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| Fields of Cosmic Ray Research
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| Fields of Cosmic Ray Research

Different Fields CRs in the Heliosphere
@ Heliospheric physics —
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| Fields of Cosmic Ray Research

Different Fields Highest energy cosmic rays
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| Fields of Cosmic Ray Research

Different Fields
@ Heliospheric physics
o Highest energy CRs
o Galactic CRs

Galactic Cosmic Rays

E <107 GeV?
Sources of CRs?
Transport of CRs?
Electrons & Positrons
Dark Matter. ..

The Cosmic Ray Spectrum

Energies and rates of the cosmic-ray particles
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| Fields of Cosmic Ray Research

Different Fields
@ Heliospheric physics
o Highest energy CRs

*]

Galactic Cosmic Rays
E <107 GeV?
Sources of CRs?

Electrons & Positrons
Dark Matter. ..
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Observing (Galactic) Cosmic Rays

AMS-2 The cosmic ray spectrum
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— direct detection

o Higher energies
o Low flux
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| Observing (Galactic) Cosmic Rays

Pierre Auger Observatory

Observation techniques
o Lower energies
— direct detection

o Higher energies

o Low flux
— from air-showers
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| Observations of Cosmic Rays

Local CR Spectrum Available Data
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Observations of Cosmic Rays

- .
CR Composition Available Data
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| Observations

of Cosmic Rays

I
CR Composition
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Available Data
o Energy dependence
o Composition

@ Secondary to primary ratios

But
@ Arrival directions
o Flux at low energies
> solar modulation

o Flux at Earth typical?
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| Observations of Cosmic Rays

CR Composition
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Available Data
o Energy dependence
o Composition

@ Secondary to primary ratios

But
@ Arrival directions
o Flux at low energies
> solar modulation

o Flux at Earth typical?
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Propagation: Sources of Cosmic Rays

|
CR Source Candidates SNR Cas A

@ Supernova remnants

| Propagation Sources



Propagation: Sources of Cosmic Rays

|
CR Source Candidates SNR Cas A

@ Supernova remnants
Pulsars (PWNs)

o
o Colliding wind binaries
o

Crab Pulsar
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Propagation: Sources of Cosmic Rays
pag )

|
CR Source Candidates

@ Supernova remnants
Pulsars (PWNs)

o
o Colliding wind binaries
o

Crab Pulsar

SNR Cas A

Motivation
@ Theoretical arguments

o Gamma-ray emission
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Propagation

: Interaction with Gas

Energy Losses
@ lonisation losses
@ Coulomb losses

@ Bremsstrahlung

Bremsstrahlung Losses
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Propagation

: Interaction with Gas

Energy Losses
@ lonisation losses
@ Coulomb losses

@ Bremsstrahlung

Spallation Reaction

Bremsstrahlung Losses

Inelastic reactions
@ Spallation of particles
@ Creation of secondaries

o Creation of pions
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Propagation: Further Interactions

Energy Losses
o Gyration
— synchrotron losses

— synchrotron radiation

Interaction with Mag. Field
o Energy losses

Transport in ISM

(by Heinz & Sunyaev (2002))
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Propagation: Further Interactions

Energy Losses
o Gyration
— synchrotron losses

— synchrotron radiation

Interaction with Mag. Field
o Energy losses
o Field parallel motion

@ Scattering

Transport in ISM

(by Heinz & Sunyaev (2002))
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Propagation: Further Interactions

Energy Losses
o Gyration
— synchrotron losses

— synchrotron radiation

Interaction with Mag. Field
o Energy losses
o Field parallel motion

@ Scattering

Resulting CR Motion
@ Scattering — diffusion

@ Gas motion — convection

Transport in ISM

(by Heinz & Sunyaev (2002))
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Propagation: Further Interactions

Energy Losses
o Gyration
— synchrotron losses

— synchrotron radiation

Interaction with Mag. Field
o Energy losses
o Field parallel motion

@ Scattering

Resulting CR Motion
@ Scattering — diffusion

@ Gas motion — convection

Inverse Compton (IC) Losses

low-energy
hoton

il =
- = electron >
-~

(by S. Bank)

Interaction with Radiation
o IC losses

o Electrons only

| Propagation

Interactions



Energy Losses — Overview

Energy losses
@ Bremsstrahlung (gas)

@ Synchrotron losses
(magnetic field)

@ Inverse Compton losses
(radiation)

m
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Energy Losses — Overview

Energy losses
@ Bremsstrahlung (gas)

@ Synchrotron losses
(magnetic field)

@ Inverse Compton losses
(radiation)

— Emission of radiation
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Energy Losses — Overview

|
Energy losses The Pion Bump
e Bremsstrahlung (gas) ? -
@ Synchrotron losses ~F
(magnetic field) T L
g‘o"?
@ Inverse Compton losses g
(radiation) uwof v N
ok |3
— Emission of radiation e R N
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(Ackermann et al. (2013))
Additional Channel
@ Pion production
o 0 — Y+
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Energy Losses — Overview

|
Energy losses The Pion Bump
@ Bremsstrahlung (gas) = -
@ Synchrotron losses e '
(magnetic field) i
S0
@ Inverse Compton losses g
(radiation) ol v N
O
— Emission of radiation e A N
10° 10° 10" 10" 102
I Energy (eV)
(Ackermann et al. (2013))
Additional Channel

@ Pion production

° 7ro—>'y-|—7

Alternative messenger
gamma-rays
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Energy Losses — Overview

Energy losses
@ Bremsstrahlung (gas)

@ Synchrotron losses
(magnetic field)

@ Inverse Compton losses
(radiation)

— Emission of radiation

Additional Channel
@ Pion production

o =+

Alternative messenger

Observation techniques

o Lower energies — direct

Fermi GRST

| Propagation

gamma-rays




Energy Losses — Overview

Energy losses Observation techniques
@ Bremsstrahlung (gas) o Lower energies — direct
@ Synchrotron losses o Higher energies — IACT
(magnetic field) technique

