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ṗψ −

p

3
(∇ · ~v)ψ

}
−

1

τf
ψ −

1

τr
ψ

Physics Issues

Physics as parameters

Constant in time

Constant in space

→ Parameter tuning

Simplified Parameters

Diffusion, halo height

Galaxy model

Convection

Numerical models Issues



Issues in Previous Approaches

Transport Equation

∂ψ

∂t
= q(~r, p) +∇ · (D∇ψ − ~vψ) +

∂

∂p
p
2
Dpp

∂

∂p

1

p2
ψ −

∂

∂p

{
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Kopp, Büsching et al.

Local CR Anisotropy

Ekin/nuc [GeV]

100 101 102 103 104 105 10610-5

10-4

10-3

10-2

10-1

(From RK et al. (2015) APh 70, 39)

Numerical models Development



The Galprop Solution Approach

Solution Approach

Start with empty Galaxy

Advance in time until
convergence

Problem I

Characteristic timescales

Convergence timescales

Problem II

Check for convergence?

Timestep control

Problem dependent?

→ Let’s do better

Numerical Solver



The Galprop Solution Approach

Solution Approach

Start with empty Galaxy

Advance in time until
convergence

Problem I

Characteristic timescales

Convergence timescales

Problem II

Check for convergence?

Timestep control

Problem dependent?

Time Evolution of Spectrum

E [MeV]

E
2
ψ

steady state
200 000 000 a
60 000 000 a
10 000 000 a
6 000 000 a
1 000 000 a

(RK (2014))

→ Let’s do better

Numerical Solver



The Galprop Solution Approach

Solution Approach

Start with empty Galaxy

Advance in time until
convergence

Problem I

Characteristic timescales

Convergence timescales

Problem II

Check for convergence?

Timestep control

Problem dependent?

Time Evolution of Spectrum

E [MeV]

E
2
ψ

steady state
200 000 000 a
60 000 000 a
10 000 000 a
6 000 000 a
1 000 000 a

(RK (2014))

Characteristic time: ∼50 yrs

→ Let’s do better

Numerical Solver



The Galprop Solution Approach

Solution Approach

Start with empty Galaxy

Advance in time until
convergence

Problem I

Characteristic timescales

Convergence timescales

Problem II

Check for convergence?

Timestep control

Problem dependent?

Time Evolution Parameters

re
la

ti
ve

d
ev

ia
ti

o
n

[%
]

E [GeV]

10-2 10-1 100 101 102 103 104 105 1068

6

4

2

0

2
timestep_repeat=20
timestep_repeat=40
timestep_repeat=80
timestep_repeat=200

(RK et al. (2014))

→ Let’s do better

Numerical Solver



The Galprop Solution Approach

Solution Approach

Start with empty Galaxy

Advance in time until
convergence

Problem I

Characteristic timescales

Convergence timescales

Problem II

Check for convergence?

Timestep control

Problem dependent?

Time Evolution Parameters

re
la

ti
ve

d
ev

ia
ti

o
n

[%
]

E [GeV]

10-2 10-1 100 101 102 103 104 105 1068

6

4

2

0

2
timestep_repeat=20
timestep_repeat=40
timestep_repeat=80
timestep_repeat=200

(RK et al. (2014))

→ Let’s do better

Numerical Solver



The Galprop Solution Approach

Solution Approach

Start with empty Galaxy

Advance in time until
convergence

Problem I

Characteristic timescales

Convergence timescales

Problem II

Check for convergence?

Timestep control

Problem dependent?

Time Evolution Parameters

re
la

ti
ve

d
ev

ia
ti

o
n

[%
]

E [GeV]

10-2 10-1 100 101 102 103 104 105 1068

6

4

2

0

2
timestep_repeat=20
timestep_repeat=40
timestep_repeat=80
timestep_repeat=200

(RK et al. (2014))

→ Let’s do better

Numerical Solver



Cosmic Particle Transport: 

 

A
P

h
 V

o
l.
5

5
 (

2
0
1

4
) 



Features of Picard

Solver

Steady-state solution

Explicit time integrator

MPI-parallel

Improved nuclear network

Speed

Example Simulation Results

x [kpc]

y
[k

p
c]

(RK et al. (2014))

Example results:
Milkyway as spiral galaxy

Picard



Features of Picard

Solver

Steady-state solution

Explicit time integrator

MPI-parallel

Improved nuclear network

Speed

Example Resolution

Standard CR simulation
(e.g., Fermi Diffuse Paper)

2D (1 kpc × 100 pc)

Picard

3D (up to ∼75 pc3)

Example Simulation Results

x [kpc]

y
[k

p
c]

(RK et al. (2014))

