT PN T LA E
o053 s S L LI T L L e !
] i
1072 107! 10° 10! 102 103 104 10° 10°
E, [GeV]

Figures by Julien Dorner
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Emission from the Galactic Center



Drner et al. Ap) (2024)
Gamma Rays from the Galactic center

Hess observation of the GC Very hlgh energy gamma'.rays
observed from the Galactic center

Modeling with CRPropa
e 3D magnetic field structure
e 3D approximation of the target gas

densities
inner 10 pc radio arc ]
Questions
358.5 359.0 359.5 360.0 360.5 361.0 361.5
] e Influence of the transport model?
HE 0 e Relevance of source distribution?

-13.4 -13.2 -13.0 -12.8 -12.6 -124 -12.2 -12.0 -11.8
flux [cm~2 s71]

e What is the neutrino contribution?
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Gamma Rays from the Galactic center

050 source:3sr €=0.001 source:uni €=0.001
: 5 .
02 = = Reduced perpendicular
5 000 - s diffusion leads to strong
—0.25 A = = .
050 L8 0 confinement.
source:3sr €=0.100 source:uni €=0.100
0.50
L . = ° =~ Uniform source too
a 00 5 -1g  strongly confined in Sgr
-0.25 -1 =
—-0.50 -2 B2.
source:3sr €=1.000 source:uni €=1.000
0.50 .
025 = o =  Best agreement to data
s .- g for point source +
—0.50 -1 isotropic diffusion
-1.0
39  Galactic Acceleration and Transport with CRPropa | SuGAR 2024 | 14.10.2024 | University Wisconsin Madison | Lukas.Merten@rub.de



https://iopscience.iop.org/article/10.3847/1538-4357/ad2ea1

Application to Galactic Wind Termination Shock



Galactic wind termination shock
o]

107 N (N e

AMock frame m*;=C)

10°

7
\4
!

1‘
,R’:.é
..

10% E,

103 10t

P Pt

10? =y Wg \/
:?o "§ / \ /w
£ 10t g 100 2
ﬁq Q

g (APs\veco.m Aowasiceam

109 z ¢ N

10~! 10-1 J \,

102

107 00 200 800 a0 O Assumption: Galactic Termination Shock (GTS)

r/kpe

accelerates CRs, e.g., Bustard et al. (2017).
Adaptive time step for high resolution

close to the shock Question: Can these CRs propagate back into the galaxy?

41  Galactic Acceleration and Transport with CRPropa | SuGAR 2024 | 14.10.2024 | University Wisconsin Madison | Lukas.Merten@rub.de



https://arxiv.org/abs/2410.01472

GWTS - Set Up

Diffusion:

)8 R o , cm?
Kk =5%X10"°C,- { —— ) -diag(l, e, €)—
4 GV S

Magnetic Field:

Spherically symmetric (model S) and Archimedean spiral (model A)

Galactic Wind:
Differentiable approximation of a strong shock

Shock:

1 er

Total CR power: Loy = 7104O—g,
S
Duration: AT = 100 Myr,

Simulation Volume:

, dn 5
Init. Spectrum: — «x E
dE

Location: rg ..« = 250 kpc

Free Escape Boundaries at r,, = 10 kpc and ry, = 350 kpc

350
175
B
~4.0
>
-175
-350
-350-175 0 175 350
x [kpc]
Wind 7(z=0)

2.6 —

s i 2.4 'céa

e = 22 &

\ 2 ~

= K 2.0
-175 P <
1.8 &
—-350 1.6
-350-175 0 175 350
x [kpc]
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GWTS - Results

« Ensemble mainly looses energy due to adiabatic cooling
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Perpendicular diffusion eases problematic anisotropy constrains

Upper limit of neutrino flux is still below IceCube limits
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Summary and Outlook
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Summary

« A variable toolbox to model different transport equations
e Including particle acceleration and relevant interactions

« Time-dependent background fields

« Extended to anomalous diffusion

« Comparison to full orbit simulations in same framework
e Open source & ready to use

« Applications range from UHECR to transport in the heliosphere
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CRPropa Conference

Talks and discussion sessions on cosmic-ray transport and interaction

Focus on simulation and modeling, but not limited to CRPropal

e January, 6-9 2025
« Kalifa University, Abu Dhabi, UAE
e More information

e Registration
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Backup



Galactic Center



Gamma Rays from the Galactic center
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Pitch Angle Diffusion



LM and SA subm. (2024) ArXiv:2410.01472
Example Trajectories
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First results
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(z(t))/(cot)

First results

Mean propagation speed
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All other models have vanishing
mean speed

Anisotropic injection leads to
drift in early times
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Fixed Points
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Sedov Taylor



Diffusive Shock Acceleration
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