@ Inverse Compton losses
(radiation) H.E.S.S. Telescopes
— Emission of radiation

Additional Channel
@ Pion production

° 7ro—>'y-|—7

Alternative messenger
gamma-rays
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Observations of the Gamma Ray Sky

| Propagation gamima-rays



Observations of the Gamma Ray Sky

Available Data
o Energy dependence
@ Time variation

@ Directional information

o Individual sources
o

| Propagation gamima-rays



Observations of the Gamma Ray Sky

Available Data Connection to CRs
o Energy dependence @ Production mechanisms
@ Time variation o Galactic CR distribution
o Directional information o Convolution with gas, ...
o Individual sources
o

| Propagation gamma-rays



Reminder: Mathematical Description

Transport Equation
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| Reminder: Mathematical Description

Transport Equation

0,
ot

=q(r,p)

Individual Terms

@ CR sources
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| Reminder: Mathematical Description

Transport Equation

0,
ot

=q(r,p)+V DV,

Individual Terms
@ CR sources
@ Spatial diffusion
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| Reminder: Mathematical Description

Transport Equation

0,
ot

o 1
—
dp 1)2 '

o 4
= q(r,p)+V-DV1/)i+T/F Dpp
agp

Individual Terms
@ CR sources
@ Spatial diffusion

o Diffusive reacceleration

| Propagation

Transport Equation



| Reminder: Mathematical Description

Transport Equation

OV (e, p) 4V DV 02 Dy 2
= q(r, . i+ — — —=Y;—V vy
ot q\r.p i Bpp PP o p2

Individual Terms
o CR sources
@ Spatial diffusion
o Diffusive reacceleration

@ Spatial convection

| Propagation Transport Equation



| Reminder: Mathematical Description

Transport Equation

oY, ( VY DY, + 15} 25 o 1 i Vvt o2 . P o \
= q(r, . 2 =V — —— P — (Vv b
ot ar.p ‘ Bpp P”ap p2 ‘ K ap l/ 3 J

Individual Terms
o CR sources
@ Spatial diffusion
o Diffusive reacceleration
@ Spatial convection

o (Adiabatic) energy changes

| Propagation Transport Equation



| Reminder: Mathematical Description

Transport Equation

Y, o o o 1 o (. p 1
= q(r,p)+V-DV;+_—p“D T 5 Yi= Vv — — {PT/H - (v V)¢i} ——Yi—
ot dp P 3 T §f

vy, op

Individual Terms
o CR sources
@ Spatial diffusion
o Diffusive reacceleration
@ Spatial convection
o (Adiabatic) energy changes

o Catastrophic losses
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| Reminder: Mathematical Description

Transport Equation

O, DY o 2 o 1 " " 14} {'T/J p( " } 1
= q(r,p)+V-DVY;+— — —; —V-vip; — — i — —(V - p— 0, — 1
ot ! ‘ K Bpp pp@pp2 K K dp P 3 K T §

Individual Terms
@ CR sources
@ Spatial diffusion

Diffusive reacceleration

Spatial convection
(Adiabatic) energy changes

Catastrophic losses

e © o6 o

Inter-species reactions

| Propagation Transport Equation ’m



| Reminder: Mathematical Description

Transport Equation

i _ (r,p)+V-DV .+3 2p ot v o .,E(V Vb ot

50 — P Pi Bpp pPBPPQwI v o {p% 3 vzm} Tf% Trwz
Individual Terms Result

o CR sources o CR-distribution ;

@ Spatial diffusion

Diffusive reacceleration

Spatial convection
(Adiabatic) energy changes

Catastrophic losses

Inter-species reactions

| Propagation Transport Equation



| Reminder: Mathematical Description

Transport Equation

oY, 9 o o 1 o . P 1 1

= A T DY+ Dy = visi = o (s = (Y v} i
Individual Terms Result

@ CR sources o CR-distribution ;

@ Spatial diffusion — input for computing v-rays

o Diffusive reacceleration

Spatial convection
(Adiabatic) energy changes

Catastrophic losses

Inter-species reactions
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| Reminder: Mathematical Description

Transport Equation

Py 9 o
ot

PP Bp

o 1
= q(r,p)+V-DVi+——p Dpp — —9;—
Op P

ap

1] . p 1
Vv —— {;m/)z‘ - (V- V)"/)i} ——vi——;
3 Tf

1

Tr

Individual Terms
@ CR sources
@ Spatial diffusion

Diffusive reacceleration

Spatial convection
(Adiabatic) energy changes

Catastrophic losses

Inter-species reactions

Result

o CR-distribution 1);
— input for computing ~y-rays

Solution

o Simplifications — analytical

@ General case — numerical
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| Reminder: Mathematical Description

Transport Equation

Py 9 o
ot

PP Bp

o 1
= q(r,p)+V-DVi+——p Dpp — —9;—
Op P

ap

1] . p 1
Vv —— {;m/)z‘ - (V- V)"/)i} ——vi——;
3 Tf

1

Tr

Individual Terms
@ CR sources
@ Spatial diffusion

Diffusive reacceleration

Spatial convection
(Adiabatic) energy changes

Catastrophic losses

Inter-species reactions

Result

o CR-distribution 1);
— input for computing ~y-rays

Solution

o Simplifications — analytical

@ General case — numerical
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Standard Galactic Transport Model

1
Transport Processes

@ Convection
o Diffusion

o Diffusive reacceleration
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Standard Galactic Transport Model

