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Reminder: Description of CR Transport

Transport Equation
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I
Individual Terms Result
o CR sources o CR-distribution %
@ Spatial / momentum — input for gamma rays
diffusion
@ Spatial convection Solution
o (Adiabatic) energy changes o Simplifications — analytical
o Inter-species reactions o General case — numerical
o Loss terms




Galactic Propagation Codes

Major Codes Transport in ISM

@ semi-analytical:
o USINE

(by Heinz & Sunyaev (2002))

"
||nn!s rIu|!I




Galactic Propagation Codes

Major Codes Transport in ISM

@ semi-analytical:
o USINE

o fully numerical
o GALPROP

(by Heinz & Sunyaev (2002))

"
||nn!s rIu|!I




Galactic Propagation Codes

Major Codes Transport in ISM

@ semi-analytical:
o USINE
o fully numerical

o GALPROP
o DRAGON

(by Heinz & Sunyaev (2002))

"
||nn!s rIu|!I




Galactic Propagation Codes

Major Codes Transport in ISM

@ semi-analytical:
o USINE
o fully numerical

o GALPROP
o DRAGON

Other Approaches

(] BUSChIng et al (by Heinz & Sunyaev (2002))

o Effenberger et al.
o Hanasz et al. (PIERNIK)

M
innsbru




Galactic Propagation Codes

Major Codes Transport in ISM

@ semi-analytical:
o USINE
o fully numerical

o GALPROP
o DRAGON

Other Approaches

(] BUSChIng et al (by Heinz & Sunyaev (2002))

o Effenberger et al.
o Hanasz et al. (PIERNIK)

M
innsbru




Physics in Numerical Propagation Codes

Transport Processes
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@ Diffusion
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Physics in Numerical Propagation Codes

Transport Processes
@ Convection
@ Diffusion

@ Momentum diffusion

1
Gamma Ray Emission

Ralf Kissmann

Secondaries
@ Secondary CRs

o Gamma rays

Solution Process
CR source distribution

4

Transport solver

(3
CR distribution
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Issues in GALPROP

Transport Equation
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Issues in GALPROP

Transport Equation
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Example |: Diffusion

Diffusion in Galprop CRs Inside the Heliosphere
@ Isotropic

@ No spatial variation
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Example |: Diffusion

Diffusion in Galprop CRs Inside the Heliosphere
@ Isotropic
@ No spatial variation

o Alternatives:

o DRAGON, PICARD
o Effenberger et al.

Field Aligned Diffusion
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Example |: Diffusion

Diffusion in Galprop CRs Inside the Heliosphere
@ Isotropic
@ No spatial variation

o Alternatives:

o DRAGON, PICARD
o Effenberger et al.

(From Ulysses website)

Diffusion in Cartesian Coordinates
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Example |: Diffusion

Diffusion in Galprop The Galaxy
@ Isotropic
@ No spatial variation

o Alternatives:

o DRAGON, PICARD
o Effenberger et al.

Boundary conditions?

o Diffusion ++ advection

@ Energy dependence
o GALPROP:

o Restricted to box
e 1 =0 at boundary
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Example |I: Consistency
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Example II: Consistency

@ Ring-distribution for gas

Propagation Gamma Ray Computation
o Azimuthally symmetric J

But: CR distribution Gamma Ray Emission
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Solving the Transport Equation
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Solving the Transport Equation

Transport Equation
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Possible Solvers
e SDEs / Monte Carlo

o (Pseudo-) particles
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Standard Approach via Time-Integration

Possible Solvers
e SDEs / Monte Carlo

o (Pseudo-) particles
o Grid-based

o Explicit

o Implicit

Explicit schemes

o prtl _ygn .
E*f(w)ﬁT*f(w )

o Easy to solve

@ Time step restriction

Implicit schemes
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Standard Approach via Time-Integration

Possible Solvers
e SDEs / Monte Carlo

o (Pseudo-) particles
o Grid-based

o Explicit

o Implicit

Solution Approach
o Start with empty Galaxy

o Integrate until convergence

Explicit schemes
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Standard Approach via Time-Integration

Possible Solvers
e SDEs / Monte Carlo
o (Pseudo-) particles
o Grid-based
o Explicit
o Implicit

