Lectures & objectives

ISAPP 2014
(Belgirate)
21-30 July 2014

Transport of cosmic rays in the Galaxy and in the heliosphere (~ 4h30)
* What is GCR (Galactic Cosmic Ray) physics and transport
» Relevant time scales: # species have # phenomenology
* Main modelling ingredients: key parameters and uncertainties
» Tools to solve the transport equation

Charged signals: electrons/positrons, antibaryons (~1h30)
e What is astroparticle physics and DM (Dark Matter) indirect detection
» What are the astrophysical backgrounds + uncertainties [nuclear]
e Phenomenology of DM signals + uncertainties [transport and dark matter]
e Pros and Cons of DM indirect detection with charged GCRs
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Transport of cosmic rays (CR) in the Galaxy

I. Introduction; Galactic Cosmic Rays

1. Early history of CRs: discovery and disputes
2. GCR journey (from source to detector)

3. Timeline

4. Observables and questions

II. Processes, ingredients, characteristic times

1. Definitions

2. Diffusion (space and momentum)
3. Convection and adiabatic losses
4. Energy losses (continuous)

5. Catastrophic losses
6. All together

I11.

Solving the equations: GCR phenomenology
1. From microphysics to effective models

2. Full set of equations (with source terms)

3 (Semi-)Analytical, numerical, & MC solutions
4. Stable species: degeneracy Do /L

5. Radioactive species and local ISM

6. Leptons and local sources

GCRs-ILpdf



Time scales: all together

— Numbers depend on MW model parameters (halo size, diffusion coefficient...)

— Time scale for effects in the disc overestimated: CRs see density n  ><n>2 (W/H)n

[galprop.stanford.edu]
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Kinetic energy per nucleon, MeV Kinetic energy, MeV

1. Dominant effects
Nuclei escape from the Galaxy
Leptons loose their energy

2. Local origin
Low energy radioactive nuclei

» High energy electrons and positrons
I1.6 Time scales



Transport of cosmic rays (CR) in the Galaxy

[. Introduction; Galactic Cosmic Rays
1. Early history of CRs: discovery and disputes

2. GCR journey (from source to detector)
3. Timeline
4. Observables and questions

II. Processes, ingredients, characteristic times
1. Definitions

2. Diffusion (space and momentum)
3. Convection and adiabatic losses
4. Energy losses (continuous)

5. Catastrophic losses
6. All together

II1. Solving the equations: GCR phenomenology
1. From microphysics to effective models

2. Full set of equations (with source terms)
3 (Semi-)Analytical, numerical, & MC solutions GCRs-IILpdf
4. Stable species: degeneracy Do /L
5. Radioactive species and local ISM
6. Leptons and local sources




1. Source injection
* spectrum ~ R?
» abundances

2. Transport in the Galaxy

« diffusion: R® < energy gains/losses
e convection » fragmentation/decay

@ Mark Al Garlick f space-art.co.uk

~(MHD)

(nuclear physics)




1. Source injection 2. Transport in the Galaxy
* spectrum ~ R? « diffusion: R® < energy gains/losses
» abundances e convection » fragmentation/decay
~~ (MHD) (nuclear physics)

Galactic
wind

o T

@ Mark Al Garlick f space-art.co.uk

Do we understand the “standard” fluxes (everywhere and anytime)?
Sources (SN, pulsars, ...)

Nucleosynthesis (r and s-process for heavy nuclei)

Acceleration mechanisms (injection, B amplification, Emax)
Propagation mechanisms (turbulence, spatial dependence, isotropy)
Magneto-cosmico-gaseo properties of the Galaxy (MHD description)



1. Source injection 2. Transport in the Galaxy
* spectrum ~ R? « diffusion: R® < energy gains/losses
» abundances e convection » fragmentation/decay
~ (MHD) (nuclear physics)

Galactic
wind

@ Mark Al Garlick f space-art.co.uk

Do we understand the “standard” fluxes (everywhere and anytime)?
e Sources (SN, pulsars, ...)
* Nucleosynthesis (r and s-process for heavy nuclei)
e Acceleration mechanisms (injection, B amplification, Emax)
* Propagation mechanisms (turbulence, spatial dependence, isotropy)
* Magneto-cosmico-gaseo properties of the Galaxy (MHD description)

In this lecture (simpler task):

 Transport equations (all
terms, all species)

 Set geometry/ingredients
 Solve the equations

— Which GCR data

| constrain which parameters

of the model?




Transport of cosmic rays (CR) in the Galaxy

III. Solving the transport equations: GCR phenomenology

1. Diffusion: from microphysics to effective models




Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

III.1Microphysics


https://indico.in2p3.fr/contributionDisplay.py?contribId=31&sessionId=9&confId=9027

Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

) . ) or 0 o f
e Ansatz: diffusion equation —— _ § — . - — — | p?D, — — — 5 L
q - S=V (K,,U Vi—v f) + 3 (p Dy 35 72 f) +
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (y;,m- .V —v f) + Bi (pED 3 i —p f) + ...
P

k. ks O / k): Diffusion along® B
kA K, O k.. Diffusion across® B
0 0 Ky ka: Drift effects®

Kk =
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (y;,m- .V —v f) + Bi (pED 3 i —p f) + ...
P

k. ks O / k): Diffusion along® B
kA K, O k.. Diffusion across® B
0 0 Ky ka: Drift effects®

Kk =

Analytical calculation ;
1 2
- Mean free path )| « k; o</ du M

- Dy ()
1
Pitch angle ,u=cos@) o
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (y;,m- .V —v f) + Bi (pED 3 i —p f) + ...
P

k. ks O / k): Diffusion along® B
kA K, O k.. Diffusion across® B
0 0 Ky ka: Drift effects®

Kk =

Analytical calculation ;
1 1 — 2
- Mean free path )| « k; o</ du Q
_ -1 Dy (1)
Pitch angle ,u=cos@)

o0
- Fokker-Planck coefficient D, = / dt {u(t) " (0))
Taylor-Green-Kubo formula ’

III.1Microphysics
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (y;,m- .V —v f) + Bi (DED 3 i —p f) + ...
P

k. ks O / k): Diffusion along® B
kA K, O k.. Diffusion across® B
0 0 Ky ka: Drift effects®

Kk =

Analytical calculation ;
1 2
("- Mean free path )\ o K, o</ duw (-w)

- Dy ()
1
Pitch angle ,u=cos@) o

o0
< - Fokker-Planck coefficient D, = / dt {u(t) " (0))
Taylor-Green-Kubo formula ’

. . . o) V] stati V
- Equation of motion (Lorentz) 1 = 3 (%) = %
\_ Unknown v, unknown 0 5B 5B
position in OBxy = (vx Fg’ - v, ?;)
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (y;,m- .V —v f) + Bi (DED 3 i —p f) + ...
P

k. ks O / k): Diffusion along® B
kA K, O k.. Diffusion across® B
0 0 Ky ka: Drift effects®

Kk =

Analytical calculation ;
1 2
("- Mean free path )\ o K, o</ duw (-w)

- Dy ()
1
Pitch angle ,u=cos@) o

o0
< - Fokker-Planck coefficient D, = / dt {u(t) " (0))
Taylor-Green-Kubo formula ’

. . , a /v V)
- Equation of motion (Lorentz) [ = T (%) statie %
\_ Unknown v, unknown 0 5B 5B
position in OBxy = (vx Fg’ - v, ?;)

— Can only be solved in ideal situations
* Quasi-Linear Theory (0B «<B): QLT
e 2" order QLT: SOQLT
* Non-linear guiding centre: NLGC
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (K’ﬂj Vf—v ,r) 4 aip (PED 91 —p f) +
k., kA O » k| Diffusion along® B

k= |—-ka k. O k. : Diffusion across® B
0 0 K ka: Drift effects?
Analytical calculation / Numerical simulations
b

(" - Mean free path || X K| / dp Reality: resonant wave-particle interaction with
~1 DMM (J'—f') stochastic motion
Pitch angle ,u=cos@)

o0
< - Fokker-Planck coefficient D, = / dt {u(t) " (0))
Taylor-Green-Kubo formula ’

: : .0 v ic V
- Equation of motion (Lorentz) [ = (%) static 7|

ot 4
\_ Unknow./r.t v, ugzknown 0 5B, 6By
position in OBxy v\ "B Yy B,

— Can only be solved in ideal situations
* Quasi-Linear Theory (0B «<B): QLT
e 2" order QLT: SOQLT
* Non-linear guiding centre: NLGC
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (K’ﬂj Vf—v ,r) 4 aip (PED 91 —p f) +
k., kA O » k| Diffusion along® B

k= |—-ka k. O k. : Diffusion across® B
0 0 K ka: Drift effects?
Analytical calculation / ; Numerical simulations
1 2
("- Mean free path )\ o< k| o / du & Reality: resonant wave-particle interaction with
_ B ﬁ -1 Dy (k) stochastic motion... turbulence model requires:
Pitch angle p=cos(v,By) - * Energy spectrum (diff.eq. for wave!): We< k™
- Fokker-Planck coefficient Dy, = / dt (iu(t) 5*(0)) - Kolmogorov: s=5/3 |/ DR?® {8=1/3
< 0 - Kraichnan: s=3/2 0=2-s /| 6=1/2
Taylor-Green-Kubo formula
: : .20 v ic V
- Equation of motion (Lorentz) [ = ot (%) Srane %
\_. Unknown vxy, unknown o 5B 5B
position in OBxy = ( x F; -V, ?;)

— Can only be solved in ideal situations
* Quasi-Linear Theory (0B «<B): QLT
e 2" order QLT: SOQLT
* Non-linear guiding centre: NLGC
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (K’ﬂj Vf—v ,r) 4 aip (PED 91 —p f) +
k., kA O » k| Diffusion along® B

k= |—-ka k. O k. : Diffusion across® B
0 0 K ka: Drift effects?
Analytical calculation / ; Numerical simulations
1 2
(" - Mean free path N[ o< K o / du & Reality: resonant wave-particle interaction with
_ B ﬁ -1 Dup(re) stochastic motion... turbulence model requires:
Pitch angle p=cos(v,Bo) N * Energy spectrum (diff.eq. for wave!): We< k™
- Fokker-Planck coefficient D, = / dt (iu(t) " (0)) - Kolmogorov: s=5/3 | “DecR? {5=1/3
< 0 - Kraichnan: s=3/2 0=2-s /| 0=1/2

Taylor-Green-Kubo formula

trace of magnetic fied spectral matrix
T

-y -

: . e ic V] =
- Equation of motion (Lorentz) [ = ot (%) e % OR
o Unknown vxy, unknown Direct measurement - [N
position in OBxy _£ ( . 05, _ v, @) £ ofe
v B Bo (6Bi(k) 6Bn(K')) .
— Can only be solved in ideal situations s Turbulence is Ef
* Quasi-Linear Theory (0B «<B): QLT Kolmogorov for the wl
« 2" order QLT: SOQLT Sun W
* Non-linear guiding centre: NLGC Woquency [H]
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

oo . of 0 o f .
* Ansatz: diffusion equation —— — 5 -V . (K’ﬂj ‘Vf—v ,r) +—(p?D, = — —pf)+...
ot / op ap p
k. ks O k): Diffusion along® B
k=|-xs k. O . : Diffusion across® B
0 0 K ka: Drift effects?
Analytical calculation / ; Numerical simulations
1 2
("- Mean free path )\ o< k| o / du & Reality: resonant wave-particle interaction with
_ B ﬁ -1 Dy (k) stochastic motion... turbulence model requires:
Pitch angle ji=cos(v.Bo) - * Energy spectrum (diff.eq. for wave!): We< k™
< - Fokker-Planck coefficient Dy, = / dt (iu(t) 1*(0)) * Geometry
Taylor-Green-Kubo formula ’ ~— -Slab
: , , 0 (v ic V — :
- Equation of motion (Lorentz) [ = ot (%) Srate % Composite
\_ Unknown v, unknown o 5B 5B ‘ “H “ ‘ -2D
position in OBxy = (Vx B vy B ) -
. SR . -Isotropi
— Can only be solved in 1deal situations ' SOHOPIE
* Quasi-Linear Theory (0B «<B): QLT e
* 2" order QLT: SOQLT éh :: - Others (e.g. Goldreich-Sridahr)
* Non-linear guiding centre: NLGC £
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (K’ﬂj Vf—v ,r) 4 aip (PED 91 —p f) +
k., kA O » k| Diffusion along® B

k= |—-ka k. O k. : Diffusion across® B
0 0 K ka: Drift effects?
Analytical calculation / ; Numerical simulations
1 2
("- Mean free path )\ o< k| o / du & Reality: resonant wave-particle interaction with
_ B ﬁ -1 Dy (k) stochastic motion... turbulence model requires:
Pitch angle ji=cos(v.Bo) * Energy spectrum (diff.eq. for wave!): We< k™