1
Transport Processes Numerical Galaxy Model

@ Convection
o Diffusion

o Diffusive reacceleration

Glalaxy Model =
o Matter distribution
o ISRF
o Magpnetic field

| Numerical models Status quo [



Standard Galactic Transport Model

1
Transport Processes Numerical Galaxy Model

@ Convection
o Diffusion

o Diffusive reacceleration

1

Galaxy Model =
o Matter distribution
o ISRF

o Magpnetic field

1
Interaction with ISM

@ Spallation cross sections (Renaud et al (2013))

@ Energy loss processes

@ Nuclear network

M
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Standard Galactic Transport Model

1
Transport Processes Numerical Galaxy Model

@ Convection
o Diffusion

o Diffusive reacceleration

1

Galaxy Model =
o Matter distribution
o ISRF

o Magpnetic field

1
Interaction with ISM

@ Spallation cross sections (Renaud et al (2013))

@ Energy loss processes

@ Nuclear network

<> Galaxy model M
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Standard Galactic Transport Model

1
Transport Processes

@ Convection
o Diffusion

o Diffusive reacceleration

Glalaxy Model
o Matter distribution
o ISRF
o Magpnetic field

1
Interaction with ISM

@ Spallation cross sections
@ Energy loss processes
@ Nuclear network

<> Galaxy model

Secondaries
@ Secondary CRs

o Gamma rays
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Standard Galactic Transport Model

Transport Processes Secondaries
o Convection @ Secondary CRs
o Diffusion o Gamma rays

o Diffusive reacceleration

l .
Galaxy Model Solution Process

@ Matter distribution
o ISRF

o Magpnetic field

|
Interaction with ISM

@ Spallation cross sections

CR source distribution

@ Energy loss processes

@ Nuclear network

<> Galaxy model

i
|nn|s!riuclll
D

I Numerical models Status quo



Standard Galactic Transport Model

Transport Processes Secondaries
o Convection @ Secondary CRs
o Diffusion o Gamma rays

o Diffusive reacceleration

l .
Galaxy Model Solution Process

. CR source distribution
@ Matter distribution

4
o ISRF Transport solver
o Magpnetic field
|

Interaction with ISM

@ Spallation cross sections

@ Energy loss processes
@ Nuclear network

<> Galaxy model

I Numerical models Status quo



Standard Galactic Transport Model

1
Transport Processes

@ Convection
o Diffusion

o Diffusive reacceleration

v

1
CR Distribution

Secondaries
@ Secondary CRs

o Gamma rays

Solution Process
CR source distribution

4

Transport solver

|2
CR distribution
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Standard Galactic Transport Model

Transport Processes Secondaries
o Convection @ Secondary CRs
o Diffusion o Gamma rays

o Diffusive reacceleration
|
Gamma-Ray Emission

Solution Process
CR source distribution

4

Transport solver

\|%
CR distribution

4

| Numerical models Status quo



| Galactic Propagation Codes

Major Codes Transport in ISM

@ semi-analytical:
o USINE

(by Heinz & Sunyaev (2002))
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| Galactic Propagation Codes

Major Codes Transport in ISM

@ semi-analytical:
o USINE

o fully numerical
e DRAGON

(by Heinz & Sunyaev (2002))

| Numerical models Codes



| Galactic Propagation Codes

Major Codes Transport in ISM

@ semi-analytical:
o USINE
o fully numerical

o DRAGON
o GALPROP

(by Heinz & Sunyaev (2002))
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| Galactic Propagation Codes

Major Codes
@ semi-analytical:
o USINE
o fully numerical

o DRAGON
o GALPROP
o PICARD (this talk)

Transport in ISM

(by Heinz & Sunyaev (2002))
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| Galactic Propagation Codes

Major Codes
@ semi-analytical:
o USINE
o fully numerical

o DRAGON
o GALPROP
o PICARD (this talk)

Transport in ISM

(by Heinz & Sunyaev (2002))

Other Approaches
o Biisching et al.
o Effenberger et al.
@ Hanasz et al. (PIERNIK)
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| Galactic Propagation Codes

Major Codes Transport in ISM

@ semi-analytical:
o USINE
o fully numerical

o DRAGON
o GALPROP
o PICARD (this talk)

(by Heinz & Sunyaev (2002))

Other Approaches
o Biisching et al.
o Effenberger et al.
@ Hanasz et al. (PIERNIK)

Codes

| Numerical models



| Issues in Other Models (GALPROP)

1
Transport Equation
5] o 1 9

% ) + Y (DVY—ve) + Dy b= o= L v - Sw - Lo
ot TP VT e T ap 2 T ap \PY T3 Y T T

Physics Issues

@ Physics as parameters

| Numerical models Issues



| Issues in Other Models (GALPROP)

1
Transport Equation

o1 o 1

_ 9 O fip—Pv. oL
¢ =)+ V(DY =) + p Do ¥ = 5 {mp 5V v>w} -~ Trw
Physics Issues Transport Parameters
@ Physics as parameters @ Source distribution ¢(r,p)

@ Diffusion tensor D

@ Momentum diffusion D,,,

@ Spatial convection v

o Energy losses p

@ Spallation 7
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| Issues in Other Models (GALPROP)

1
Transport Equation

o
ot

P 9 5
f:q(r,p)+V-(DVw—vw)+6fpp D

0 1y a{w v )w} Ly- Lty
pp@pzﬂ Bpp 3 v Tf

Tr

Physics Issues
o Physics as parameters
o Constant in time
o Constant in space

— Parameter tuning

Transport Parameters
@ Source distribution ¢(r,p)
o Diffusion tensor D
@ Momentum diffusion D,,,
@ Spatial convection v

o Energy losses p

@ Spallation 7
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| Issues in Other Models (GALPROP)

