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1 CRPropa
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Fig 1. The modular structure makes it easy to extend CRPropa 3.
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2 Propagation Models

Singleparticle

picture
Solving the equation
of motion

(Backtracking and
Reweighting of
results is possible

.

-—'
h‘

Multiparticle

picture

p
Solving the transport
equation

\

p
Collective behavior, e.q.
advection and diffusio
IS easy to implement

e\, J s

Stochastic Differential Equations
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2 Parker Transport Equation

Spatial Adiabatic
Diffusion cooling
on

E +u-Vn=V-(kVn)

Momentum

Advection Diffusion
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2 Spatial Diffusion and Advection
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Fig 2. Spatial distribution of 10,000 pseudo-particles positions for
anisotropic diffusion and advection.
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3 The Laboratory

Fig 3. The coherent, regular component of the Galactic Magnetic field
which is used as the background field in our simulations.
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3 First applications i Diffusion tensor, J TV

t = 25 Mpclc

A Magnetic field structure becomes
clearly visible for strong parallel
diffusion.

t =50 Mpclc

A Highest density at Galactic center
for strong perpendicular diffusion

¢ =75 Mpclc

A Differences in loss time become
visible.

T T
t= 100 Mpclc

T T T
0.0 0.4 0.8 12 1.6 2.0 24 28 32
log(n) [a.u.]

Fig 3: Density inside the Galactic disc.
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3 First applications 1T Diffusion tensor
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Fig 4: Time Evolution of the total particle number.
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3 First applications 1 Rigidity,” 8
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A Outflow along the
magnetic field lines is
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Fig 5: Projected density inside simulation volume.
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4 Galactic Termination Shock

Acceleration is possible up to
O p mQu(see Bustard et al. (2016)).

Isotropic(?)flux in the okneeito canklex
region

Possibleexplanationfor the transition
region

Can CRs diffuse baitkthe Galactic
disk?

Builda modelin CRProp#o find out.
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4 Model Sketch
Symmetry

wRadial /Archmedean
spiral

Diffusion
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FL @ T
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Fig 6: The Galactic termination shock model
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4 Archmedean Spiral
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Fig 7. Face- and edge-on view of the background field for the Archmedean spiral model
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4 Time Evolution (averaged): # 8
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Fig 8: Time Evolution of the observed spectrum for a delta injection in time at the source
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4 Time Evolution - Luminosity
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Fig 10: Luminosity evolution for different models.

Anisotropic diffusion with CRPropa 3.1| Lukas.Merten@rub.de

le+39

1e+38

le+37

1le+36

le+35

le+34

le+39

le+38

le+37

le+36

1e+35

le+34

1

Sphericabymmetric

0.3
=0.4
=0.5

0.6

é
')
)
L)

10 100 1000 10000
tons [Myr]

—_— §=0.3
§=0.4

=« §=0.5
v §=0.6

=\

10 100 1000 10000
tans [Myr]

L [erg/s]

L [erg/s]

le+39

le+38

le+37

1le+36

1e+35

le+34

le+39

le+38

le+37

le+36

le+35

le+34

|l
"

Center

Archmedearspiral

—_— §=0.5,e=0.1
d=0.6,e=0.1
= 0=0.6,e=0

10 100 1000 10000
tons [Myr]

—_— §=0.5,e=0.1
d=0.5,e=(

- 0=0.6,e=0.1
8=0.6,e=0

10000

tons [Myr]

18



RAPP

Center

4 Time Evolution 7l Eo0 g 8

SphericaBymmetricg 1 dimensional
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Fig 11: Spectrum including statistical errors.
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4 Time Evolution 7l Eo0 g 8
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Fig 12: Spectrum including statistical errors.
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Fig 13: Spectrum including statistical errors.
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Results i Arrival # 8 H 8 Wind

Galactic & i Galactic
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Fig 14: Arrival direction assuming pure parallel diffusion. Clear ring structure is visible
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Results i Arrival # 8 H 8 : Wind
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Fig 15: Allowing also for perpendicular diffusion leads to maximum at the poles.
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5 Summary

N\
‘ Observatiorchallengetheoreticalmodels

\
‘ Complexanisotropic(spacedependen) diffusiontensors advectionand

interactionmodelsare needed

\

CRPropa&.1 usesanisotropicdiffusiontensorsin arbitrary background
filelds. Simpleadvectionmodelsare alsoincluded

/
‘ CRProp®.1usesSDEandisthereforetrivial to parallelizeon hugeClusters

/
‘ Not yet afinished) h -O#he-boxa 2 f dzGA 2y W t A1S D! [t
/

X 0 dzil tdSektendto fit your needs
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5 QOutlook

Furtherinvestigationof the Galactiaerminationshock e.g.
propagationof CRs alsthroughthe Galaxy

Quantitativeinvestigationof anisotropy compositionand
spectrumwith realisticmagneticfield/ diffusiontensor

Realistimeutrino and gammamapsfor the Galaxy gnce
hadronhadroninteractionshavebeenimplemented

Investigationof Fermibubblesand WMARazepossible with
precisecalculationof implied neutrino signatures
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Galactic Termination Shock
Simulation detalls
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Model Assumption
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Fig 2. The energy spectrum of Cosmic rays.
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Observation - Composition
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Fig 3. Boron to carbon ratio as a measure for the column
depth.
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Fig 3. Boron to carbon ratio as a measure for the column
depth.
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Observation 17 Arrival Directions

Relative Intensity [x 10 *]

Fig 4. Cosmic ray arrival anisotropy at a median energy E=20 TeV after the
subtraction of the best fit dipole and quadrupole.
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Stochastic Differential Equation

LangevirEquation

1
=T = a2, t) + bz, )E(t)
dt

StochastidntegralEquation

t t
r(t) = x(0) + / alx(s),s| ds +] bx(s),s| dW(s)

to to

A Theseequationscanbe treated mathematically

consistently M

A Numericalalgorithmto solvethem are available
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From Fokker-Planck Equ. to SDE

General FokkePlanckEquation

on(x.t;y,t') 9,
( 4 1?‘111#1/7‘+Z

.(I
) 'I

0?