Example results:
Milkyway as spiral galaxy

Picard



Features of Picard

Solver

Steady-state solution

Explicit time integrator

MPI-parallel

Improved nuclear network

Speed

Example Resolution

Standard CR simulation
(e.g., Fermi Diffuse Paper)

2D (1 kpc × 100 pc)

Picard

3D (up to ∼75 pc3)

Example Simulation Results

x [kpc]

y
[k

p
c]

(RK et al. (2014))

Example results:
Milkyway as spiral galaxy

Picard



Spiral-Arm Cosmic Ray Sources

CR Source Candidates

Supernova remnants

Pulsars

Gamma-ray binaries

→ young objects

→ star formation regions

Source Distribution

Spiral galaxy

→ Spiral arms

→ Galactic bar

Tracers of spiral structure

→ Variety of models

Spiral Galaxy NGC1232

Picard Spiral Arms



Spiral-Arm Cosmic Ray Sources

CR Source Candidates

Supernova remnants

Pulsars

Gamma-ray binaries

→ young objects

→ star formation regions

Source Distribution

Spiral galaxy

→ Spiral arms

→ Galactic bar

Tracers of spiral structure

→ Variety of models

Spiral Galaxy NGC1232

Picard Spiral Arms



Spiral-Arm Cosmic Ray Sources

CR Source Candidates

Supernova remnants

Pulsars

Gamma-ray binaries

→ young objects

→ star formation regions

Source Distribution

Spiral galaxy

→ Spiral arms

→ Galactic bar

Tracers of spiral structure

→ Variety of models

Spiral Galaxy NGC1232

Picard Spiral Arms



Spiral-Arm Cosmic Ray Sources

CR Source Candidates

Supernova remnants

Pulsars

Gamma-ray binaries

→ young objects

→ star formation regions

Source Distribution

Spiral galaxy

→ Spiral arms

→ Galactic bar

Tracers of spiral structure

→ Variety of models

Spiral Galaxy NGC1232

Picard Spiral Arms



Spiral-Arm Cosmic Ray Sources

CR Source Candidates

Supernova remnants

Pulsars

Gamma-ray binaries

→ young objects

→ star formation regions

Source Distribution

Spiral galaxy

→ Spiral arms

→ Galactic bar

Tracers of spiral structure

→ Variety of models

Spiral Galaxy NGC1232

Picard Spiral Arms



Confrontation with CR Data

CR Data

CR Fluxes X
Secondary / Primary ratios

10Be/9Be Ratio

X

B/C Ratio

X

Four-Arm Model

Adapt parameters

Fit possible

Spatial variation

Impact on gamma rays?

CR Proton Flux

Ekin/nuc [GeV]

10-1 100 101 102 103 104100

101

102

103

104

BESS93(1993/07)
PAMELA(2006/07-2007/12)
AMS01(1998/06)
CAPRICE94(1994/08)

Axisymm z4R20
Steiman z4R20
Dame z4R20
Steiman z4R30

(RK et al. (2014))

Picard Spiral Arms



Confrontation with CR Data

CR Data

CR Fluxes X
Secondary / Primary ratios

10Be/9Be Ratio X
B/C Ratio

X

Four-Arm Model

Adapt parameters

Fit possible

Spatial variation

Impact on gamma rays?

Be-Ratio

Ekin/nuc [GeV]

1
0

B
e/

9
B

e

10-2 10-1 100 101 102 1030.0

0.1

0.2

0.3

0.4

0.5

0.6

ISOMAX(1998/08)
ACE-CRIS(1997/08-1999/07)
Ulysses-HET(1990/10-1997/12)

Axisymm z4R20
Steiman z4R20
Dame z4R20

(RK et al. (2014))

Picard Spiral Arms



Confrontation with CR Data

CR Data

CR Fluxes X
Secondary / Primary ratios

10Be/9Be Ratio X
B/C Ratio

X

Four-Arm Model

Adapt parameters

Fit possible

Spatial variation

Impact on gamma rays?

B/C Ratio

Ekin/nuc [GeV]

B
/

C

10-2 10-1 100 101 102 1030.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

AMS01(1998/06)
Pamela(2006/07-2008/03)
ACE-CRIS(1998/01-1999/01)
ACE-CRIS(2009-2010)
CREAM-I(2004/12-2005/01)

axisymm
4 arm
2 arm

(RK et al. (2014))

Picard Spiral Arms



Confrontation with CR Data

CR Data

CR Fluxes X
Secondary / Primary ratios

10Be/9Be Ratio X
B/C Ratio

X

Four-Arm Model

Adapt parameters

Fit possible

Spatial variation

Impact on gamma rays?

Distribution of Carbon

x [kpc]

y
[k

p
c]

(RK et al. (2014))

Picard Spiral Arms



Confrontation with CR Data

CR Data

CR Fluxes X
Secondary / Primary ratios

10Be/9Be Ratio X
B/C Ratio

X

Four-Arm Model

Adapt parameters

Fit possible

Spatial variation

Impact on gamma rays?