1
Transport Equation

o
ot

P 9 5
f:q(r,p)+V-(DVw—vw)+6fpp D

0 1y 8{‘w v )w} Ly- Lty
pp@pzﬂ Bpp 3 v Tf

Tr

Physics Issues
o Physics as parameters
o Constant in time
o Constant in space

— Parameter tuning

Simplified Parameters
o Diffusion, halo height
o Galaxy model

@ Convection

Transport Parameters
@ Source distribution ¢(r,p)
o Diffusion tensor D
@ Momentum diffusion D,,,
@ Spatial convection v
o Energy losses p

@ Spallation 7
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| Issues in Other Models (GALPROP)

1
Transport Equation

o
ot

P 9 5
f:q(r,p)+V-(DVw—vw)+afpp D

0 1y 8{‘w v )w} Ly- Lty
pp@pr Bpp 3 v Tf

Tr

Physics Issues
o Physics as parameters
o Constant in time
o Constant in space

— Parameter tuning

Simplified Parameters
o Diffusion, halo height
o Galaxy model

@ Convection

Technical Issues
o Solver

@ Local structure < spatial
resolution

o Consistency

|
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| Issues in Other Models (GALPROP)

1
Transport Equation

o
ot

b 9 5
f:q(r,p)+V-(DVw—vw)+afpp D

0 1y B{w v )w} Ly- Lty
pp@pr Bpp 3 v Tf

Tr

Physics Issues
o Physics as parameters
o Constant in time
o Constant in space

— Parameter tuning

Simplified Parameters
o Diffusion, halo height
o Galaxy model

@ Convection

Technical Issues
@ Solver

@ Local structure < spatial
resolution

o Consistency
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Example I: Spatial Diffusion

Diffusion in Galprop CRs Inside the Heliosphere
@ Isotropic

@ No spatial variation

COSMIC
RAYS

(From Ulysses website)
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Example I: Spatial Diffusion

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

@ Alternatives:

o DRAGON, PICARD
o Effenberger et al.

COSMIC
RAYS

M
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| Numerical models Issues



Example I: Spatial Diffusion

I
Diffusion in Galprop The Galaxy

@ Isotropic
@ No spatial variation

o Alternatives:

o DRAGON, PICARD
o Effenberger et al.

Boundary conditions?

o Diffusion « advection

o Energy dependence

o Free streaming outside?

| Numerical models Issues



Example I: Spatial Diffusion

I
Diffusion in Galprop The Galaxy

@ Isotropic
@ No spatial variation

o Alternatives:

o DRAGON, PICARD
o Effenberger et al.

Boundary conditions?

Diffusion < advection

Energy dependence
Free streaming outside?

GALPROP:

o Restricted to box
e ¢ = 0 at boundary

e 6 o6 o

| Numerical models Issues



Example II: Consistency

Gas for Propagation

0 2 4 6 8 10 12 14 16 18 20
R, kpc

Hydrogen distribution

m
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| Example II: Consistency

Propagation
o Azimuthally symmetric J

Gas for Propagation

Hydrogen distribution

0 2 4 6 8 10 12 14 16 18 20

R, knc
niversita
innsbrud

| Numerical models Issues



| Example II: Consistency

Propagation
o Azimuthally symmetric J
Gas for Propagation Gamma Ray Map

Hydrogen distribution

Hij PR
0 2 4 6 8 10 12 14 16 18 20
R, kpc

| Numerical models Issues



| Example II: Consistency

Propagation

o Azimuthally symmetric

J Gamma Ray Computation

@ Ring distribution

Gas for Propagation

Hydrogen distribution

Hij PR
0 2 4 6 8 10 12 14 16 18 20
R, kpc

Gamma Ray Map

| Numerical models

Issues




| Example II: Consistency

Propagation J Gamma Ray Computation J

o Azimuthally symmetric @ Ring distribution

But: CR Distribution Gamma Ray Map

=20
-20 -15 -10 -5 0 20

| Numerical models Issues



Solving the Transport Equation

Transport Equation

12}

o o 1 E)
i=Q(r,p)+V-(Dvw_vw)+;pp2D

. P 1 1
ot m)afppj’#—pr{pw—g(v-v)w}_;ﬂ,_;w

i
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| Solving the Transport Equation

Transport Equation

Y 9 5
— =q(r, V- (DVY — —p?D
ot q(r,p) + (DVY — vip) + Bpp

a9 1 ]

. p 1 1
pp;pp7¢_ a*p{Pw—g(V'V)T/)}— ;TP— ;w

Type of Equation

@ Diffusion-advection
equation

| Numerical models Issues



| Solving the Transport Equation

Transport Equation

12}

o o 1 E)
i=Q(r,p)+V-(Dvw_vw)+Fpp2D

. P 1 1
ot pp;pp7¢—%{Pw—g(v'v)ﬂ)}—;w—;w

Type of Equation

@ Diffusion-advection
equation

|
Abbreviation
v

% e+ V- (DY) + L
ot T

i
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| Solving the Transport Equation

Transport Equation

1}
at

o
o =Q(T,P)+V-(Dvw_vw)+§pp2D

a9 1 ]

— —{'w 2w >w} Lyt
pp@pr _Bp P T3 v _‘Ff _7'1'

Type of Equation

@ Diffusion-advection
equation

|
Abbreviation
v

% e+ V- (DY) + L
ot T

|
Possible Solutions

o Time-dependent

o Steady state

i
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| Solving the Transport Equation

Transport Equation

oy

ot

o
=q(r,p) + V- (DVY — vy)) + FppzD

1]

Yo

P 1 1
{iﬂb - —(V-vw} -—9-—9
3 Tf

Tr

Type of Equation

@ Diffusion-advection
equation

|
Abbreviation

oy

% e+ V- (DY) + L
ot T

Standard Approach

@ Time integration
o Solve multiple time steps
o Characteristic time-scales
o Convergence to steady
state

|
Possible Solutions

o Time-dependent
o Steady state

i
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| Solving the Transport Equation

Transport Equation

ot

o 1 2]