* Dynamical behaviour

0
< - Fokker-Planck coefficient D, , = / dt (i(t) 5% (0)) » Geometry
Taylor-Green-Kubo formula 0

: : LS9 v ic V
- Equation of motion (Lorentz) [ = T (%) e %
\_. Unknown vxy, unknown 0 5B 5B
position in OBxy = ( o ?; —v, ?;)

— Can only be solved in ideal situations
* Quasi-Linear Theory (0B «<B): QLT
e 2" order QLT: SOQLT
* Non-linear guiding centre: NLGC
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (K’ﬂj .V —v f) + 83 (DED 3 i —p f) + ...
P

/

-

k., kA O /H,“:Diffusion along® B

k= |—-ka k. O k. : Diffusion across® B
0 0 K ka: Drift effects?
Analytical calculation / ; Numerical simulations
1 2
- Mean free path N[ o< K o / du & Reality: resonant wave-particle interaction with
_ B ﬁ -1 Dy (k) stochastic motion... turbulence model requires:
Pitch angle ji=cos(v.Bo) - * Energy spectrum (diff.eq. for wave!): We< k™
) ! . a . - * Geometry
Fokker-Planck coefficient D, = /0 dt (u(t)p”(0)) « Dynamical behaviour
Taylor-Green-Kubo formula
: : .20 v ic V
- Equation of motion (Lorentz) [ = ot (%) Srane %
Unknown vy, unknown o 5B
position in OBxy = (Vx F{: - )

e 2" order QLT: SOQLT

— Can only be solved in ideal situations
* Quasi-Linear Theory (0B «<B): QLT

* Non-linear guiding centre: NLGC

(N.B.:[also
inputs of ahalytical
calculafions)
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (K’ﬂj .V —v f) + 83 (pED o 1 ' ) + ...

>

K. kKa O k): Diffusion along® B
k=|-xs k. O . : Diffusion across® B
0 0 K ka: Drift effects®

Analytical calculation /
1

; Numerical simulations
2
("- Mean free path )\ o< k| o / du & Reality: resonant wave-particle interaction with
-1 Dy () stochastic motion... turbulence model requires:
Pitch angle ,u=cos@)

o Energy spectrum (diff.eq. for wave!): Wo< k™
< - Fokker-Planck coefficient D, , = / dt (i(t) 5% (0)) » Geometry
0

{ * Dynamical behaviour
Taylor-Green-Kubo formula - Instabilities
. . , O [V static V| - Damped waved
- Equation of motion (Lorentz) [ = ot (7) = " - Intermittency
Unk. x
\_ nmOWR vy, unknown 0 5B, 5B,
position in OBxy =, \“ g5 ~Y%g
’ ’ Diffusion
— Can only be solved in ideal situations t&lrlbll\l/IIEnDce
* Quasi-Linear Theory (0B «<B): QLT

e 2" order QLT: SOQLT
* Non-linear guiding centre: NLGC
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Diffusion coefficients from microphysics

[Adapted from R. Tautz (CRISM 2014)]

* Physics problem: motion in a turbulent field

» Ansatz: diffusion equation % —S=V. (K’ﬂj .V —v f) + 83 (DED o 1 ' ) + ...

>

K. kKa O k): Diffusion along® B
k=|-xs k. O . : Diffusion across® B
0 0 K ka: Drift effects®

Analytical calculation /
1

; Numerical simulations
2
("- Mean free path )\ o< k| o / du & Reality: resonant wave-particle interaction with
-1 Dy () stochastic motion... turbulence model requires:
Pitch angle ,u=cos@)

o Energy spectrum (diff.eq. for wave!): Wo< k™
< - Fokker-Planck coefficient D, , = / dt (i(t) 5% (0)) » Geometry
0

* Dynamical behaviour

Taylor-Green-Kubo formula < - Instabilities
) . . o) V|| static f«’|| - Damped waved
- Equation of motion (Lorentz) [ = ot (?) = - Intermittency
\_. Unknown vxy, unknown
position in OBx = &2 Vi 05, _ v 05, .
v v By, 7 B — Low resolution only
. SEE (time-consuming)
— Can only be solved in ideal situations )

* Quasi-Linear Theory (0B <«B): QLT — Near future(?): full MHD
« 2" order QLT: SOQLT treatment (CRs + gas + B)
* Non-linear guiding centre: NLGC
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Effective models: fit of 0 (careful with the interpretation!)

Variation E gains/losses

——.  Spatial transport: diffusion+convection Catastrophic losses P — - Source term: prim.+sec.

ONJ — ~3 . — < . o{ . . OGN\ — = —
R B v . J . b4+ — |\ pIN —pd—— | = O/ 1= J ATt
=+ (V- (KEN)+V V() N+ Trg+Tine) N +6E(bN ¢ aE)_Q(E,?) + ) TN

m,—::»mj

III.1Microphysics



Effective models: fit of 0 (careful with the interpretation!)

Varﬁiatiﬂn Spatial transport: diffusion+convection Catastrophic losses - Egai[li{IDSSﬂS — Source term: prim.+sec.
ONJ —_— " = . —— . d{ . . ONI\ ~ T
- V. : J , J o —|pINT el = = 0/ i—J i
i’ (-9 (KE.PV))+ V- V(®) N+ (Traq+Tine) N +6E(bN c aE) Q/(E.P) +m;n_r N

i~
Magnetic fields

* Everywhere: planetary — galaxy clusters
* Typical amplitudes: ~ uG —nT
» Two components (comparable strength):

v Regular BO (large scale)

v Turbulent dB (small scale), i.e. <dB>=0

III.1Microphysics



Effective models: fit of 0 (careful with the interpretation!)

Variation . e . E gains/losses .
—_—— Spatial transport: diffusion+convection Catastrophic losses - . —. Source term: prim.+sec.
aNJ —_ 3 = . . —~ - . 0 .. LONJ\  — ~ S
S -V - . J . J 4 — |\ BhIN —p)— ) = ) 1= N!
el (-V-(K(E.AV))+V-V(®) N+ (Trag+Tine) N +6E(bN ¢ aE)_Q(E,?) + § TN
m;>m;
Magnetic fields

» Everywhere: planetary — galaxy clusters

* Typical amplitudes: ~ uG —nT

* Two components (comparable strength):
v Regular BO (large scale)
v Turbulent dB (small scale), i.e. <dB>=0 ) Diffusion+

confinement
= geometry

III.1Microphysics



Effective models: fit of 0 (careful with the interpretation!)

Variation . e . E gains/losses .
—_—— Spatial transport: diffusion+convection Catastrophic losses - - —. Source term: prim.+sec.
ON/J —_— g = . . ~ - . 0 .. LONJ\ — s T
— + (~-V(KEDD)+V- V(@) N+ Trag+Tine) N+ ——|bIN/ —c/—| = Q/(E.F) + Z N
ot OE OE
m,—‘}mj
Magnetic fields NGC 4631 (610 MHz)

* Everywhere: planetary — galaxy clusters
* Typical amplitudes: ~ uG —nT

» Two components (comparable strength): -
v Regular B0 (large scale) HU:> YRR
v Turbulent 8B (small scale), i.e. <6B>=0 Diffusion+ '
confinement
= geometry

Ekers & Sancisi, A&A 54, 973 (1977)

Milky Way (408 MHz)
http://apod.nasa.pod/ap011020.html
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Effective models: fit of 0 (careful with the interpretation!)

Variation . e . E gains/losses .
—_—— Spatial transport: diffusion+convection Catastrophic losses - - —. Source term: prim.+sec.
ON/J —_— g = . . ~ - . 0 .. LONJ\ — s T
— + (~-V(KEDD)+V- V(@) N+ Trag+Tine) N+ ——|bIN/ —c/—| = Q/(E.F) + Z N
ot OE OE
m,—‘}mj
Magnetic fields NGC 4631 (610 MHz)

* Everywhere: planetary — galaxy clusters
* Typical amplitudes: ~ uG —nT

» Two components (comparable strength): -
v Regular B0 (large scale) HU:> YRR
v Turbulent 8B (small scale), i.e. <6B>=0 Diffusion+ '
confinement
= geometry

Ekers & Sancisi, A&A 54, 973 (1977)

Milky Way (408 MHz)
http://apod.nasa.pod/ap011020.html

Geometry = camembert box
— Diffusive halo half-height ~ L
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Effective models: fit of 0 (careful with the interpretation!)

Variation . e . E gains/losses .
—_—— Spatial transport: diffusion+convection Catastrophic losses - - —. Source term: prim.+sec.
ON/J —_— g = . . ~ - . 0 .. LONJ\ — s T
— + (~-V(KEDD)+V- V(@) N+ Trag+Tine) N+ ——|bIN/ —c/—| = Q/(E.F) + Z N
ot OE OE
m,—‘}mj
Magnetic fields NGC 4631 (610 MHz)

* Everywhere: planetary — galaxy clusters
* Typical amplitudes: ~ uG —nT

» Two components (comparable strength): -
v Regular BO (large scale) ' UU:> e
v Turbulent dB (small scale), i.e. <OB>=0 Diffusion+
N e
~~" confinement
Diffusion = = geometry _
coefficients @ Ekers & Sancisi, A&A 54, 973 (1977), "

Milky Way (408 MHz)
http://apod.nasa.pod/ap011020.html

Geometry = camembert box
— Diffusive halo half-height ~ L
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Effective models: fit of 0 (careful with the interpretation!)

Variation
—_——

ON!

Spatial transport: diffusion+convection

Catastmphm losses -~ ~

E gains/losses
o~ Source term: pr1m +sec.

-+ (-ﬁ-(K(E,?)ﬁ))+ﬁ- 17”(?))

Magnetic fields

* Everywhere: planetary — galaxy clusters
* Typical amplitudes: ~ uG —nT
» Two components (comparable strength):

v Regular BO (large scale)

v Turbulent dB (small scale), i.e. <OB>=0

S __

—_—
Diffusion =
coefficients @

Usual simplifying assumptions
 Isotropic (no preferred diffusion direction)
« Standard (no sub-diffusion, Levy flights...)
» Spatial-independent diffusion coefficient

« Wind: L to galactic plane (cst or linear)
» “Minimal” reacceleration (Va mediated)

N/+ (Trag+Linet) N +i(bwi-cial) 0IE.D + Z r=iNi

OE OE

Iy >m_,

NGC 4631 (610 MHz)

=

Diffusion+
confinement
= geometry

Ekers & Sancisi, A&A 54, 973 (1977)

<(AX)2> o tcx+1
with o=0

Milky Way (408 MHz)
http://apod.nasa.pod/ap011020.html

Geometry = camembert box
— Diffusive halo half-height ~ L
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Effective models: fit of 0 (careful with the interpretation!)

Variation E gains/losses

—_—— Spatial transport: diffusion+convection Catastrophic losses P - ~ Source term: prim.+sec.
N | (-ﬁ’-(K(E,?)%ﬁﬁ-ﬁ(mj N+ [Toog + Toe) N + 2L (pini — i — QU(E, P :Z r=iNi
ot OE OE ~l
m;=m,
Magnetic fields NGC 4631 (610 MHz)

* Everywhere: planetary — galaxy clusters
* Typical amplitudes: ~ uG —nT

» Two components (comparable strength): -
v Regular BO (large scale) HU:> YRR
v Turbulent 8B (small scale), i.e. <6B>=0 Diffusion+ :
= ~~" — confinement
Diffusion n = geometry _
coefficients @ Ekers & Sancisi, A&A 54, 973 (1977) '
Usual simplifying assumptions
 Isotropic (no preferred diffusion direction) ((Ax)?) o £+

» Standard (no sub-diffusion, Levy flights...) | —

» Spatial-independent diffusion coefficient with =0
e Wind: L to galactic plane (cst or linear) Milky Way (408 MHz)
e “Minimal” reacceleration (V A mediated) http://apod.nasa.pod/ap011020.html
—D=BDR° Geometry = camembert box
— Dee . (pVa)"/D — Diffusive halo half-height ~ L
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Effective models: fit of 0 (careful with the interpretation!)

Variation
—_——

ON!

Spatial transport: diffusion+convection

Catastmphm losses -~ ~

E gains/losses
o~ Source term: pr1m +sec.

-+ (-ﬁ-(K(E,?)ﬁ))+ﬁ- 17”(?))