Solution Approach
o Start with empty Galaxy
o Integrate until convergence

Problem
@ Characteristic timescales

o Convergence timescales

Time Evolution of Spectrum

107
e e steady state

v v time: 200 myr

= time: 60 myr

¢ ¢ time: 20 myr

A time: 6 myr

e time: 2 myr
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Standard Approach via Time-Integration

Possible Solvers Time Evolution of Spectrum

o SDEs / Monte Carlo
o (Pseudo-) particles o0

o Grid-based )
o Explicit
o Implicit

Solution Approach -
@ Start with empty Galaxy B [Mev]
o Integrate until convergence

| | Characteristic time: ~50 yrs
Problem

« steady state

v time: 200 myr
= time: 60 myr
¢ time: 20 myr
A time: 6 myr

e time: 2 myr

@ Characteristic timescales

o Convergence timescales
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The GALPROP solver

Numerical Implementation Galprop

@ Crank-Nicolson
discretisation

o Time-integration

@ Dimensional splitting ’..ii“‘

@ Decreasing timesteps
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The GALPROP solver

Numerical Implementation Galprop

@ Crank-Nicolson
discretisation

o Time-integration

@ Dimensional splitting ’..ii“‘

@ Decreasing timesteps

) HRNEEREE

Problems

@ Check for convergence?
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The GALPROP solver

Numerical Implementation Galprop

@ Crank-Nicolson
discretisation

o Time-integration

@ Dimensional splitting ’..ii“‘

@ Decreasing timesteps
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Problems

@ Check for convergence?

@ Timestep control
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The GALPROP solver

Numerical Implementation Galprop

@ Crank-Nicolson
discretisation

o Time-integration

@ Dimensional splitting ".ii“‘

@ Decreasing timesteps ) EE.BB E
| J

Problems

@ Check for convergence?
@ Timestep control

@ Problem dependent?
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The GALPROP solver

Numerical Implementation Galprop

@ Crank-Nicolson
discretisation

o Time-integration

@ Dimensional splitting ".ii“‘

@ Decreasing timesteps ) EE.BB E
| J

Problems

@ Check for convergence?
@ Timestep control
@ Problem dependent?

@ Nuclear reaction network
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The GALPROP solver

Numerical Implementation

@ Crank-Nicolson
discretisation

o Time-integration
@ Dimensional splitting

@ Decreasing timesteps

Problems
@ Check for convergence?
@ Timestep control
@ Problem dependent?
°

Nuclear reaction network

Galprop
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How to do better

A Different Approach

@ Solve steady state problem

Simplified Transport Equation
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A Different Approach

@ Solve steady state problem

Simplified Transport Equation

0= s(r,p) + V- (OVY — i)+ ¥

|nns!ru!l




How to do better

A Different Approach Discretisation in 1D
9%y
@ Solve steady state problem VDV =Dao o
I ~D Yit1 — 2 + P

Simplified Transport Equation

0:s<r,p)+v~<7>vw7vw>+%

Difficulty
@ Discretisation
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How to do better

A Different Approach Discretisation in 1D
9%y
@ Solve steady state problem VDV =Daa o
I ~D Yit1 — 2 + i1

Simplified Transport Equation

— a1 —biv +civipr = —s; Vi

0= s(r,p) + V- (DVY —vi) + &

Difficulty

o Discretisation
— Coupled matrix equation
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How to do better

A Different Approach

@ Solve steady state problem

Simplified Transport Equation

0= s(r,p) + V- (OVY — i)+ ¥

Difficulty

@ Discretisation

— Coupled matrix equation
— Band-diagonal matrix

Discretisation in 1D

_p. O
VDVY =Dy
Vit1 — 29 + i1
gl T Wi T Vi

~Dg, A2

— a1 —bii +civipr = —s; Vi

Descretisation in 2D

P S i
dx2 dy?
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How to do better

A Different Approach Discretisation in 1D
9%y
@ Solve steady state problem VDV =Daa o
I ~D Yit1 — 2 + i1