[B;i(z,t)n(x, t;y,t')]

1]
ox; ()1

Correspondingtochastidifferential Equation
dr, =A,dt + D, dw"

Calculatiorof stochastidensorD

(k + k') = DD?

In the caseof decoupledmomentumund spatialoperators
Anddiagonaldiffusiontensor

Dij = 0ij+/ 2Kij, Dyg = \/2Kqq
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Integration scheme

;I.-l-}]_—|—1 — ;f_-'ﬂ_ + D'i” AL’UT’

== ;I__-"ﬂ_ —+ (1 IQH.-” T}H Ff - 1/ 2H;L11 111 En. + \/ QH-L,Q 1.2 E}J) \/E

A Magnetic field line implementation (e.g. JF12 field) is not trivial.
A Calculation of the locadtihedronis the crucial part.

A Use adaptive field line integratioly e.g. CastKarp algorithm

2" =1 L2= [ (j+1)

;{”d_;h,n”fqtf B/Bd% ?”mr?[)—i—Z/ U(s)ds
2~

HL‘}
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SDE and FPE

LG2Qa fSYYlF fSIFRa G2 SljdAglfSyOS oS
and FokketPlanck transport equation (FPE)
T w( ho o g g
al ‘) t(ot () "M
T O
Qi 6Q06 6Q 0 QIR Q0o

6 /cfOhd m

Diffusion tensor is diagonal in frame with 6 tQ
I i Tt T |
0O m Iz ™ 0QdQ 5 I kdg
T Tt |
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CRPropa: Interactions

Nucleons ElectrecMagnetic General

n ElectronPairProduction n Redshift(accountsfor
(BetheHeitler) adiabaticenergylosy

| PhotoPionProduction

| EMPairProduction

n EMDoublePair
Production

| PhotoDisintegration | EMTripletPairProduction

N InverseCompton
Scattering

| SynchrotronRadiation

| NuclearDecay

Anisotropic diffusion with CRPropa 3.1| Lukas.Merten@rub.de 40



~%é

Lehrstuhl fir Theoretische Physik IV
Arbeitsgruppe: Plasma Astroteilchenphysik | Prof. Dr. J. Tjus

Performance

Anisotropic diffusion with CRPropa 3.1| Lukas.Merten@rub.de



> | S
RAPP
~‘

Performance

Runtime per trajectory for propagation in JF12 field
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Fig 15: Comparison of computation times. Conventional CRPropa3 (left) and propagation
with the DiffusionModule (right)
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JF12-field
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Problem: Fixed step length

- Now

WN o L

Fig 19: Magnetic field line (blue) and end position after diffusion process (red dots).
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Deviation vectors
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Fig 20: Ninty smallest deviation vectors for E=10TeV
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Deviation from field line 1l
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Fig 21: Deviation from ideal trajectory is Fig 22: Deviation from ideal trajectory

uniformly distributed in G . peaks around the plane perpendicular to
magnetic field line.
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Validation |

First test of the diffusion in a homogeneous magnetic background field.
A simple anisotropic diffusion tensor is implemented.

6000 - X S Y S z
A t=10 kpcfe A t=10kpcic A =10 kpele
@ =50 kpclc . @ t=50kpcic ? @ t=h0kpcle -
5000 | |
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Fig 7. The algorithm reproduces the expected analytic results (simulation-barplot, theory-
solid lines).
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Stationary Test |

Stationaryequationof anisotropicdiffusion

—V - (RVn(7)) = s(7)
ourceterm “\\Q“@ !
wouree @"\i @©§§

- ) () = (35)
I = Jp) - COS )R COS )R COS ZH

Indirectsolution

% =V - (kVn) + s(r)o(t — 1;) i () = Z n(ti)hiw
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Fig 8. Total number density depending on maximum integration time for different
numbers of snapshots.

Anisotropic diffusion with CRPropa 3.1| Lukas.Merten@rub.de 50



'
—ur [
Stationary Test Il
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Fig 25. Total number density depending on maximum integration time for different

integration time steps.
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Validation lla

A We test the accuracy of the
algorithm in an artificial
situation.

A A spiral with varying radius
IS used as the magnetic
field line.

A The distance to the field
line after the diffusion Is
taken as a measure for the
algorithm accuracy.

Fig 9: Example of a spiral field line and a
sample of end positions.
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Fig 10: Results for the accuracy test. The algorithm allows a user chosen

precision for a pure parallel diffusion.
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Adiabatic Cooling
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Fig 4. Particle and energy density for advective test case.
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First applications 1 Rigidity
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Fig 14: Time Evolution of the total particle number.
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Continuous source

Fig 24: Cosmic ray density for continuous
uniform emission inside the Galactic disc.
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