Magnetic fields

* Everywhere: planetary — galaxy clusters
* Typical amplitudes: ~ uG —nT
» Two components (comparable strength):

v Regular BO (large scale)

v Turbulent dB (small scale), i.e. <OB>=0

S __

—_—
Diffusion =
coefficients @

Usual simplifying assumptions
 Isotropic (no preferred diffusion direction)
« Standard (no sub-diffusion, Levy flights...)
» Spatial-independent diffusion coefficient

« Wind: L to galactic plane (cst or linear)
» “Minimal” reacceleration (Va mediated)

I—
=

N/+ (Trag+Linet) N +i(bwi-cial) 0IE.D + Z r=iNi

OE OE

Iy >m_,

NGC 4631 (610 MHz)

=

Diffusion+
confinement
= geometry

Ekers & Sancisi, A&A 54, 973 (1977)

<(AX)2> o tcx+1
with o=0

Milky Way (408 MHz)
http://apod.nasa.pod/ap011020.html

U

—D=BDR°
— Dee b (pVa)’/D

=)

“Minimal” model
5 free parameters

Do, 3, Va,L, Ve

Geometry = camembert box
— Diffusive halo half-height ~ L
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Transport of cosmic rays (CR) in the Galaxy

III. Solving the transport equations: GCR phenomenology

2. Full set of equations (with source terms)




The full transport equation(s)

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection . —~  Catastrophic losses Source
dN/ = ™ I N . 0 . daN/ - -~ N
- _v. . Jo — | HINT — - . I =0/
=+ (- (DEDV))+V-Ve®) N+ == |b/N/ = Dpp—r |+ T +Tine)) N = Q/(1.E.7)

( d_E \l(halo)+HE‘L / d_E \(disc)+LE ™
dt fS}f[]C‘ IC \Er_fbrcm, >

_ (ﬁ‘?c)p_z
3 E

](halo)+LE
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The full transport equation(s)

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection . —~  Catastrophic losses Source
dN/ = ™ I N . 0 . daN/ - -~ N
- _v. . Jo — | HINT — - . I =0/
=+ (- (DE.DV))+V-Ve®) N+ == |b/N/ = Dpp—r |+ T+ Tine)) N = Q/(1.E.7)

( d_E \l(halo)+HE‘L / d_E \(disc)+LE ™
dt fS}f[]C‘ IC \Er_fbrcm, >

](halo)+LE

_ (ﬁ‘?c)p_z
3 E

(disc)+LE (halo)+LE (disc)+LE
Dinel g EC—rad

MISMUTinel + 1/(YT°) + RISMUG attach
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The full transport equation(s)

E losses and gains

Variation . P .
—~—Spatial transport: diffusion+convection e —  Catastrophic losses Source
oON/ 7= = NN j 0 inrj ON/ - N j ’T'ﬁ'_h‘
-+ (-V(DE.HYV))+V-Ve(P) N *oF b’N ~Dee—p |+ (Trag + Tinet) N7 = Q (t.E.P)

~

( d_E \l(halo)+HE‘L / d_E \(disc)+LE
dt fS}f[]C‘ IC \Er_fbrcm, >

_[(ﬁﬁc) 2

Primary source term: space-time granularity

primary species O(t,E,F) = Z Ok (6(t —ty), E,8(F — Fi))
= k

(halo)+LE
p_
3 E . . . . DY
accelerated in sources » Spatial distribution (positions)
e Age source / duration

» Spectrum (for all species)

(disc)+LE (halo)+LE (disc)+LE
Dinel g EC—rad

MISMUTinel + 1/(YT°) + RISMUG attach
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The full transport equation(s)

E losses and gains

Variation . P .
—~—Spatial transport: diffusion+convection e —  Catastrophic losses Source
oON/ 7= = NN j 0 inrj ON/ - N j ’T'ﬁ'_h‘
-+ (-V(DE.HYV))+V-Ve(P) N *oF b’N ~Dee—p |+ (Trag + Tinet) N7 = Q (t.E.P)

~

( d_E \l(halo)+HE‘L / d_E \(disc)+LE
dt fS}f[]C‘ IC \Er_fbrcm, >

_[(ﬁﬁc) 2

Primary source term: space-time granularity

primary species O(t,E,F) = Z Ok (6(t —ty), E,8(F — Fi))
= k

(halo)+LE
p_
3 E . . . . DY
accelerated in sources » Spatial distribution (positions)
e Age source / duration

» Spectrum (for all species)

(disc)+LE (halo)+LE (disc)+LE
Dinel g EC—rad

— 1* approximation:
» smooth spatial distribution

» steady-state

MISMUTinel + 1/(YT°) + RISMUG attach

— Refinement: add specific sources you
believe may contribute to the total
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The full transport equation(s)

E losses and gains

Variation . P .
—~—Spatial transport: diffusion+convection e —  Catastrophic losses Source
oON/ 7= = NN j 0 inrj ON/ - N j ’T'ﬁ'_h‘
-+ (-V(DE.HYV))+V-Ve(P) N *oF b’N ~Dee—p |+ (Trag + Tinet) N7 = Q (t.E.P)

~

( d_E \l(halo)+HE‘L / d_E \(disc)+LE
dt fS}f[]C‘ IC \Er_fbrcm, >

_[(ﬁﬁc) 2

Primary source term: space-time granularity

primary species O(t,E.F) = Z Ok (6(t — ), E,6(F - 1%))
- k

(halo)+LE
p_
3 E . . . . DY
accelerated in sources » Spatial distribution (positions)
e Age source / duration

» Spectrum (for all species)

(disc)+LE (halo)+LE (disc)+LE
Dinel g EC—rad

— 1* approximation:
» smooth spatial distribution

» steady-state

MISMUTinel + 1/(YT°) + RISMUG attach

QMM (1 By~ /R x [ fonr (r)] 5

continuum

rimary — Refinement: add specific sources you
[ 1 (t,0(r=rs), E) ] believe may contribute to the total

ocal sources
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The full transport equation(s)

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection . —~  Catastrophic losses Source
dN/ = ™ I N . 0 . daN/ - -~ N
- _v. . Jo — | HINT — - . I =0/
=+ (- (DEDV))+V-Ve®) N+ == |b/N/ =~ Dpp—r |+ T +Tine)) N = Q/(1.E.7)

( d_E \l(halo)+HE‘L / d_E \(disc)+LE ™
dt fS}f[]C‘ IC \Er_fbrcm, >

](halo)+LE

_ (ﬁ‘?c)p_z
3 E

(disc)+LE (halo)+LE (disc)+LE
Dinel g EC—rad

MISMUTinel + 1/(YT°) + RISMUG attach

QMM (1 By~ /R x [ fonr (r)] 5

continuum

[t sourees 07 =15), E) |

ocal sources
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The full transport equation(s)

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection . —~  Catastrophic losses Source
dN/ = ™ I N . 0 . daN/ - -~ N
- _v. . Jo — | HINT — - . I =0/
=+ (- (DEDV))+V-Ve®) N+ == |b/N/ =~ Dpp—r |+ T +Tine)) N = Q/(1.E.7)

( d_E \l(halo)+HE‘L / d_E \(disc)+LE ™
dt fS}f[]C‘ IC \Er_fbrcm, >

](halo)+LE

Secondary species 0/'

_[(ﬁﬁc) 2

P
3 E created in nuclear interaction of primary CR on ISM

Secondary source term: production

w do(E, — E,
N"(Es,r,r):Z Z fE  (Ep }nf(r}u;,NP(E;,)dE;,

(disc)+LE (halo)+LE (disc)+LE
Dinel g EC—rad

MISMUTinel + 1/(y™) + RISMUCattach P CRs iTSM dE;
Qprim-ar}f (F,E} ~ qu—af % [fSNR(r)](disc] e ISM ~ 90% H, 10% He

continuum * CRs: Mostly p and He (for ¢, pbar, dbar)
[ I;Tzurces(r* o(r=rs),E) ] * Cross-sections: data + models
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The full transport equation(s)

Variation . . . . E losses and gains
—~—_ Spatial transport: diffusion+convection A~
oN/ 7 )

= 5 DED) ¥ Vi) N+

9 . . ONJ
Jo —VHINT — -
N/ + (b N’ — Dgg 3E

Catastrophic losses Source
)

(Trad + Tinet) N7 = Q/(1,E, )

(dE\(h310)+HE4_/dE\(diSC)+LE N
dt fS}f[]C‘ IC \Er_fbrcm, k}kz‘
- Secondary species
ST 2 (halo)+LE
_ (V-Ve) P~ -
3 E ) created in nuclear interaction of primary CR on ISM
VTS —y Secondary source term: production
1sC )+ alo)+ 1SC )+
Lt g e EC—rad N Er D) © do?*(E, — Ey) (3 NP(E" ) dE
S,r,r:Z Zf ni(r)v
MSMUTinel + 1/(y™) + RISMUG agtach poCRs ioTsM ™ Eu dEj r per

Qprimar}f

continuum /> £) = @R x [ fonr ()]s

[ rimary
1

ocal saurccs(r’ o(r=rs),E) ]

 ISM ~90% H, 10% He

* CRs: Mostly p and He (for e, pbar, dbar)
e Cross-sections: data + models

do(E, — Ej)

.. - 5 P _ s
For nuclei: L ~ 0":’ 8(E} n E; ,fn}
» Semi-empirical (Silberberg & Tsao) AG/G ~
— models: * Empirical (Webber et al.) 0/
* Microscopic (Zeitlin et al.) 10-20%
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The full transport equation(s)

Variation ] o ) E losses and gains

—~—Spatial transport: diffusion+convection e —  Catastrophic losses Source
dN/ 7= > - 5\ j 0 inrj oN/ - ~ j ’Tﬁ_“
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tinet) N = Q1. E.7)

(halo)+HE (disc)+LE N
(d_E\ [2E\
dt \ I [ e o cou] .

](halo)+LE

fS}f[]C‘ IC

_ (ﬁ‘?c)p_z
3 E

(disc)+LE (halo)+LE
1_‘inf:l * 1_‘,B—rad

(disc)+LE
EC—rad

MISMUTinel + 1/(YT°) + RISMUG attach

QY (r,E) = ¢/R™ x [ fonr (r)]

rimary
[ local Sﬂurces(r’é(r_rs}s E) ]

Qs_c&_:ondary(r’ E) _ nv' d_D-Np,He(E.')dEr
p.d.e*,y.v dE
(p.He)+(H.He)
secondary - ps P
N EY= > nunovo (E)NP(r.E)
mp>mg

Secondary species 0/'

created in nuclear interaction of primary CR on ISM

Secondary source term: production

V(Earn=y > fE © do?(E, - E,)

dE
p=CRs i=ISM s

ni(r) va N*“(E;,) dE;?

 ISM ~90% H, 10% He

* CRs: Mostly p and He (for e, pbar, dbar)
e Cross-sections: data + models

do(E, — Ej)

.. - 5 P _ s
For nuclei: L ~ 0":’ 8(E} n E; ,fn}
» Semi-empirical (Silberberg & Tsao) AG/G ~
— models: * Empirical (Webber et al.) 0/
* Microscopic (Zeitlin et al.) 10-20%
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The full transport equation(s)

Variation E losses and gains

—_—— Spatial transport: d1ﬁusmn+convectmn — Catastrophic losses Source
N’ 0 fw —_—
=+ (V- (DED)+ ¥ V@) N+ o[BIV DEE— + (Taa+Tined) N’ = Q/(LE,P)

(halo)+HE (disc)+LE N
(d_E\ L [4E\
dt fS}f[]C‘ IC \Er_fbrcm,

](halo)+LE

_[(ﬁ-f’)

P
3 E

1—‘(c:l1sc:]+LE 1—‘(h.':llo)+LE (disc)+LE
inel p—rad EC—rad

RISMUT ipel + 1[(77'6) + NISM VT attach

QMM (1 By~ /R x [ fonr (r)] 5

continuum

[ rimary (1,6(r=r5),E) |

local sources

d
Qscz{;nidari( E} d NpHe(E )dE
P ke (p.He)+(H . He)
secondary - ps P
ON "™ (LE)= ) numopo? (E)N(r,E)
Mp=Mmg
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The full transport equation(s)

Variation E losses and gains

—~—Spatial transport: d1ﬁusmn+convectmn e Catastrophic losses Source
ON/ 0 ON/ R N
==+ (-V-(DED)+ ¥ V@) N+ (BN = Dpp T |+ Traa+ T N = Q.