Simplified Transport Equation

" —aiPi—1 — by tcibip1 = —s; Vi
0=s(r,p) + V- (DVY —vp) + —
-

I Descretisation in 2D
Difficulty 82y 8%y
VDVY =Daz——5 + Dyy a7

o Di L.
Discretisation ity — 2%i + Vi1

— Coupled matrix equation =De A2

— Band-diagonal matrix 4Dy, Lhatt = Z:y; + i
@ lterative solver

o Multigrid

o BICGStab
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How to do better

A Different Approach Multigrid lllustration

@ Solve steady state problem /Z7777LM3
I AEC

Simplified Transport Equation

-

uopebuojoid

Level 2

level 4 /
W T T 2 \/4 ;
VAT T
W Z T 3

0= s(r,p) + V- (OVY — i)+ ¥

= -

Restriction
N
N
3

I s
- S o
Difficu |ty STT T 5 \\/‘\// Fine Gikd

3
V- and W-cycles

@ Discretisation

— Coupled matrix equation
— Band-diagonal matrix
@ lterative solver
o Multigrid
o BICGStab
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How to do better

A Different Approach

@ Solve steady state problem

Multigrid llustration

Simplified Transport Equation

0= s(r,p) + V- (OVY — i)+ ¥

LSS
L

-

uopebuojoid

Level 2

level 4 /
W T T 2 \/4 ;
VAT T
W Z T 3

= -

Restriction
N
N
3

Difficul P e
ifficulty ST 2\\/‘\// Fine Giid
o Discretisation V- Weoycles

— Coupled matrix equation
— Band-diagonal matrix Multigrid Implementation
@ lterative solver o Red-black Gauss-Seidel
o Multigrid Alt ; |
o BICGStab @ Alternating plane
Gauss-Seidel




Cosmic Particle Transport:
THE MEXT GENERATION

Astroparticle Physics

APh Vol.55 (2014)




Features of PICARD

Solver
@ Steady-state solution
@ Explicit time integrator

o MPI-parallel
— High resolution

Improved nuclear network
Speed
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Features of PICARD

Solver Example Simulation Results
o Steady-state solution * o
@ Explicit time integrator
o MPI-parallel
— High resolution

y [kpc]

@ Improved nuclear network

@ Speed

I 2% -15 -10 -5 0 5 20

Example Resolution @ [kpc]

@ Standard GALPROP

— 2D (1 kpc x 100 pc)
o PICARD

— 3D (up to ~75 pc?)

m ersitat
innsbrud

Ralf Kissmann CRISM 2014



Features of PICARD

Solver Example Simulation Results
o Steady-state solution * o
@ Explicit time integrator
o MPI-parallel
— High resolution

y [kpc]

@ Improved nuclear network

@ Speed

I 2% -15 -10 -5 0 5 20

Physics @ [kpc]

@ 3D source distributions
@ Anisotropic diffusion
o thd...
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Features of PICARD

Solver Example Simulation Results
@ Steady-state solution » o

5.6

@ Explicit time integrator

o MPI-parallel N

4.0

24

— High resolution

y [kpc]

Improved nuclear network
Speed ™ '

-15 0.8

I 2% -15 -10 -5 0 20 00

Physics @ [kpc]

@ 3D source distributions
@ Anisotropic diffusion
o thd...




Milkyway as a Spiral Galaxy

Model setup
@ Spiral arm source dist.

@ Standard GALPROP
parameters

@ Electrons / protons
> Nuclear network




Milkyway as a Spiral Galaxy

Model setup Axi-symmetric Model
@ Spiral arm source dist.

@ Standard GALPROP
parameters

@ Electrons / protons
> Nuclear network

Results

o Different source
distributions

— 1TeV electrons )

Applications :

[ M 2014
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Milkyway as a Spiral Galaxy

Model setup NE-2001 Model
@ Spiral arm source dist.

@ Standard GALPROP
parameters

@ Electrons / protons >
> Nuclear network

Results

T T T —

4

o Different source
distributions :.

— 1TeV electrons J
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Milkyway as a Spiral Galaxy

Model setup

@ Spiral arm source dist.

@ Standard GALPROP
parameters

@ Electrons / protons

<+ Nuclear network

Results

o Different source
distributions

— 1TeV electrons

Ralf Kissmann
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Milkyway as a Spiral Galaxy

Model setup Two Arm Model

@ Spiral arm source dist.
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