]
=aq(r,p) + V- (DVY — vip) + —p > Dpp——
op Op p

P 1 1
P {Z‘"P—*(V-V)w}—*w—*d)
3 Tf

Tr

_;p

Type of Equation

@ Diffusion-advection
equation

|
Abbreviation

oy

% ep) + V- (DY — v + L
ot T

|
Possible Solutions

o Time-dependent
o Steady state

Standard Approach

@ Time integration

o Solve multiple time steps
o Characteristic time-scales

o Convergence to steady
state

| Numerical models

Issues




Steady State Solution via Time-Integration

Possible Solvers
e SDEs / Monte Carlo

o (Pseudo-) particles

i
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Steady State Solution via Time-Integration

Possible Solvers
e SDEs / Monte Carlo

o (Pseudo-) particles

o Grid-based

I Numerical models Steady State



Steady State Solution via Time-Integration

Possible Solvers
e SDEs / Monte Carlo

o (Pseudo-) particles
o Grid-based
o Explicit

Explicit schemes

o prtl _gn .
Eff(ﬂ))*T*f(w )

o Easy to solve

@ Time step restriction

i
|nn|s!riu(|I|

Koo
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Steady State Solution via Time-Integration

Possible Solvers Explicit schemes
n+l _ . n
e SDEs / Monte Ca.rlo %f o ¥ - O
o (Pseudo-) particles
o Grid-based o Easy to solve
o Explicit o Time step restriction
o Implicit

Implicit schemes

oy prtl—gm
E—f(w)*’T—f(d’ )

@ Coupled matrix equation

o Larger time step

i
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Steady State Solution via Time-Integration

Possible Solvers Explicit schemes
n+l _ . n
e SDEs / Monte Ca.rlo %f o ¥ - O
o (Pseudo-) particles
o Grid-based o Easy to solve
o Explicit o Time step restriction
o Implicit

Implicit schemes

Solution Approach ntl _ yn
P L (L4
o Start with empty Galaxy
o Integrate until convergence @ Coupled matrix equation

o Larger time step

I Numerical models Steady State



Steady State Solution 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

@ Convergence timescales

Explicit schemes

o prtl _gn .
Eff(ﬂ))*T*f(w )

o Easy to solve

@ Time step restriction

Implicit schemes

9 nt+l _ n
9 gy -

_ n41
ot A =f("T7)

@ Coupled matrix equation

o Larger time step

| Numerical models

Steady State




Steady State Solution via Time-Integration

|
Possible Solvers Time Evolution of Spectrum
e SDEs / Monte Carlo w0 T steady state
. v v time: 200 myr
o (Pseudo-) particles ot e
o Grid-based o tme  2my
o
o Explicit 2
o Implicit B g
10%
Solution Approach )
. TS 10’ 10* 10° 10° 10" 10° 10°  10°
o Start with empty Galaxy B [MeV]

o Integrate until convergence

Problem
@ Characteristic timescales

i
|nn|s!rluc|I|

@ Convergence timescales

Steady State

| Numerical models



Steady State Solution 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

@ Convergence timescales

Time Evolution of Spectrum

100

e e steady state

v v time: 200 myr
= = time: 60 myr
¢ time: 20 myr
A time: 6 myr
e time: 2 myr

102

107 10° 100 10

E [MeV]

Steady State

| Numerical models




| The GALPROP solver

Numerical Implementation

@ Crank-Nicolson
discretisation

o Time-integration

o Dimensional splitting

o Decreasing timesteps

m
innsbrud

| Numerical models Galprop



| The GALPROP solver

Numerical Implementation

@ Crank-Nicolson
discretisation

o Time-integration

@ Dimensional splitting

o Decreasing timesteps

Problems
@ Check for convergence?

M
innsbrud

| Numerical models Galprop Rt



| The GALPROP solver

Numerical Implementation Time Evolution Parameters
o Crank-Nicolson !
discretisation

+x

timestep_repeat=20
timestep_repeat=40
»  timestep_repeat=80
< timestep_repeat=200

o Time-integration
@ Dimensional splitting

o Decreasing timesteps

relative deviation [%]

Problems

E [GeV]

@ Check for convergence?

@ Timestep control

i
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| The GALPROP solver

Numerical Implementation

@ Crank-Nicolson
discretisation

o Time-integration
@ Dimensional splitting

o Decreasing timesteps

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

Time Evolution Parameters

+x

timestep_repeat=20
timestep_repeat=40
» timestep_repeat=80

relative deviation [%]

< timestep_repeat=200

E [GeV]

i
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| The GALPROP solver

Numerical Implementation

@ Crank-Nicolson
discretisation

o Time-integration
@ Dimensional splitting

o Decreasing timesteps

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

@ Nuclear reaction network

Time Evolution Parameters

x timestep_repeat=20
+  timestep_repeat=40
»  timestep_repeat=80
< timestep_repeat=200

relative deviation [%]

E [GeV]

M
innsbruch
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| The GALPROP solver

Numerical Implementation

@ Crank-Nicolson
discretisation

o Time-integration
@ Dimensional splitting

o Decreasing timesteps

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

@ Nuclear reaction network

Time Evolution Parameters

v

< timestep_r

X timestep_repeat=20
timestep_repeat=40
timestep_repeat=80

relative deviation [%]

E [GeV]

i
||nnIs!rIu|cI|
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Cosmic Particle Transport:
THE NEXT GENERATION

<
=
o
B
0
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o
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| The PICARD Solver

|
A Different Approach

@ Solve steady state problem

Simplified Transport Equation

o
% )+ V- (DY — v+ L
ot T

| Picard



| The PICARD Solver

|
A Different Approach

@ Solve steady state problem

Simplified Transport Equation

O:s(r,p)+V~(DV1/)—V'¢))+%

| Picard



| The PICARD Solver

A Different Approach Descretisation in 1D
2
@ Solve steady state problem VDVY =szff
x
I ~Daa Yit1,; — 2% +Yio1;
Az?