(halo)+HE (disc)+LE N
(d_E\ L [4E\
dt fS}f[]C‘ IC \Er_fbrcm,

](halo)+LE

Remarks

_[(ﬁ-f’)

P
3 E

1—‘(c:l1sc:]+LE 1—‘(h.':llo)+LE (disc)+LE
inel p—rad EC—rad

MISMUTinel + 1/(YT°) + RISMUG attach

QMM (1 By~ /R x [ fonr (r)] 5

continuum

[ rimary (1,6(r=r5),E) |

local sources

d
Qscz{;nidari( E} d NpHe(E )dE
P ke (p.He)+(H . He)
secondary - ps P
ON "™ (LE)= ) numopo? (E)N(r,E)
Mp=Mmg

I11.2 All terms



The full transport equation(s)

Variation ] o ) E losses and gains

—~—Spatial transport: diffusion+convection e Catastrophic losses Source
dN/ 7= > - 5\ j 0 inrj oN/ - ~ j ’Tﬁ_“
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)

( d_E \l(halo)+HE‘L / d_E \(disc)+LE ™
dt fS}f[]C‘ IC \Er_fbrcm, >

](halo)+LE

Remarks

— 2" order differential equation (space and
energy) + time-derivative

_ (ﬁ‘?c)p_z
3 E

(disc)+LE (halo)+LE (disc)+LE
Dinel g EC—rad

MISMUTinel + 1/(YT°) + RISMUG attach

QMM (1 By~ /R x [ fonr (r)] 5

continuum

[ rimary (1,6(r=r5),E) |

local sources

secondary . ,d_ﬂ' p.He o ’

O (nE) = > m! —=NPHE(ENE
(p.He)+(H . He)

secondary - ps P

N EY= > nunovo (E)NP(r.E)
Mp>Mg
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Variation ] o ) E losses and gains

—~—Spatial transport: diffusion+convection e Catastrophic losses Source
dN/ 7= > - 5\ j 0 inrj oN/ - ~ j ’Tﬁ_“
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)

( d_E \l(halo)+HE‘L / d_E \(disc)+LE ™
dt fS}f[]C‘ IC \Er_fbrcm, >

](halo)+LE

Remarks

— 2" order differential equation (space and
energy) + time-derivative
— Linear equations: local sources or “DM”
source term can be dealt with separately

_ (ﬁ‘?c)p_z
3 E

(disc)+LE (halo)+LE (disc)+LE
Dinel g EC—rad

MISMUTinel + 1/(YT°) + RISMUG attach

QMM (1 By~ /R x [ fonr (r)] 5

continuum

[ rimary (1,6(r=r5),E) |

local sources

secondary . ,d_ﬂ' p.He o ’

O (nE) = > m! —=NPHE(ENE
(p.He)+(H . He)

secondary - ps P

N EY= > nunovo (E)NP(r.E)
Mp>Mg
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The full transport equation(s)

Variation ] o ) E losses and gains

—~—Spatial transport: diffusion+convection e Catastrophic losses Source
dN/ 7= > - 5\ j 0 inrj oN/ - ~ j ’Tﬁ_“
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)

( d_E \l(halo)+HE‘L / d_E \(disc)+LE ™
dt fS}f[]C‘ IC \Er_fbrcm, >

](halo)+LE

Remarks

— 2" order differential equation (space and
energy) + time-derivative
— Linear equations: local sources or “DM”
source term can be dealt with separately
— Set of N coupled equations

_ (ﬁ‘?c)p_z
3 E

(disc)+LE (halo)+LE (disc)+LE
Dinel g EC—rad

MISMUTinel + 1/(YT°) + RISMUG attach

QMM (1 By~ /R x [ fonr (r)] 5

continuum

[ rimary (1,6(r=r5),E) |

local sources

secondary . ,d_ﬂ' p.He o ’

O (nE) = > m! —=NPHE(ENE
(p.He)+(H . He)

secondary - ps P

N EY= > nunovo (E)NP(r.E)
Mp>Mg
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The full transport equation(s)

Variation . P .
—_—— Spatial transport: diffusion+convection
dN/ Y= > - N
— (-V-(DE.HV))+ V- V(D)

(halo)+HE (disc)+LE N
(d_E\ [2E\
dt \ I [ e o cou] .

fS}f[]C‘ IC

ST halo)+LE
) [(V . Vc)p_zr alo)+
3 E )
1—‘(disc]+LE +1—{halo)+LE (disc)+LE

inel

p—rad EC—rad

MISMUTinel + 1/(YT°) + RISMUG attach

E losses and gains

——

9. . . _
N/ + _(bJN"I - DEE_) (rrad +rinc1) N/ =

OE

oMY (y E)~ ¢/R™ x [ fonr ()]

rimary
[ local Sﬂurces(r’é(r_rs}s E) ]

Qs_cz_:{mdary (F, E} _ nv' d_o-Np,He(Er)dEf
p.d.e*,y,v dE
(p.He)+(H . He)
secondary - ps P
N EY= > nunovo (E)NP(r.E)
Mp=Mmg

Catastrophic losses Source
ONJ _ Source
aE Q'!(ta E s F)

Remarks

— 2" order differential equation (space and
energy) + time-derivative
— Linear equations: local sources or “DM”
source term can be dealt with separately
— Set of N coupled equations

= . (%)
(p, He) i | 10g, | 10pB 9 Be "Be
+
kY - 1.7 - 1.9 1.9
Mg 2.3 2.7 2.5 3.0 3.1
2W0Ne 2.1 2.6 2.2 2.8 3.0
150) 20.3 20.0 23.0 21.7 22.7
15 7 3.2 5.5 1.1 4.2 2.9
14 N 5.1 5.0 5.6 5.5 5.7
Bo 1.2 1.2 1.2 2.9 1.9
2o 56.9 22.8 14.8 26.5 27.9
np - 30.6 16.1 15.6 9.5
1 Re - - - 1.6 1.2
R - - - 7.3 7.0
"Be - - - - 6.9
| Total [ 91.4% [ 921% [ 96.5% [ 93.0% [ 93.7% |
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The full transport equation(s)

Variation . P .

—_—— Spatial transport: diffusion+convection
dN/ Y= > - N
— (-V-(DE.HV))+ V- V(D)

(d_E\(h310)+HE4_/d_E\(diSC)+LE N

dt \ I [ e o cou] .

](halo)+LE

fS}f[]C‘ IC

_ (ﬁ‘?c)p_z
3 E

(disc)+LE

(disc)+LE (halo)+LE
L +1 EC-rad

inel p—rad

MISMUTinel + 1/(YT°) + RISMUG attach

E losses and gains

— Catastrophic losses Source
iv 9 (pini— e VN N Y
N +{§ b’N _DEEa_E (rrad +rine1) N =Q (f,E,F)

oMY (y E)~ ¢/R™ x [ fonr ()]

[

rimary

local saurccs(r’ o(r=rs), E) ]

Qs_cz_:{mdary (F, E} _ nv' d_o-Np,He(Er)dEf
p.d.e*,y,v dE
(p.He)+(H . He)
secondary - ps P
N EY= > nunovo (E)NP(r.E)
Mp=Mmg

-

—

Remarks

2" order differential equation (space and
energy) + time-derivative

— Linear equations: local sources or “DM”

source term can be dealt with separately
— Set of N coupled equations

o
56Fe
|
12C IZIC
IOBe IOBe
10B IOB
| _ |
4II{e 4II{e
o 3 s O O R S G B 'H
p.d p.d
e e
ROVAN o
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The full transport equation(s)

Variation

] o . E losses and gains

—~—Spatial transport: diffusion+convection e —  Catastrophic losses Source
dN/ 7= > - 5\ j 0 inrj oN/ - ~ j ’Tﬁ_“
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)

( d_E \l(halo)+HE‘L / d_E \(disc)+LE ™
dt fS}f[]C‘ IC \Er_fbrcm, >

[(ﬁ ‘:’") 2](hﬂ10)+LE
Ve

Remarks

— 2" order differential equation (space and
energy) + time-derivative
— Linear equations: local sources or “DM”
source term can be dealt with separately
— Set of N coupled equations

P
3 E

(disc)+LE (halo)+LE (disc)+LE
Dinel g YEC—rad

MISMUTinel + 1/(YT°) + RISMUG attach

4 _n
S6Fe

|
|
. . - . 12C 12C
rimary o jp-a (disc) 2
ngntinuum(r’E) = @R X [fSNR(r)] 'Be 0B
. IOB . IOB
rimary ..
[ local saurccs(r’ o(r—=rs).E) ] ! — ( |
‘He ‘He
lH lH

d p’d I_),(T
O = L | i GNP HEdE ¢ &
peer (p.Heyt(H.He) RAVARN )
secondary i ps p . . . . .
On (rE) = Z N(H.Hevo " (EYNT(r, E) — Solve iteratively (or diagonalise) for nuclei
Mp=>Mg
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The full transport equation(s)

Variation

] o . E losses and gains

—~—Spatial transport: diffusion+convection e —  Catastrophic losses Source
dN/ 7= > - 5\ j 0 inrj oN/ - ~ j ’Tﬁ_“
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( d_E \l(halo)+HE‘L / d_E \(disc)+LE ™
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[(ﬁ ‘:’") 2](hﬂ10)+LE
Ve

Remarks

— 2" order differential equation (space and
energy) + time-derivative
— Linear equations: local sources or “DM”
source term can be dealt with separately
— Set of N coupled equations

P
3 E

(disc)+LE (halo)+LE (disc)+LE
Dinel g YEC—rad

MISMUTinel + 1/(YT°) + RISMUG attach

4 _n
S6Fe

|
|
. . - . 12C 12C
rimary o jp-a (disc) 2
ngntinuum(r’E) = @R X [fSNR(r)] 'Be 0B
. IOB . IOB
rimary ..
[ local saurccs(r’ o(r—=rs).E) ] ! — ( |
‘He ‘He
lH lH

d p’d I_),(T
O = L | i GNP HEdE ¢ &
peer (p.Heyt(H.He) RAVARN )
secondary i ps p . . . . .
On (rE) = Z N(H.Hevo " (EYNT(r, E) — Solve iteratively (or diagonalise) for nuclei
Mp=>Mg

— Calculate p, €%, v, v from p, He afterwards

I11.2 All terms



Transport of cosmic rays (CR) in the Galaxy

III. Solving the transport equations: GCR phenomenology

3 (Semi-)Analytical, numerical, & MC solutions




Solving the transport equation

Variation E losses and gains

—~—Spatial transport: diffusion+convection e Catastrophic losses Source

oON/ 7= = NN j 0 inrj ON/ - N j ’T'ﬁ'_h‘

— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)
(Semi-)analytical Numerical Monte Carlo

III1.3 Techniques



Solving the transport equation

Variation . e . E losses and gains
m Sﬂ[_}anal transport: iﬁusmn+convect13n P e N Catastrophic losses Source
E * (_v(D(E,?)V})-{-VVE(?)) N7+ a_E(bJNJ_DEEa_E) Errad +rinc1_j NJ = Qj(f,E,F)
(Semi-)analytical Numerical Monte Carlo

Approach | Simplify the problem:
* keep dominant effects only

* simplify the geometry
- spherical/cylindrical/1D halo
- sources/gas in thin disc d(z)
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Solving the transport equation

Variation . e . E losses and gains
m Sﬂ[_}anal transport: iﬁusmn+convect13n P e N Catastrophic losses Source
E * (_v(D(E,?)V})-{-VVE(?)) N7+ a_E(bJNJ_DEEa_E) Errad +rinc1_j NJ = Qj(f,E,F)
(Semi-)analytical Numerical Monte Carlo

Approach | Simplify the problem:
* keep dominant effects only

* simplify the geometry
- spherical/cylindrical/1D halo
- sources/gas in thin disc d(z)

Tools * Green functions
LG(xx)=6(x—x")
LN(I):f(x} Npal't(x) — fG(I|x’)f(x’)d,

-
-

III1.3 Techniques



Solving the transport equation

E losses and gains

Variation . P .
—~—Spatial transport: diffusion+convection e —  Catastrophic losses Source
oON/ 7= = NN j 0 inrj ON/ - N j ’T'ﬁ'_h‘
-+ (-V(DE.HYV))+V-Ve(P) N *oF b’N ~Dee—p |+ (Trag + Tinet) N7 = Q (t.E.P)
(Semi-)analytical Numerical Monte Carlo

Approach | Simplify the problem:

* keep dominant effects only

* simplify the geometry
- spherical/cylindrical/1D halo
- sources/gas in thin disc d(z)

Tools  Green functions
* Fourier/Bessel expansion
» Differential equations

III1.3 Techniques



Solving the transport equation

Variation . e . E losses and gains
m Sﬂ[_}anal transport: i_ifl\_ﬁusmn+convect13n p o~ P Catastrophic losses Source
E * (_v(D(E,?)V})-{-VVE(?)) N7+ a_E(bJNJ_DEEa_E) Errad +rinc1_j NJ = Qj(f,E,F)
(Semi-)analytical Numerical Monte Carlo

Approach | Simplify the problem:
* keep dominant effects only

* simplify the geometry
- spherical/cylindrical/1D halo
- sources/gas in thin disc d(z)

Tools  Green functions
* Fourier/Bessel expansion
» Differential equations

* Useful to understand the physics
Pros and | ° Fast and no instabilities

cons * Only solve approximate model
* New solution for new problem

III1.3 Techniques



Solving the transport equation

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection e Catastrophic losses Source
6N‘! I —= J: — - N J a _f _,I aN‘! -~ - _f ’-Tﬁ-_h\
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)
(Semi-)analytical Numerical Monte Carlo
Approach | Simplify the problem: Finite difference scheme:
 keep dominant effects only » discretise the equation
 simplify the geometry * scheme (e.g., Crank-Nicholson)

- spherical/cylindrical/1D halo | e invert tridiagonal matrix
- sources/gas in thin disc d(z)

Tools  Green functions
* Fourier/Bessel expansion
» Differential equations

* Useful to understand the physics
Pros and | ° Fast and no instabilities

cons * Only solve approximate model
* New solution for new problem

III1.3 Techniques



Solving the transport equation

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection e Catastrophic losses Source
dN/ 7= > - 5\ j 0 inrj oN/ - ~ j ’Tﬁ_“
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)
(Semi-)analytical Numerical Monte Carlo
Approach | Simplify the problem: Finite difference scheme:

* keep dominant effects only

* simplify the geometry
- spherical/cylindrical/1D halo
- sources/gas in thin disc d(z)

Tools  Green functions
* Fourier/Bessel expansion
» Differential equations
 Useful to understand the physics
Pros and | ° Fast and no instabilities
cons

 Only solve approximate model
* New solution for new problem

» discretise the equation
* scheme (e.g., Crank-Nicholson)
* invert tridiagonal matrix

-

2

Ou = aa—u Implicit scheme Explicit scheme

ot dx?