Distribution of Boron

x [kpc]

y
[k

p
c]

(RK et al. (2014))

Picard Spiral Arms



Confrontation with CR Data

CR Data

CR Fluxes X
Secondary / Primary ratios

10Be/9Be Ratio X
B/C Ratio

X

Four-Arm Model

Adapt parameters

Fit possible

Spatial variation

Impact on gamma rays?

B/C Ratio

Ekin/nuc [GeV]

B
/

C

10-2 10-1 100 101 102 1030.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

AMS01(1998/06)
Pamela(2006/07-2008/03)
ACE-CRIS(1998/01-1999/01)
ACE-CRIS(2009-2010)
CREAM-I(2004/12-2005/01)

axisymm
4 arm
2 arm

(RK et al. (2014))

Picard Spiral Arms



Confrontation with CR Data

CR Data

CR Fluxes X
Secondary / Primary ratios

10Be/9Be Ratio X
B/C Ratio X

Four-Arm Model

Adapt parameters

Fit possible

Spatial variation

Impact on gamma rays?

Modified Parameters

Ekin/nuc [GeV]

B
/

C

10-2 10-1 100 101 102 1030.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

(RK et al. (2014))

Picard Spiral Arms



Confrontation with CR Data

CR Data

CR Fluxes X
Secondary / Primary ratios

10Be/9Be Ratio X
B/C Ratio X

Four-Arm Model

Adapt parameters

Fit possible

Spatial variation

Impact on gamma rays?

Axially Symmetric Model

y
z

x (RK et al. (2014))

Picard Spiral Arms



Confrontation with CR Data

CR Data

CR Fluxes X
Secondary / Primary ratios

10Be/9Be Ratio X
B/C Ratio X

Four-Arm Model

Adapt parameters

Fit possible

Spatial variation

Impact on gamma rays?

Modified Four-Arm Model

y
z

x (RK et al. (2014))

Picard Spiral Arms



Confrontation with CR Data

CR Data

CR Fluxes X
Secondary / Primary ratios

10Be/9Be Ratio X
B/C Ratio X

Four-Arm Model

Adapt parameters

Fit possible

Spatial variation

Impact on gamma rays?

Modified Four-Arm Model

y
z

x (RK et al. (2014))

Picard Spiral Arms



Impact on Gamma Rays – Preliminary

Axi-Symmetric Configuration

Preliminary Conclusion

Imprint of IC component

Two-arm model excluded?

Galactic centre?

Gamma-Ray Data

∼200 MeV

∼1 GeV

∼100 GeV

Picard Spiral Arms



Impact on Gamma Rays – Preliminary

Four-Arm Configuration

Preliminary Conclusion

Imprint of IC component

Two-arm model excluded?

Galactic centre?

Gamma-Ray Data

∼200 MeV

∼1 GeV

∼100 GeV

Picard Spiral Arms



Impact on Gamma Rays – Preliminary

Two-Arm Configuration

Preliminary Conclusion

Imprint of IC component

Two-arm model excluded?

Galactic centre?

Gamma-Ray Data

∼200 MeV

∼1 GeV

∼100 GeV

Picard Spiral Arms



Impact on Gamma Rays – Preliminary

Axi-Symmetric Configuration

Preliminary Conclusion

Imprint of IC component

Two-arm model excluded?

Galactic centre?

Gamma-Ray Data

∼200 MeV

∼1 GeV

∼100 GeV

Picard Spiral Arms



Impact on Gamma Rays – Preliminary

Four-Arm Configuration

Preliminary Conclusion

Imprint of IC component

Two-arm model excluded?

Galactic centre?

Gamma-Ray Data

∼200 MeV

∼1 GeV

∼100 GeV

Picard Spiral Arms



Impact on Gamma Rays – Preliminary

Two-Arm Configuration

Preliminary Conclusion

Imprint of IC component

Two-arm model excluded?

Galactic centre?

Gamma-Ray Data

∼200 MeV

∼1 GeV

∼100 GeV

Picard Spiral Arms



Impact on Gamma Rays – Preliminary

Axi-Symmetric Configuration

Preliminary Conclusion

Imprint of IC component

Two-arm model excluded?

Galactic centre?

Gamma-Ray Data

∼200 MeV

∼1 GeV

∼100 GeV

Picard Spiral Arms



Impact on Gamma Rays – Preliminary

Four-Arm Configuration

Preliminary Conclusion

Imprint of IC component

Two-arm model excluded?

Galactic centre?

Gamma-Ray Data

∼200 MeV

∼1 GeV

∼100 GeV

Picard Spiral Arms



Impact on Gamma Rays – Preliminary

Two-Arm Configuration

Preliminary Conclusion

Imprint of IC component

Two-arm model excluded?