Simplified Transport Equation

0:s<r,p>+V~(Dw—vw>+%

Difficulty

@ Discretisation

| Picard



| The PICARD Solver

|
A Different Approach

@ Solve steady state problem

Simplified Transport Equation

0:s(r,p)+V~(DV1/)—V'¢))+%

Difficulty

@ Discretisation
— Coupled matrix equation

Descretisation in 1D

VDVy =D 62w
,‘1[) — ZI@
Yit1,j — 2% tYio1;
x

~Dgy A2

— a1 —biv; +civipr = —s; Vi

i
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| The PICARD Solver

A Different Approach Descretisation in 1D
2
@ Solve steady state problem VDV =szff
x
I ~D.. Vit1,5 — 2%i,; t i1,
. -ge - Am2
Simplified Transport Equation
W — a1 —biv; +civipr = —s; Vi

0=s(r,p) + V- (DY = vo) + =

Descretisation in 2D
Difficulty 9%y 8%y

VPV Doz ¥ Pvvga

o Di .
Discretisation borts — i g+ bimrg
x

. . ~D
— Coupled matrix equation ’ A2
— Band-diagonal matrix + Dy, Yldtl = 21’1',;' + i1
Yy

i
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| The PICARD Solver

|
A Different Approach

@ Solve steady state problem

Simplified Transport Equation

0=s(p) + V- (DVY —viy + ¥

Difficulty

@ Discretisation
— Coupled matrix equation
— Band-diagonal matrix

@ lterative solver

o Multigrid
o BICGStab

Descretisation in 1D

VDVy =D 62w
,‘1[) — EI@
Yit1,j — 2% tYio1;
x

~Dgy A2

— a1 —biv; +civipr = —s; Vi

Descretisation in 2D
824 824
ox2 + Dyy ay?
VYiy1,5 — 2% 5 +Yi—1j
* Ax?
Vi1 — 2% 5 +Yi 41
Y

VDV =Dgg

~Dg,

+ Dy

Ay?

i
nIs!rIuchI
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| The PICARD Solver

|
A Different Approach Multigrid lllustration

@ Solve steady state problem /Z7777Mm
| y v

Simplified Transport Equation

O:s(r,p)+V~(DV1/)—V'¢))+%

-

uopebuo|oid

Level 2

level 1
2\/ z
&
Level 1

P S
Difficu Ity ST i e

= -

Restriction
N
N
N
§

3
V- and W-cycles

@ Discretisation
— Coupled matrix equation
— Band-diagonal matrix

@ lterative solver

o Multigrid
o BICGStab

| Picard



| The PICARD Solver

|
A Different Approach

@ Solve steady state problem

Simplified Transport Equation

0:s(r,p)+V~(DV1/)—V'¢))+%

Difficulty

@ Discretisation
— Coupled matrix equation
— Band-diagonal matrix

@ lterative solver

o Multigrid
o BICGStab

Multigrid lllustration

L
M .

-

uopebuo|oid

Level 2

level 1 /
777 2\/ g?
s -
Level 1

Vo g
LTI T, 2 = v Fine Giid

= -

Restriction
N
N
N
§

3
V- and W-cycles

Multigrid Implementation
@ Red-black Gauss-Seidel

o Alternating plane
Gauss-Seidel

i !rucl

| Picard



Features

of PICARD

Solver
@ Steady-state solution
o Explicit time integrator
o MPI-parallel
— High resolution
@ Improved nuclear network

@ Speed

m
innsbrud

| Picard
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Features of PICARD

Solver
@ Steady-state solution
o Explicit time integrator
o MPI-parallel
— High resolution
@ Improved nuclear network

@ Speed

Example Resolution
o Standard GALPROP
o 2D (1 kpc x 100 pc)
o PicArD
o 3D (up to ~75 pc?)

Example Simulation Results

6.4

5.6

48

4.0

@ N
\ / 24

16

08

=20 -15 -10 -5 0 5 10 15 20

x [kpc]

y [kpc]

| Picard

Features




Features of PICARD

Solver Example Simulation Results
@ Steady-state solution * o

56

o Explicit time integrator

48

4.0
32
24

-10| 16

o MPI-parallel

y [kpc]

— High resolution
@ Improved nuclear network

@ Speed

-15 0.8

B T T T — 5 10 20 00

x [kpc]

Physics )

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

| Picard Features



Features of PICARD

Solver
@ Steady-state solution
o Explicit time integrator
o MPI-parallel
— High resolution
@ Improved nuclear network

@ Speed

Physics
@ 3D source distributions
@ Anisotropic diffusion
@ tbd...

Example Simulation Results

6.4
5.6
4.8
4.0
2.4
1.6
0.8

=20 -15 -10 -5 0 5 10 15 20

x [kpc]

y [kpc]

Example results:
Milkyway as spiral galaxy

| Picard

Features




Spiral Arm Cosmic Ray Sources

CR Source Candidates
@ Supernova remnants
e Pulars / PWNs
o CWBs

i
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Spiral Arm Cosmic Ray Sources

CR Source Candidates
@ Supernova remnants
e Pulars / PWNs
o CWBs

— young objects

M
innsbrud

| Picard Application [



Spiral Arm Cosmic Ray Sources

I
CR Source Candidates

@ Supernova remnants
e Pulars / PWNs

o CWBs

— young objects

— star formation regions

m
innsbrud

| Picard Application



Spiral Arm Cosmic Ray Sources

I
CR Source Candidates

@ Supernova remnants
o Pulars / PWNs

o CWBs

— young objects

— star formation regions

Source Distribution
o Spiral galaxy

— Spiral arms

— Galactic bar

Spiral Galaxy NGC1232

| Picard

Application




Spiral Arm Cosmic Ray Sources

CR Source Candidates
@ Supernova remnants
o Pulars / PWNs
o CWBs

— young objects

— star formation regions

Source Distribution
o Spiral galaxy
— Spiral arms
— Galactic bar
@ Tracers of spiral structure