AL A
n+1 uﬂ a e ~
o i o n mn mn n n
At 2(Ax)? ((”i-:rll — 2u* ) 4wy — 20 + H;-_1:')

N

Crank-Nicholson scheme

III1.3 Techniques



Solving the transport equation

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection e Catastrophic losses Source
6N‘! I —= J: — - N J a _f _,I aN‘! -~ - _f ’-Tﬁ-_h\
-+ (-V(DE.PV))+V V() N+ E b/N’ - Deg—r |+ (Traa +Tina) N = Q (t.E.P)
(Semi-)analytical Numerical Monte Carlo
Approach | Simplify the problem: Finite difference scheme:
 keep dominant effects only » discretise the equation
 simplify the geometry * scheme (e.g., Crank-Nicholson)
- spherical/cylindrical/1D halo | e invert tridiagonal matrix
- sources/gas in thin disc d(z)
Tools » Green functions * Numerical solvers
* Fourier/Bessel expansion * Numerical recipes (Press et al.)
» Differential equations * NAG libraries, GSL (free)

* Useful to understand the physics
Pros and | ° Fast and no instabilities

cons * Only solve approximate model
* New solution for new problem

III1.3 Techniques



Solving the transport equation

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection e Catastrophic losses Source
dN/ 7= > - 5\ j 0 inrj oN/ - ~ j ’Tﬁ_“
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)
(Semi-)analytical Numerical Monte Carlo
Approach | Simplify the problem: Finite difference scheme:
 keep dominant effects only » discretise the equation
 simplify the geometry * scheme (e.g., Crank-Nicholson)
- spherical/cylindrical/1D halo | e invert tridiagonal matrix
- sources/gas in thin disc d(z)
Tools » Green functions * Numerical solvers
* Fourier/Bessel expansion * Numerical recipes (Press et al.)
» Differential equations * NAG libraries, GSL (free)
 Useful to understand the physics | * Very simple algebra
Pros and | ° Fast and no instabilities e Any new input easily included
cons * Only solve approximate model | ¢ Slow, huge memory for high res.
» New solution for new problem | * Less insight in the physics

III1.3 Techniques



Solving the transport equation

Variation . e . E losses and gains
—_—— Spatial transport: diffusion+convection - Catastrophic losses Source
oN/ T3 S S 7 ) J in ON/ - NN ’T"“‘—‘“
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)
(Semi-)analytical Numerical Monte Carlo
Approach | Simplify the problem: Finite difference scheme: Follow each particle:
* keep dominant effects only * discretise the equation * N particles at t=0
* simplify the geometry * scheme (e.g., Crank-Nicholson) e evolve each of them to t+1
- spherical/cylindrical/1D halo | e invert tridiagonal matrix » draw random numbers for D
- sources/gas in thin disc 0(z) ID: Az = + V2DA¢
Tools * Green functions e Numerical solvers
* Fourier/Bessel expansion * Numerical recipes (Press et al.)
» Differential equations * NAG libraries, GSL (free)
 Useful to understand the physics | * Very simple algebra
Pros and | ° Fast and no instabilities e Any new input easily included
cons * Only solve approximate model | ¢ Slow, huge memory for high res.
* New solution for new problem | ¢ Less insight in the physics

III1.3 Techniques



Solving the transport equation

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection e Catastrophic losses Source
6N‘! I —= J: — - N J a _f _,I aN‘! -~ - _f ’-Tﬁ-_h\
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)
(Semi-)analytical Numerical Monte Carlo
Approach | Simplify the problem: Finite difference scheme: Follow each particle:
* keep dominant effects only * discretise the equation * N particles at t=0
* simplify the geometry * scheme (e.g., Crank-Nicholson) e evolve each of them to t+1
- spherical/cylindrical/1D halo | e invert tridiagonal matrix » draw random numbers for D
- sources/gas in thin disc 0(z) ID: Az = + V2DA¢
Tools  Green functions * Numerical solvers « Stochastic differential equations
* Fourier/Bessel expansion * Numerical recipes (Press et al.) | Markov process
» Differential equations * NAG libraries, GSL (free) * MPI
 Useful to understand the physics | * Very simple algebra
Pros and | ° Fast and no instabilities e Any new input easily included
cons * Only solve approximate model | * Slow, huge memory for high res.
» New solution for new problem | * Less insight in the physics

III1.3 Techniques



Solving the transport equation

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection e Catastrophic losses Source
dN/ 7= > - 5\ j 0 inrj oN/ - ~ j ’Tﬁ_“
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)
(Semi-)analytical Numerical Monte Carlo
Approach | Simplify the problem: Finite difference scheme: Follow each particle:

Tools

Pros and
cons

* keep dominant effects only

* simplify the geometry
- spherical/cylindrical/1D halo
- sources/gas in thin disc d(z)

 Green functions
* Fourier/Bessel expansion
» Differential equations

 Useful to understand the physics
* Fast and no instabilities

 Only solve approximate model
* New solution for new problem

» discretise the equation
* scheme (e.g., Crank-Nicholson)
* invert tridiagonal matrix

* Numerical solvers
* Numerical recipes (Press et al.)
* NAG libraries, GSL (free)

 Very simple algebra
e Any new input easily included

* Slow, huge memory for high res.
* Less insight in the physics

* N particles at t=0
e evolve each of them to t+1
e draw random numbers for D

1D : Az = £ V2DAt

« Stochastic differential equations
» Markov process
* MPI

« Statistical properties (along path)
* No grid (t step), (for/back)-ward

* Very slow, statistical errors
» Massively parallel problem

III1.3 Techniques



Solving the transport equation

Variation . e . E losses and gains
—~—Spatial transport: diffusion+convection . Catastrophic losses Source
dN/ 7= = - 5\ j 0 inrj JdN/ - ~ j "T'A‘_'"‘
— + (-V(DED)+Y Ve@®) N+ = (DN = Dep—— |+ Traa +Tine) N = Q(1E.7)
(Semi-)analytical Numerical Monte Carlo
Approach | Simplify the problem: Finite difference scheme: Follow each particle:

Tools

Pros and
cons

Codes
and/or
references

* keep dominant effects only

* simplify the geometry
- spherical/cylindrical/1D halo
- sources/gas in thin disc d(z)

 Green functions
* Fourier/Bessel expansion
» Differential equations

 Useful to understand the physics
* Fast and no instabilities

 Only solve approximate model
* New solution for new problem

» discretise the equation
* scheme (e.g., Crank-Nicholson)
* invert tridiagonal matrix

* Numerical solvers
* Numerical recipes (Press et al.)
* NAG libraries, GSL (free)

 Very simple algebra
e Any new input easily included

* Slow, huge memory for high res.

Semi-analytical

Analytical for spatial derivatives

Webber (1970+)
Ptuskin (1980+)
Schlickeiser (1990+)
USINE (2000+)

* Less insijht in the physics

Numerical for energy derivatives

GALPROP (Strong et al. 1998)
DRAGON (Evoli et al. 2008)
PICARD (Kissmann et al., 2013)

* N particles at t=0
e evolve each of them to t+1
e draw random numbers for D

1D : Az = £ V2DAt

« Stochastic differential equations
» Markov process
* MPI

« Statistical properties (along path)
* No grid (t step), (for/back)-ward

* Very slow, statistical errors
» Massively parallel problem

Webber & Rockstroh (1997)

Farahat et al. (2008)

Kopp, Biishing et al. (2012)
II1.3 Techniques



Transport of cosmic rays (CR) in the Galaxy

III. Solving the transport equations: GCR phenomenology

4. Stable species: degeneracy Do /L




Stable nuclei: simple 1D model

ON/ = = - . . JN/ ) ]
i+ (Y (DEDD)+ V- V@)N + 75 (bef ‘Dﬁﬂa—g) (Traa +Tine) NV = QU(1.E.7)
z
A
Diffusive Halo E
- l K(zE) ﬁ Vial(2)
2h i _________ e T e ——

Disk (standard sources + spallations)

I11.4 Stables and B/C



Stable nuclei: sitmple 1D model

N/ . . S . . J . .
/ Z+(-V- (DE V) + %)Nw M + y/d +Tine) N/ = Q/(1.E.7)
A ¥4

» Simplified 1D geometry (infinite plane) Diffusive Halo
» Neglect energy losses/gains L K(z,E) * Veal(2)
* D(E) i1sotropic, space-independent :
(E) p1C, Sp p . . A geae e — i

Disk (standard sources + spallations)

I11.4 Stables and B/C



Stable nuclei: sitmple 1D model

N/ . . S . . J . .
/ Z+(-V- (DE V) + %)Nw M + y/d +Tine) N/ = Q/(1.E.7)
A ¥4

» Simplified 1D geometry (infinite plane) Diffusive Halo
» Neglect energy losses/gains L K(z,E) * Veal(2)
* D(E) i1sotropic, space-independent :
(E) p p Y . N, I 2 ___________________________________ e — S .............

Disk (standard sources + spallations)
Solution for stable species

—DN" + nvo2hd(z) x N = 2hé(z) OQ(E)

* Solve in the halo

 Ensure condition N(z=L)=0
* Integrate around 0

fJFE Find solution N(0)

3

I11.4 Stables and B/C



Stable nuclei: sitmple 1D model

N/ . . S . . J . .
/ Z+(-V- (DE V) + %)Nw M + y/d +Tine) N/ = Q/(1.E.7)
A ¥4

» Simplified 1D geometry (infinite plane) Diffusive Halo
» Neglect energy losses/gains L K(z,E) * Veal(2)
* D(E) i1sotropic, space-independent :
(E) p1C, Sp p . . A geae e — i

Disk (standard sources + spallations)
Solution for stable species

—DN" + nvo2hd(z) x N = 2hé(z) OQ(E)

* Solve in the halo
 Ensure condition N(z=L)=0 N(0) = 2hQ(E)
* Integrate around 0 2D/L+ 2hnvo

I11.4 Stables and B/C



Stable nuclei: simple 1D model

— — = a :
V- (DEND)+V FAD)IN + == )+ y/d +Tine) N/ = Q/(1.E.P)
z
1:\
» Simplified 1D geometry (infinite plane) Diffusive Halo
» Neglect energy losses/gains L K(z,E) * Vial(2)
» D(E) isotropic, -ind dent
(E) 1sotropic, space-independen oh -t e —
Disk (standard sources + spallations)
Solution for stable species
—~DN" + nvo2hé(z) x N = 2hé(2) Q(E) Valid above ~10 GeV/n
1012 . i . .

{a)

* Solve in the halo

* Ensure condition N(z=L)=0 - n(() = 2h(E) <)3HH sohh

« Integrate around 0 2D/L+ 2hnvo 8 | lonization
% ‘IIJ‘n—,“ L:;-,\mﬁ" T‘é‘;";c
E 109k, . o Escape (V9. .