Galactic centre?

Gamma-Ray Data

∼200 MeV

∼1 GeV

∼100 GeV

Picard Spiral Arms



Impact on Gamma Rays – Preliminary

Two-Arm Configuration (IC only)

Preliminary Conclusion

Imprint of IC component

Two-arm model excluded?

Galactic centre?

Gamma-Ray Data

∼200 MeV

∼1 GeV

∼100 GeV

Picard Spiral Arms



Gamma-Ray Spectra at Galactic Centre

Preliminary Results

At Galactic centre

Different source models

No ISRF scaling yet (see
Fermi Diffuse Paper)

Conclusion

Dependence on source
model

Other transport parameters

Numerics?

Axi-Symmetric Model

E [MeV]

E
2
F

102 103 104 105 10610-5

10-4

10-3

10-2

10-1

100

Observation

Change in total flux

Impact of electrons

Inverse compton

Picard Spiral Arms



Gamma-Ray Spectra at Galactic Centre

Preliminary Results

At Galactic centre

Different source models

No ISRF scaling yet (see
Fermi Diffuse Paper)

Conclusion

Dependence on source
model

Other transport parameters

Numerics?

Four Arm Model

E [MeV]

E
2
F

102 103 104 105 10610-5

10-4

10-3

10-2

10-1

100

Observation

Change in total flux

Impact of electrons

Inverse compton

Picard Spiral Arms



Gamma-Ray Spectra at Galactic Centre

Preliminary Results

At Galactic centre

Different source models

No ISRF scaling yet (see
Fermi Diffuse Paper)

Conclusion

Dependence on source
model

Other transport parameters

Numerics?

Two Arm Model

E [MeV]

E
2
F

102 103 104 105 10610-5

10-4

10-3

10-2

10-1

100

101

Observation

Change in total flux

Impact of electrons

Inverse compton

Picard Spiral Arms



Gamma-Ray Spectra at Galactic Centre

Preliminary Results

At Galactic centre

Different source models

No ISRF scaling yet (see
Fermi Diffuse Paper)

Conclusion

Dependence on source
model

Other transport parameters

Numerics?

Two Arm Model

E [MeV]

E
2
F

102 103 104 105 10610-5

10-4

10-3

10-2

10-1

100

101

Observation

Change in total flux

Impact of electrons

Inverse compton

Picard Spiral Arms



Gamma-Ray Spectra at Galactic Centre

Preliminary Results

At Galactic centre

Different source models

No ISRF scaling yet (see
Fermi Diffuse Paper)

Conclusion

Dependence on source
model

Other transport parameters

Numerics?

Two Arm Model

E [MeV]

E
2
F

102 103 104 105 10610-5

10-4

10-3

10-2

10-1

100

101

Observation

Change in total flux

Impact of electrons

Inverse compton

Picard Spiral Arms



Effect of Convergence

Residuum for bremsstrahlung

Setup

Different Galprop
time-integration parameters

Result

Global shift

Local structure

Picard Spiral Arms



Effect of Convergence

Residuum for bremsstrahlung

Setup

Different Galprop
time-integration parameters

Result

Global shift

Local structure

Picard Spiral Arms



Conclusion

Transport Modelling

Range of available codes

Change 2D → 3D

Resolution

Improved Transport Physics

Gamma Rays

Local & global flux variation

Impact of different
components

Galactic Centre

Here: localised sources

Possibilities:

Anisotropic diffusion
Re-acceleration
Unresolved sources
Matter / Radiation
Galactic Wind

Problems:

2D models insufficient
Spatial resolution

Picard Spiral Arms



Conclusion

Transport Modelling

Range of available codes

Change 2D → 3D

Resolution

Improved Transport Physics

Gamma Rays

Local & global flux variation

Impact of different
components

Galactic Centre

Here: localised sources

Possibilities:

Anisotropic diffusion
Re-acceleration
Unresolved sources
Matter / Radiation
Galactic Wind

Problems:

2D models insufficient
Spatial resolution

Picard Spiral Arms



Conclusion

Transport Modelling

Range of available codes

Change 2D → 3D

Resolution

Improved Transport Physics

Gamma Rays

Local & global flux variation

Impact of different
components

Galactic Centre

Here: localised sources

Possibilities:

Anisotropic diffusion
Re-acceleration
Unresolved sources
Matter / Radiation
Galactic Wind

Problems:

2D models insufficient
Spatial resolution

Picard Spiral Arms


	Cosmic Ray Anisotropies
	Obergurgl

	Propagation Physics
	Interactions
	Transport equation

	Solution Approaches
	Numerical models
	Status quo
	Issues
	Development

	Numerical Solver
	Alternative

	Picard
	Spiral Arms