— Variety of models

Spiral Galaxy NGC1232

| Picard

Application




| Spiral Arm CR Transport Models

Model setup
@ Spiral arm source dist.

o Standard propagation
parameters

o Full nuclear network

m g I
innsbrud

| Picard Application



| Spiral Arm CR Transport Models

Model setup

@ Spiral arm source dist.

o Standard propagation
parameters

o Full nuclear network

Results

o Different source
distributions

— 1TeV electrons

Axisymmetric Model

2
n

m
innsbrud

| Picard

Application



| Spiral Arm CR Transport Models

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

o Standard propagation
parameters

o Full nuclear network

Results

o Different source
distributions

2
n

— 1TeV electrons

| Picard Application



| Spiral Arm CR Transport Models

Model setup Steiman Four Arm Model
@ Spiral arm source dist.

o Standard propagation
parameters

o Full nuclear network

Results

o Different source
distributions

— 1TeV electrons

| Picard Application



| Spiral Arm CR Transport Models

Model setup
@ Spiral arm source dist.

o Standard propagation
parameters

o Full nuclear network

Results

o Different source
distributions

— 1TeV electrons

Dame Two Arm Model

20

20 -15 -10 -5 0 5 10 15 20

| Picard

Application




| Spiral Arm CR Transport Models

Model setup Dame Two Arm Model

20

@ Spiral arm source dist.

o Standard propagation
parameters

o Full nuclear network >

Results

o Different source
distributions

20 -15 -10 -5 0 5 10 15 20

— 1TeV electrons

@ Differences <+ normalisation )

<> Vicinity of Earth

| Picard Application



| Spiral Arm CR Transport Models

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

@ Standard propagation
parameters

@ Full nuclear network

Results

o Different source

. . . (Werner, RK, et al. (2014))
distributions

— 1TeV electrons

o Differences <+ normalisation

<> Vicinity of Earth

i
|nn|s!riuc|I|
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| Spiral Arm CR Transport Models

Model setup
@ Spiral arm source dist.

o Standard propagation
parameters

o Full nuclear network

Results

o Different source
distributions

— 1TeV electrons
o Differences <+ normalisation
<> Vicinity of Earth

Other Four Arm Model

m
innsbrud

| Picard

Application



| Spiral Arm CR Transport Models

Model setup
@ Spiral arm source dist.

o Standard propagation
parameters

o Full nuclear network

Results

o Different source
distributions

— 1TeV electrons
o Differences <+ normalisation

<> Vicinity of Earth

Two Arm Model

2.50,

R 0.00]

-1.25

72’506 ¥ 8 9 10 1

| Picard

Application




| Spiral Arm CR Transport Models

Model setup Variation of CR Flux
@ Spiral arm source dist. * ' '

o Standard propagation
parameters

@ Full nuclear network

% Steiman-Model
- Mix-Model-10
Mix-Model-50
Mix-Model-100
© Mix-Model-200
0.5 L L L

. 0 00 200 300
o Different source ‘

. 2y
dIStrIbutlonS (Werner, RK, et al. (2014))

Proton flux [normalized to Earth]

Results

— 1TeV electrons
@ Differences <+ normalisation
<> Vicinity of Earth

i
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Confrontation with CR data

CR Proton Flux

— Axisymm z4R20

— Steiman z4R20

— Dame z:
Steiman z4R30
BESS93(1993/07)

4 PAMELA(2006/07-2007/12)

H AMS01(1998/06)

1+ CAPRICE94(1994/08)

107 10° 10° 107 10° 10*
Epin/nuc [GeV]

(RK et al. (2014))

n
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Confrontation with CR data

CR Proton Flux Antiproton Flux

—A ZR20)|
— Steiman z4R20

Steiman z4R30
BESS93(1993/07)

HE PAMELA(2006/07-2007/12)
+E AMS01(1998/06)

11 CAPRICE94(1994/08)

tertiary

10°
10°
1074 107

107 10° 10° 107 10° 10* 107 107 10° 10" 10

Epin/nuc [GeV] E}in /nuc [GeV]
(RK et al. (2014))
n
innsbruck.
| Picard Application




Confrontation with CR data

CR Proton Flux Antiproton Flux

— Axisymm 24R00]|
— Steiman z4R20
— Dame z

—— Steiman z4R30 107
W BESS93(1993/07) LIS
HH  PAMELA(2006/07-2007/12)

H AMS01(1998/06)
£ CAPRICE94(1994/08) 10°

.- “secondary

tertiary
10°
10°
10° e
107 10° 10° 107 10° 10* 10107 107 10° 10" 10
Epin/nuc [GeV] E}in /nuc [GeV]

(RK et al. (2014))

Discussion
o Fit for different models

@ Small flux differences

| Picard Application



Confrontation with CR data

CR Proton Flux

—A ZR20)|
— Steiman z4R20

Steiman z4R30
B BESS93(1993/07)
PAMELA(2006/07-2007/12)
AMS01(1998/06)

1 CAPRICE94(1994/08)

Epin/nuc [GeV]

(RK et al. (2014))

Discussion
o Fit for different models

@ Small flux differences

Antiproton Flux

.- “secondary

tertiary
10°
10°
107
107 107 10° 10 10°

Ein/nuc [GeV]

Similarity of CR Spectra

— More sensitive constraints

| Picard

Application



Secondary Cosmic Rays

Abundance of Elements

10° w0 solar system

1)

<

Relative Abundance (H
2

10°

Nuclear Charge (Z)