"§
Vi ﬁuul-amh

108 ,’. ’tﬁmel - . Escape (D)
7 et |
J s .
Yqﬂ:o‘ < 102 103 m“ '||:-5 10

Kinetic energy per nucleon, MeV

I11.4 Stables and B/C



 Simplified 1D geometry (infinite plane)
» Neglect energy losses/gains
* D(E) isotropic, space-independent

Solution for stable species

—DN" + nvo2hd(z) x N = 2hé(z) OQ(E)

* Solve in the halo

 Ensure condition N(z=L)=0 N(0) = 2hQ(E)
* Integrate around 0 2D/L+ 2hnvo
N'(0) R™™ 2D/L+2hnvo

oC X
N2(0) R~ 2D/L+2hnvo,

Diffusive Halo E
K(z,E) *

Disk (standard sources + spallations)

I11.4 Stables and B/C



Stable nuclei: ratio of primary species (LE) /"~ ™

ON/ . . S I J . .
2+ (= (DENV))+ V- Vo) N + M+% +Cine)N' = Q/(1,E. )
A ¥4

» Neglect energy losses/gains K(z,E)
* D(E) isotropic, space-independent

 Simplified 1D geometry (infinite plane) [ Diffusive Halo i *
L .
2h

Disk (standard sources + spallations)

Solution for stable species

—DN" + nvo2hd(z) x N = 2hé(z) OQ(E)

[ ] SOlVe in the halo ZhQ(E} g T IlllllchEI P:JI[.I[IIIIl T T ||||||| T TT |||||| T T TTTT || T TT ||||||
e Ensure condition N(Z:L):O N(U} — ;-g - % EEF&QM[ Putze et al., A&A* 626 (2011);A101 —
e Integrate around O 2D/L + 2hnvo 2 5 EE%?E?SEE min) i
o 5:0 A TRACER T F |
= by
N'(0) R . 2D/L +ﬁnm§ 7 spinstiheye R
oc 1\ | - i
N2(0) &« 2D/L +%nu0y B — ]
(o.=o) — - 1_} i, - 1 |
b ¢ —co i
¢ — Ne/O
- ' — Mg/O :
destroyed lt iS at 1OW energy vl | " ol L IIJI—ILI:fi Ll Illllll1 Ll ””“I|4 L1 |||||||5
10 | 10 107 10° E](?n {GBVJFI%?
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Stable nuclei: ratio of primary species (HE) /™ ™

d

o

+(-V (DE.AV))+ V VPN + — b N

 Simplified 1D geometry (infinite plane)
» Neglect energy losses/gains
* D(E) isotropic, space-independent

Solution for stable species

—DN" + nvo2hd(z) x N = 2hé(z) OQ(E)

* Solve in the halo

 Ensure condition N(z=L)=0 N(0) =
* Integrate around 0

2hO(E)
2D/L + 2hnvo

/
N (0) /R‘“\M + 2hnvers

N2(0) > \R—Cj/x 2P7L + 2hnvoy
S

p/H e flux ratio

Hint at ocp ;éOLHe?
(collective effects, acceleration in WR winds)

10

EEa_E) +%m +Tine) N/ = Q/(t,E,7)

Diffusive Halo
K(z,E)

Disk (standard sources + spallations)

Vladimiro et al., ApJ 752 (2012) 68

" emum= Calculation R =+ = + CalculationI -
= = = (Calculation P Calculation L -
we we (Ca lculation H

Diff -Reacc. M odel

O PAMELA
A ATIC-2

1 10

0O CREAM

10°
Rigidity p, GV

10°
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Stable nuclei: primary flux (HE)

V- (D(E.FV))+V V()N

 Simplified 1D geometry (infinite plane)
» Neglect energy losses/gains
* D(E) isotropic, space-independent

Solution for stable species
—DN" + nvo2hd(z) x N = 2hé(z) OQ(E)

* Solve in the halo

 Ensure condition N(z=L)=0 N(0) = 2hQ(E)
* Integrate around 0 2D/L+2hnvo
— -
— NP(U} o Q(E} \R 1ir/_ {a+§]~—2 3
D(E)y RO

Departure from a pure power law?
Concavity in the spectrum?

Diffusive Halo

K(z,E)

Disk (standard sources + spallations)

| Adrianietal, Science 332 (2011)69
% -
S tat
3
5 | y
e "
; o §
‘Ew’t j . “D .
T %
b 4 )| T
x -
=
('8
IMA X (1992) CAPRCE (1984)
JAEE(198) CAPRCE (19%8)

4  RUNJ QB (19951999)

f}:;‘fn»oqo

re BESS2002) o ATC-2 @00T) .
C FE A (2004-2006) ®  PAMELA
F 0 PAMELA systematic errorband
| [ | tlll 1 lIIIII 1 IlillllI 1 IIIIII-
1 10 10° 10° 10
E (GeV/in)
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Stable nuclei: secondary/primary (HE) g™

N/ . . S . . J . .
/ Z+(-V- (DE V) + %)Nw M + y/d +Tine) N/ = Q/(1.E.7)
A ¥4

» Simplified 1D geometry (infinite plane) Diffusive Halo
» Neglect energy losses/gains L K(z,E) * Veal(2)
* D(E) i1sotropic, space-independent :
(E) p p Y . N, I 2 ___________________________________ e — S .............

Disk (standard sources + spallations)
Solution for stable species

—DN" + nvo2hd(z) x N = 2hé(z) OQ(E)

* Solve in the halo
 Ensure condition N(z=L)=0 N(0) = 2hQ(E)
* Integrate around 0 2D/L+ 2hnvo

O (k) nuoP"NP(O)

— N*¢(0) =
D(E) 2D/L
: (0) L g
— m_
— NP Do

I11.4 Stables and B/C



+(-V- (DE.AHV))+V V()N + {f—E

 Simplified 1D geometry (infinite plane)
» Neglect energy losses/gains
* D(E) isotropic, space-independent

Solution for stable species

—DN" + nvo2hd(z) x N = 2hé(z) OQ(E)

* Solve in the halo
 Ensure condition N(z=L)=0 N(0) = 2hQ(E)
* Integrate around 0 2D/L+ 2hnvo

O (E) 1o NP(O)

— N%¢(0) =
D(E) 2D/L
N* L s

— Current data not at high energy
enough to determine 0

EEa_E) +/(/m +Tine) N/ = Q/(t,E,7)

Diffusive Halo i
K(z,E) : * Veal(2)

Disk (standard sources + spallations)

0.25

=
(5]
h
[TTTTTITT[TTT1

0.2

0.153%

0.1

0.05] Putze et al., A&A 516 (2010) A66 iy, |
" Putze et al., A&A 526 (2011) A101 e

ol

L L R M B B B T T T 1117 T T T T 1
Wi + IMPT-8

m Voyagerl&2

4 ACE 97-98

O ACE 01-03
AMS-01

® HEAO-3

3 Spacelab-2

¥ CREAM 04

0=0.3

|IIII|IIII|IIII|IIII|IIIII:

[

LITy
LT
T
HIRETan
__________________

10"

1 10 10” 1ftk/n (GeV/n)
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+(-V- (DE.AHV))+V V()N + {f—E

 Simplified 1D geometry (infinite plane)
» Neglect energy losses/gains
* D(E) isotropic, space-independent

Solution for stable species

—DN" + nvo2hd(z) x N = 2hé(z) OQ(E)

* Solve in the halo
 Ensure condition N(z=L)=0
* Integrate around 0

2hO(E)
2D/L + 2hnvo

N(0) =

O (E) 1o NP(O)

— N%¢(0) =
D(E) 2D/L
N* L s

— Current data not at high energy
enough to determine o

EEa_E) +/(/m +Tine) N/ = Q/(t,E,7)

¥4
A
Diffusive Halo :
L K(z,E) E * vgal(z)
2%h _._i ......... ? ................................... e — S _____________
Disk (standard sources + spallations)

035_’_— 777 L T T |||||| T T T |||||| T T -I_L_
- AR | MP7-8 —
- \ Interplay between : Voyagerl&2 ]
0.3 :— ,’. \‘ VC, \/a3 and D(E) A ACE 97-98 _:
- ! / O ACE0103 -
025l low energy dependence | & 3
C ' ® HEAD-3 ]
— 3 Spacelab-2 _
0.2— ¥ CREAM 04 ]
0.153 0=0.3
0.1 —
0~05E Putze et al., A&A 516 (2010) A66 :
L Putze et al., A&A 526 (2011) A101 Lt 7
07 | Ll Ll Lol N iasiasisie et

10"

1 10
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ON/ . . S I J . .
Z+ (V- (D(E, FWﬂ*%)f’*‘“+ M+% +Te) N/ = QI(LE.7)
A A

0.2

 Simplified 1D geometry (infinite plane) Diffusive Halo
» Neglect energy losses/gains L K(z,E) * Veal(2)
* D(E) i1sotropic, space-independent :
(E) p p Y . N, I 2 ___________________________________ e — S .............
Disk (standard sources + spallations)
Solution for stable species
~DN" + nvo2hé(z) x N = 2h6(z2) Q(E)
DM, Putze & Derome
* Solve in the halo A&A 516, 67(2010)
* Ensure condition N(z=L)=0 - n(() = 2hQ(E) N
* Integrate around 0 2D/L+ 2hnvo 60 —
sec Ps AP 40 .
N NSE‘:(D):Q (E}DCHU{T NF(0) -
D(E) 2D/L -
N¥ L 5 20 I
—(0) c —R™
— N P( ) Do /M

— Current data not at high energy

. — Nuclear uncertainties > B/C data uncertainties
enough to determine o
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Stable nuclei: secondary/primary and Do/L degeneracy

N/ . . S I J . .
P (- (D) + %)Nw M + y/d +Tine) N/ = Q/(1LE. )
A ¥4

» Simplified 1D geometry (infinite plane) Diffusive Halo
. * Veal(2)
. A

» Neglect energy losses/gains K(z,E)
* D(E) isotropic, space-independent

¢ ______ e ﬁéém ________________________ —

Disk (standard sources + spallations)

Solution for stable species

-EHI l
~DN" + nvo2hé(z) x N = 2h6(z2) Q(E) S DM et al., ApJ 555 (2001), 585
. i 5= 046
e Solve in the hglo o 2hO(E) .
* Ensure condition N(z=L)=0 - n(() = -
« Integrate around 0 2D/L + 2hnvo . -E
SEC PS NP 7 0.6
> NE(0) = Q**°(E) o o NP(0) B
D(E) 2D/L :
N o L _§ a =
— GO« ok : "
— Current data not at high energy ki
enough to determine o — Strong Do/L degeneracy

# Do and L (but same Do/L) gives same B/C
I11.4 Stables and B/C




Stable nuclei: secondary/primary and Do/L degeneracy

ON/ . . S I J . .
(-9 (D& WW%)N” M+% +Tina)NY = QU1 E.7)
A ¥

 Simplified 1D geometry (infinite plane) Diffusive Halo
» Neglect energy losses/gains L K(z,E) * Veal(2)
* D(E) i1sotropic, space-independent :
(E) p p Y . N, I 2 ___________________________________ e — S .............
Disk (standard sources + spallations)
Solution for stable species
—DN" + nvo2hé(z) X N = 2hé(2) Q(E) Leaky-Box equation and grammage
e Solve in the halo 2hO(E) N +nvoN* = nvoP* NP
* Ensure condition N(z=L)=0 - n(() = Tesc
« Integrate around 0 2D/L + 2hnvo N® .
— = o’ Tesc Tese = AdescMu
NP
sec Ps NP N? m
s NEE(0) = O>*“(E) o NP(0) lescl1 GV) = X —
D(E) 2D/L {; 10-24
N*® L _s Aeee(1 GV) = 0.3 X ——— ~ 30 g cm™2
—(0)x —R"™ ese e . 10-27 &
— Np( ) Do 20- 10
N.B.: correct answer ~ 10 g/cm’

— Current data not at high energy

enough to determine o — Strong Do/L degeneracy
# Do and L (but same Do/L) gives same B/C
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Transport of cosmic rays (CR) in the Galaxy

III. Solving the transport equations: GCR phenomenology

5. Radioactive species and local ISM




Secondary radioactive nuclei (LE) m

W+(_?'(D(E*F)v))+?'ﬁ‘m)N’J*{ﬁ(b‘lN"‘DEEa—E) (Trag + Tine) N = Q/(1,E.F)

I11.5 Radioactive nuclei



Secondary radioactive nucle1 (LE)

P (- (D) + %)

d

. _ J
N’+Mﬂnaﬂ+

%Nf = Q/(t,E,P)

ol ——
1 - 7 r.'__,-“_
101 f"r’” 124
i Tonization ~ _
Eﬂ 1010k, ,-"IJ:' ’ ‘ i
g . S og, " EC
o
g ool G- Escape (V9. . .
nu ,-J:::Z’"Eﬂummh L:“__-' .
1 o . -
/rj;*:;'tﬂ inel e ESCRPF{,.-E'D]
i SR . -
107 yi b ¢ QoY== mrp e 1|Tev
T i & L* -y
%107 10% 107 104 10% 10%

Kinctic energy per nucleon, MeV
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Secondary radioactive nucle1 (LE)

d

V- (D(E.F)V))+V YAD)N/ + -5 (N )+(rmd + )N/ = QI(t,E, )

Solution for radioactive species 1012 o - —
* Only decay and diffusion il AT
» Unbounded diffusion (not sensitive to L) 5
N’ —ApN"+ A°N" = 20 e
—D&F‘Nr + = Q(I"} = { D .*?: N .
vTo = 1/\Dyro e o B
IR R 7/ .E&C@pﬂ 9.
nﬂ o f E]uulﬂmh }
1 / ’t" inel .‘ + ESCHPE -(D]
;_, """ 1'Ge‘n'""""f """"" 1|TeV

19! = 10¢ 103 1-;-a 1|;|-5 1%

Kinetic energy per nucleon, MeV

I11.5 Radioactive nuclei



Secondary radioactive nucle1 (LE)

d

V- (D(E.F)V))+V YAD)N/ + -5 (N )+(rmd + )N/ = QI(t,E, )

Solution for radioactive species — - —
* Only decay and diffusion ol T
» Unbounded diffusion (not sensitive to L) 5 " .
DANT N Q(r) { e o= ng) g: 1010 -
—DApINT + = ¥ = | ’
Y7o =1/Dyro 3 7 o EC
B oSl .E&C@pﬂ 9. -2
« Green function: solution for O(r)=8(r) [G(r) = exp(=Ar)/(4nr) e
LG(xx") = 6(x—x) — only depends on the e _ "t“ inel T ESCE‘PE -(D]
LN(x) = f(x) {Nparr(x) _ fG(xlx’)f(x’)dx’ distance to the source 107 Vi ,I.,;_.« 'L' T 1 'GE"'?" me iy 1|TeV
19! 10¢ 103 1-;-a 1|;|-5 1%

Kinetic energy per nucleon, MeV
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Secondary radioactive nucle1 (LE)

d

V- (D(E.F)V))+V YAD)N/ + -5 (N )+(rmd + )N/ = QI(t,E, )

Solution for radioactive species — - —
* Only decay and diffusion ol a9
» Unbounded diffusion (not sensitive to L) 5 " )
paN'+ Y~ o) {_ﬂ N =T g .
—DApINT + = r = = :
¥ = 1/yDyro : e e B
LI SR 7 .E&C@pﬂ Q..
» Green function: solution for Q(r)=8(r) | G(r) = exp(—Ar)/(4nr) /7 Goulomb .
LGOx") = 6(x = x') — only depends on the e "t“ inel 1; & ESCE‘PE -(D]
LN(x)=f (1}{ art f 11| distance to the source 7 ,i oo m———- 1 ] e ity 1| TeV
NP(x)y= | G(x|xX) f(x")dx 100 yr .0
/ , 'in:n 10¢ 103 w‘ m-" 10%
N'(r) = derGﬂr . |)Q( r) deT'Q(T'};;;r Kinctic energy per nucleon, MeV
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Secondary radioactive nucle1 (LE)

Ny (g -\, @ A j o
. +(—?- (D(E,?)V))+%)NJ+M+@M +l}éh’f = Q/(t,E,P)

Solution for radioactive species

* Only decay and diffusion
» Unbounded diffusion (not sensitive to L)

N” ~AN"+ A2N" = 20
—DApN" + =0 = D
Y7o A1=1/+/Dytg

—Ar
N'(r) = f d3rG(|r—r’|)%: f Prow Lm

I11.5 Radioactive nuclei



Secondary radioactive nuclei (LE) m

i L - ! o
a“; +(-V- (D(E,?)?))+%)NJ+M + (Traa + ) NY = Q/(1E.T)

A
Solution for radioactive species T T
* Only decay and diffusion L [ K(z,E) * Veal(2)
» Unbounded diffusion (not sensitive to L) 2h 1 ......... e — T T—
r 2arr Q(F’ ) Disk (standard sources + spallations)
NT —AxN"+ A°N" =
—DAN'+ —=0() = D Froy p=rap
A1=1/+/Dyto Q'(2) = 2hé(Dmsmuo? "N (z)

—Ar
N'(r) = f d’rG(r- r|)% f d3rQ(r)

I11.5 Radioactive nuclei



Secondary radioactive nucle1 (LE)

N-! — - - . . ] J . .
0 : +(=V- (DE.HV))+ %)NJ+ M + (Thag +r}é N/ = Qi(t.E.7)

Solution for radioactive species

Diffusive Halo i
* Only decay and diffusion L [ K(z,E) * Veal(2)
» Unbounded diffusion (not sensitive to L) 2h i ......... e — T S—_—— :
r _ ﬂFNr + /12 Nr — Q(F’ ) Disk (standard sources + spallations)
—DAN" + =0 = D
" o e { 1 =1/+/Dyro Q'(2) = 2hé(Dmsmva?”"'NP(z)
—Ar
N'(r) = f &*rGr- r’|)% = f o —-
N.B.: ris the distance, and we now change to (r,z) variables Find solution N*(0)

d’r=4nr’dr = 2nrdrdz

I11.5 Radioactive nuclei



Secondary radioactive nucle1 (LE)

- b
r - A
A7

61\:’+(—ﬁ-(D(E,?’)ﬁ))+%)N;+;_E biNi

Solution for radioactive species

* Only decay and diffusion
» Unbounded diffusion (not sensitive to L)

N” AN+ PN =
=0 =
Y7o A1=1/+/Dyro

N'(r) = f d’rG(r- r|)% f d3rQ(r)

N.B.: r is the distance, and we now change to (v,z) variables

d’r=4nr’dr = 2nrdrdz

—D&?Nr +

)
D

J : .
EE_) +(Tag +Tp@) N = Q/(1,E,F)
OE
A
Diffusive Halo :
L [ K(zE) * Vgal(2)
2h 1 ......... Y P ———— —— ”

Disk (standard sources + spallations)

Q'(2) = 2hé(2)msmvo? " "NP(z)

—AVre2 00 —1r
N(U)—ff Q(Z} drdz—Q(U)f

Y7o

N(0) = hngsyueP=" NP(0) \j

— Direct measure of the diffusion coefficient
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Solution for radioactive species

* Only decay and diffusion

V- (D(E.FV))+V V(7))

» Unbounded diffusion (not sensitive to L)

—D&?Nr +

Nr
=0 = {
Y70

—AN"+ A*N" =

NI+ 2L pini
T 9E

Q)
D

A=1/+Dyto

N'(r) = f d’rG(r- r|)%

f Pror<

dnDr

—/lr

N.B.: r is the distance, and we now change to (v,z) variables

But data are scarce...
e No direct measurement of '°Be

* Only ~ one energy for '"Be/Be or '"Be/’Be (also *°Al, *°Cl, >*Mn)

Zh tp: S 1ipsc p 3. fricradh)
:I I T I | +
02— —
C ®
0.15- 4 °
© C — O
2 C
S o S — 1 .
m (—
0.05— AT —
C T gf P
= - @
C &
Ly | |
107 1 *

Ekn [GeV/n]

Ballooi( 1973/08)

Balloon( 1977/05)

Balloon( 1977/0%)

IMPT&ER(1972/09-1975/09)

IMPT&E{1974/01-1980/05)

ISEE3-HKH(1978/08-1979/08)
S2(1GTTO1-1991712)

Voyager | &2(19T7/01-1996/12)

Vovager | &2(1977/01-1998/12)

J

EE 5 )+(rrad +%N" = Q/(t,E,P)

A

Diffusive Halo :
L K(zE) * Vgal(2)

Disk (standard sources + spallations)

Q'(2) = 2hé(2)msmvo? " "NP(z)

—AVr+ 2 o0 —1r
N(O)—f f Q(z} drdz—Q(U)f
N”(0) = hnysaguo”=" NP(0) \j ALY

— Direct mea coetticient

— Indirect measure of L
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Solution for radioactive species

V- (D(E.FV))+V V(7))

* Only decay and diffusion
» Unbounded diffusion (not sensitive to L)

—D&?Nr +

Nr
=0 = {
Y70

—AN" +

A= 1/~y/Dyro

NI+ 2L pini
T 9E

+ A2N" =

d

Q)
D

N'(r) = f d’rG(r-

Q(r)

r I)—

f Pror<

—/lr

dnDr

N.B.: r is the distance, and we now change to (v,z) variables

But data are scarce...

* No direct measurement of '’Be
* Only ~ one energy for '"Be/Be or '"Be/’Be (also *°Al, *°Cl, >*Mn)

CRD, tp:ffips nZpd. fricrdb)
T I I T | +
02— —
C x
0.15 -4 °
© C — O
aa) __ PR _
g oap .
m —
= N 4%—1 kvl
0.05— —
C I % =
= - @
C &
Ly | |
10 1 .

Ekn [GeV/n]

Balloon| 1973/08)

Balloon{ 1977/05)

Balloon| 1977/09)

IMPT&R( 1972/09-1975/09)

IMPTER{1974/01-1980/05)

ISEE3-HEH(1978/08- 1979/08}
1-1591

Voyagerl &2(1977/01-1996/12)

Vovager | &2(1977/01-1998/12)

Diffusive Halo i
L K(zE) * Vgal(2)

Disk (standard sources + spallations)

Q'(2) = 2hé(2)msmvo? " "NP(z)

r2+" 00 —lr
N (0)—f f o (Z} ———drdz=0 (0)f
N”(0) = hnysaguo”=" NP(0) \j ALY

— Direct mea coetticient

— Indirect measure of L

L [kpc]

b S | B "“BelBe
— TANTAl
07 - ¥l

— "gefBe + ®alFal + ¥CiC)

1T

Putze et al., A&A 516
(2010) A66

092 14 16 38 20
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Secondary radioactive nuclei: the local ISM (LISM)

From how far away radioactive nuclei come?

Calculate d (1 GeV)

D= 0.05 kpc*/Myr x (E/1 GeV)*’
T ("'Be) ~ 1.5 Myr

I11.5 Radioactive nuclei



Secondary radioactive nuclei: the local ISM (LISM)

Radioactive species are sensitive to small scales (~ 300 pc)
— the local gas is not homogeneous on this scale!

& DaaEn
 LaaLACTe Pl

ﬁ_F_.FI'.'u-.-mi LT

L. T
i :L
3 i
1 Lian s
% N [~ L R
i .1 ....-....::-: ] __.--
3 i
| '@:‘ & Corona - T
N \ L Asldrahs
GHer Y
i i crulm i
| ] o ewl
lorw s L
sigrerluabhbe i
CIGH XIRe0 |
.'l
+ Sk parsecs (| A0 Egh vear) & {6} parsce § 1630 Bghi voars)
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Secondary radioactive nucle1: LISM and local bubble

Nal absorption measurements (5890 A): 1005 sight lines

Dense gas alon§0tohe galactic plane ... in the r%%ridian plane ... in the rotation plane
o o 300

GC

-300 300

-300 300

- ‘-‘3ooj g

Lallement et al., A&A 411, 447 (2003)

— 20 SN explosions during the past 10-20 Myr (age of the local bubble)
(local bubble linked to the formation of the Gould Belt 30-60 Myr ago?)

— 1 more SN about 1 Myr ago

(The SN could be as close as ~ 40 pc from SS: contribution to the Pliocene-Pleistocen extinction?)