(Solar System data by Lodders (2003))
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Secondary Cosmic Rays

Abundance of Elements

10° «f solar system
-®- model

1)

S

Relative Abundance (H
2

10°

Nuclear Charge (Z)

(Solar System data by Lodders (2003))

n
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| Secondary Cosmic Rays

Distinction Abundance of Elements
@ Primary cosmic rays - e solor system

1)

e nucleosynthesis
o accelerated at sources

Relative Abundance (H

Nuclear Charge (Z)

(Solar System data by Lodders (2003))

i
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Secondary Cosmic Rays

Distinction

@ Primary cosmic rays

e nucleosynthesis
o accelerated at sources

@ Secondary cosmic rays

o spallation
@ sources = primaries

Abundance of Elements

1)

Relative Abundance (H

w0 solar system
-®- model

Nuclear Charge (Z)

(Solar System data by Lodders (2003))

| Picard

Application




| Secondary Cosmic Rays

Distinction

@ Primary cosmic rays

e nucleosynthesis
o accelerated at sources

@ Secondary cosmic rays

o spallation
@ sources = primaries

Additional Constraint
@ Secondary / Primary ratios
— Distance to sources

Abundance of Elements

10° e solar system
71 @ - - model

=1)
85
E ]
(o)

Relative Abundance (H
2

Nuclear Charge (Z)

(Solar System data by Lodders (2003))

| Picard

Application



| Secondary Cosmic Rays

Distinction Abundance of Elements

@ Primary cosmic rays o _solar system
- @~ model

1)

e nucleosynthesis
o accelerated at sources

@ Secondary cosmic rays

o spallation
@ sources = primaries

Relative Abundance (H

Additional Constraint *
Nuclear Charge (Z)
@ Secondary / Primary ratios

(Solar System data by Lodders (2003))

— Distance to sources
— Increase with distance
— B/C ratio

i
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| Picard

Application



| Secondary Cosmic Rays

Distinction Distribution of Carbon
@ Primary cosmic rays

o nucleosynthesis
o accelerated at sources

1.20
1.05
0.90

@ Secondary cosmic rays 075
o spallation

@ sources = primaries

y [kpc]

0.60

0.45

0.30

0.15

Additional Constraint

@ Secondary / Primary ratios

— Distance to sources
— Increase with distance
— B/C ratio

| Picard Application



| Secondary Cosmic Rays

Distinction

@ Primary cosmic rays

o nucleosynthesis

o accelerated at sources
@ Secondary cosmic rays

o spallation
@ sources = primaries

Additional Constraint
@ Secondary / Primary ratios
— Distance to sources
— Increase with distance
— B/C ratio

Distribution of Boron

y [kpc]

0.032

0.028

0.024

0.020

0.016

0.012

0.008

0.004

0.000

| Picard

Application
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B/C in Spiral Arm Models

|
Discrepancy Different Models

o

@ No good fit for spirals
Xaof = 456 > X5,y = 1.04

— axisymm
4 arm

— Zarm

E AMS01(1998/06)

& Pamela(2006/07-2008/03)
" ACE-CRIS(1998/01-1999/01)
I ACE-CRIS(2009-2010)

i CREAM-1(2004/12-2005/01)
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B/C in Spiral Arm Models

|
Discrepancy

@ No good fit for spirals
Xaof = 456 > X5,y = 1.04
o But: propagation tuned to
non-spirals

o BC depends on position

Alternative Parameters
o Adapt to spiral arms

° Xgof =0.9

Modified Parameters

B/C

Ein/nuc [GeV]

(RK et al. (2014))
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B/C in Spiral Arm Models

|
Discrepancy Axially Symmetric Model

@ No good fit for spirals
Xaof = 456 > X5,y = 1.04
@ But: propagation tuned to
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Conclusion
o Fit possible
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B/C in Spiral Arm Models

|
Discrepancy Modified Four-Arm Model
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B/C in Spiral Arm Models

|
Discrepancy Modified Four-Arm Model

@ No good fit for spirals
Xaof = 456 > X5,y = 1.04
@ But: propagation tuned to
non-spirals

o BC depends on position

Alternative Parameters
o Adapt to spiral arms

° X?laf =09

Conclusion Need additional constraints

o Fit possible

@ Flux variation
1

I Picard Application



Outlook: Gamma-rays with PICARD

Axisymmetric Configuration
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Global Constraint

o Gamma-ray all-sky
emission

o Example: 100 GeV
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Outlook: Gamma-rays with PICARD

Axi-Symmetric Configuration — IC
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Global Constraint

o Gamma-ray all-sky
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Outlook: Gamma-rays with PICARD

Two-Arm Configuration — IC
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Outlook: Gamma-rays with PICARD

Residual — Four-Arm Configuration

Preliminary Results Global Constraint

@ Increase of IC emission o Gamma-ray all-sky
emission

o Example: 100 GeV

@ Major differences
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Outlook: Gamma-rays with PICARD

Preliminary Results
@ Increase of IC emission
@ Major differences

@ Relevant constraint

Residual — Four-Arm Configuration

Global Constraint
‘ emission

o Example: 100 GeV

o Gamma-ray all-sky
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Conclusion

Four-Arm Configuration

The PICARD Solver
@ Introduced in 2014

@ More detailed propagation
models
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Conclusion

Four-Arm Configuration

Application of PICARD The PICARD Solver
o CR data at Earth v @ Introduced in 2014
o Alternative propagation @ More detailed propagation
models v models

e Gamma-ray emission (v')

| Conclusion



	Hamburg
	12-01-2015

	Introduction
	Propagation
	Propagation
	Sources
	Interactions
	gamma-rays
	Transport Equation

	Numerical models
	Status quo
	Codes
	Issues
	Steady State
	Galprop
	Alternative

	Picard
	Features
	Application

	Conclusion