Maiz-Apellaniz, ApJ 560, L83 (2001)
Berghofer & Breitschwerdt, A&A 390, 299 (2002)
Benitez, Maiz-Apellaniz & Canelles, Phys. Rev. Lett. 88, 081101 (2002)
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Secondary radioactive nuclei: toy model Fg®y

— — = a J . .
-V (DE D))+ V Vo) N + = /N Egﬁ—E) +(Traa + D) N' = Q/(1LE.F)
Z
A
Solution for radioactive species e
* Only decay and diffusion L [ K(z,E) * Veal(2)
» Unbounded diffusion (not sensitive to L) 2h i ......... e — T S—_—— :
Nr —ﬁFNr + /Ier — Q(?") Disk (standard sources + spallations)
—DApN' = D
e 7 { A=1 ,/Tm 0'(2) = 2hé(Dmsmpve? NP (2)

—AVre2 00 —1r
N(U)—ff Q(Z} drdz—Q(U)f

Y7o

N'(r) = f d’rG(r- r|)% f d3rQ(r)

N.B.: r is the distance, and we now change to (v,z) variables

N(0) = hngsyueP=" NP(0) \j

Extra parameter: size of the underdense region
— Hole in the thin disc Difusive halo
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Secondary radioactive nuclei: toy model

0
JE

Solution for radioactive species

* Only decay and diffusion
» Unbounded diffusion (not sensitive to L)

N” AN+ PN =
=0 =
Y7o A1=1/+/Dyro

N'(r) = f d’rG(r- r|)% f d3rQ(r)

N.B.: r is the distance, and we now change to (v,z) variables

—D&?Nr +

V- (DE.AV))+ V VPN + — b N

)
D

J : .
EE_) +(Tag +Tp@) N = Q/(1,E,F)
OE
A
Diffusive Halo :
L [ K(zE) * Vgal(2)
2h 1 ......... Y P ———— —— ”

Disk (standard sources + spallations)

Q'(2) = 2hé(2)msmvo? " "NP(z)

—AVre2 00 —1r
N(U)—ff Q(Z} drdz—Q(U)f

Y7o

N(0) = hngsyueP=" NP(0) \j

Extra parameter: size of the underdense region
— Hole in the thin disc

ll:

=5 ; Convective
Diffusive halo H

Donato et al, A&A 381 (2002) 539
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Secondary radioactive nuclei: toy model

— = — a : : :
-V (DE D))+ V Vo) N + = /N )+(rmd +T N’ = Q/(1.E.7)
z
A
Solution for radioactive species ST
* Only decay and diffusion L [ K(z,E) * Veal(2)
» Unbounded diffusion (not sensitive to L) 2h 1 ......... e — T T—
N r _ ﬁFNr /12 Nr Q(I" ) Disk (standard sources + spallations)
—DAN'+—=0() = D
‘ o) { 1= 1/\Dra 0'(2) = 2h6@msmur” NP )
Q( } —/h‘ —AVri4 2 00 ,=Ar
N'(r) = f d*rG(r-r |)— f Pror< yPrE N"(0) = f f 0 (2)~ drdz = Q7(0) f dr
N.B.: ris the distance, and we now change to (r,z) variables N'(0) = hngsnuoP=" NP(0) \j’y"n}
Extra parameter: size of the underdense region I ‘ : )
oocf L [kpe]| A, [kpe] . * L [kpc]|nwm
0055 . :EH' n:— ' COHStralntS v —::gg.r{ilae + *ANTAL+ SCiC)
Bel"Be + AT Al + *ClICI r E. 3 on L
{1 @ with/without ||*
tof- 1 underdense o3
s ::=. . region : 1
e B L 5000 'u-n-t'r.u;- 604 0.0 .66 94 ¢|120:4 a,ﬁjhﬁ!ls g \'- ]

Putze et al., A&A 516 (2010) A66 I11.5 Radioactive nuclei



Secondary radioactive nuclei: toy model

Nf — = - .0 L ] . .
0 : +(=V- (DE.HV))+ %)NJ+ M + (Thag +r),é N/ = Qi(t.E.7)
A

Solution for radioactive species T T |
* Only decay and diffusion L [ K(z,E) * Veal(2)
» Unbounded diffusion (not sensitive to L) 2h 1 ......... e — T S—_—— :
r _ ﬂFNr + /12 Nr — Q(F’ ) Disk (standard sources + spallations)
—DAN" + =0 = D
N =20 { 1= 1/yDyrg 0'(2) = 2h@Dmsmpr” NP (2)
—Ar S —AVri+ 2 o —Ar
N N o G I TP Nrngf 0 drdz = rgfe dr
N(r)_fdr(}ﬂr r|)D _fer(r)élfrDr (0) A _mQ(} D Q()Gzher
N.B.: ris the distance, and we now change to (r,z) variables N(0) = hngsyuoP=" NP(0) \j%
Extra parameter: size of the underdense region : :
K® : Convective
L | Diffusive halo & 1\; ..
o "'_"4 AAAAAAAAAAAAAAAAAAAAAAAAA {.» R
— CR data point towards rn~ 80 pc h T
— extra parameter rh: prevent lifting Do/L degeneracy Ny,

=)
= =CXp
Nrﬁ: K'}PT'I}

— D 1n the underdense region?
+ Bad fit Be/B data (nuclear uncertainties?)
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Transport of cosmic rays (CR) in the Galaxy

III. Solving the transport equations: GCR phenomenology

6. Leptons and local sources




Solution for primary electrons

aalij(—ﬁ-(D(E,?)ﬁ))+WNj+;—E(ijj—DE %E. +WN1’ = Q/(1.E.7)

Syrovatskii, Soviet Astronomy 3 (1959) 22

General THE DISTRIBUTION OF RELATIVISTIC ELECTRONS IN THE
time-dependent - ~ GALAXY AND THE SPECTRUM OF SYNCHROTRON RADIO EMISSION

solution The problem of the diffusion of particles is solved, taking into account
the regular changes of the particle energy during this process, The spatial dis-

' o‘ﬁrc'msstralklung

# e
k ..
s R e m——

E 10° 3
>
K
[
2 108 IC,Synchrotron
w
9
&
scape (D),

10’/ Coulomb

1 GeV 1{TeV
10° 1 . — .
yroﬁon 10! 102 107 10t 10° 108
Kinetic energy, MeV

II1.6 High energy e+



Solution for primary electrons

aalij(—ﬁ-(D(E,?)ﬁ))+WNj+;—E(ijj—DE %E. +WN1’ = Q/(1.E.7)

Syrovatskii, Soviet Astronomy 3 (1959) 22

General THE DISTRIBUTION OF RELATIVISTIC ELECTRONS IN THE
time-dependent < GALAXY AND THE SPECTRUM OF SYNCHROTRON RADIO EMISSION

solution The problem of the diffusion of particles is solved, taking into account
the regular changes of the particle energy during this process, The spatial dis-

\
But no data For the problem of diffusion in the galaxy and the determination of the electron spectrum we can restrict
to support ourselves to the investigation of the stationary conditions since there are no reasons for considering that the num=
. d d ber of relativistic electrons supplied by the sources is appreciably time-dependent, Therefore, we shall use the
lime- epen ent source function (11) for the stationary case,

behaviour

1010 '
~Bremsstrallu ng

=
@O
L

Times scales, year
%
19
-
0o
Z
3
e
-
b |
<
5
o
=
1

scape (D),

10’/ Coulomb

1 GeV 1{TeV
10° 1 . 1
yros;on 10! 102 107 10t 10° 108
Kinetic energy, MeV
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Solution for primary electrons

aalij(—ﬁ-(D(E,?)ﬁ))+WNj+;—E(ijj—DE %E. +WN1’ = Q/(1.E.7)

Syrovatskii, Soviet Astronomy 3 (1959) 22

General THE DISTRIBUTION OF RELATIVISTIC ELECTRONS IN THE
time-dependent < GALAXY AND THE SPECTRUM OF SYNCHROTRON RADIO EMISSION

solution The problem of the diffusion of particles is solved, taking into account
the regular changes of the particle energy during this process, The spatial dis-

But no data For the problem of diffusion in the galaxy and the determination of the electron spectrum we can restrict
to support ourselves to the investigation of the stationary conditions since there are no reasons for considering that the num=
. ber of relativistic electrons supplied by the sources is appreciably time-dependent, Therefore, we shall use the
tlme'dep endent source function (11) for the stationary case,

behaviour
Synchrotron: B ~ 6 uG
IC: negligible

Green function solution (Ansatz: Syrovatskii variable)
— similar variable used to solve propagation of UHECRs in the expanding Universe
Berezinsky & Gazizov, ApJ 643 (2006) 8
Alves Batista & Sigl (arXiv:1407.6150)
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Origin of high energy electrons

+(-V- (DE.AHV)) +

+

V- r:(?)

)Nf+

D= 0.05 kpc*’/Myr x (E/1 GeV)°’?

CRDE (htt

tp: S flpsc. ind2p3. fricrdbl

d

o

(bf'Nf' - D %E +(Cogg 2P) N = Q1. E.7)

Calculated (1 TeV)

T IIIIIII| T IIIIIII| T IIII|T|'| T IIIIIII| T IIIIIII| I TTT

max

Times scales, year

—
o
s
-
--%
%

“JIO

%
-

"
)

=
%

_r_,-" Coulomb

1 GeV

|
10!

1Ic|lE 1or 1.nq 1P ¥
Kinetic energy, MeW
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d

o

Origin of high energy electrons (@}

ot ~0.3 Myr
1C
. dmaX ~ (2Dt)1/2

—d ~1kpc

CRDE (htep://1lpsc.inZpi. fricrdb}
LA LN L 0 B O R ) I B R

|:‘-'_.
A

e+e” [GeVm’ssr]!x

— e e e
S = g
i ek

=
5

+(-V-(DEHD)+V m)wu—(mf-ag %E' + Ty PN/ = Q/(1E.7)

mlﬁ :
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High energy electrons: single source?

+(-V- (DE.HV))+ V- E(F’))Nhi(bwi-ag %E' +wa=Qf(r,E,F)

o

Origin of high energy electrons

° tICN 0.3 Myr
«d ~(2Dp"

Singe source
and cut-off in HE
spectrum

— very sensitive
toD

—d_~1kpc

Shen, ApJ 162 (1970) 181
PULSARS AND VERY HIGH-ENERGY COSMIC-RAY ELECTRONS

In the study of the propagation of cosmic-ray electrons, the use of a continuous source distribution
is not valid in the range of very high energies. The electron spectrum in that energy range depends on
the age and distance of a few local sources. It is shown that if the far-infrared back%ound discovered
recently exists in the Galaxy, the very high-energy electrons observed at Earth probably all come from
the source Vela X, and a cutoff energy at about 2 X 10® BeV is predicted. Implications on the propaga-
tion of cosmic rays in the Galaxy are discussed.
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High energy electrons: single source?

+(-V- (DE.HV))+ V- E(F’))Nhi(bwi-ag %E' +wa=Qf(r,E,F)

o

Origin of high energy electrons

° tICN 03 Myr
3 dmax ~ (2D'[)1/2

Singe source
and cut-off in HE
spectrum

— very sensitive
toD

Time-dependent
solution for
constant D

<

—d_~1kpc

Shen, ApJ 162 (1970) 181
PULSARS AND VERY HIGH-ENERGY COSMIC-RAY ELECTRONS

In the study of the propagation of cosmic-ray electrons, the use of a continuous source distribution
is not valid in the range of very high energies. The electron spectrum in that energy range depends on
the age and distance of a few local sources. It is shown that if the far-infrared back%ound discovered
recently exists in the Galaxy, the very high-energy electrons observed at Earth probably all come from
the source Vela X, and a cutoff energy at about 2 X 10® BeV is predicted. Implications on the propaga-
tion of cosmic rays in the Galaxy are discussed.

_ P K:{(OfE/(1 — bEY)] exp (—r:2/4Di) Q: = Ki()f:(E) at a distance 7;
NdE) = S, (xDOA(1 — EL)? dt

Ni(E) = Q:«(E).(4xDt;)*2(1 — bEt,;)*“Vex\p(—rf/élDt,-) for E < E; = (bt;)~!
=0 for E> E; = (bt;)™! [a = injection spectral index]
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High energy electrons: single source?

+(-V- (DE.HV))+ V- E(F’))Nhi(bwi-ag %E' +wa=Qf(r,E,F)

o

Origin of high energy electrons

° tICN 03 Myr
3 dmax ~ (2D'[)1/2

Singe source
and cut-off in HE
spectrum

— very sensitive
toD

Time-dependent
solution for
constant D

Procedure
(use of 50 pulsars)

<

—d_~1kpc

Shen, ApJ 162 (1970) 181
PULSARS AND VERY HIGH-ENERGY COSMIC-RAY ELECTRONS

In the study of the propagation of cosmic-ray electrons, the use of a continuous source distribution
is not valid in the range of very high energies. The electron spectrum in that energy range depends on
the age and distance of a few local sources. It is shown that if the far-infrared back%ound discovered
recently exists in the Galaxy, the very high-energy electrons observed at Earth probably all come from
the source Vela X, and a cutoff energy at about 2 X 10® BeV is predicted. Implications on the propaga-
tion of cosmic rays in the Galaxy are discussed.

_ P K:{(OfE/(1 — bEY)] exp (—r:2/4Di) Q: = Ki()f:(E) at a distance 7;
NdE) = S, (xDOA(1 — EL)? dt

Ni(E) = Q:«(E).(4xDt;)*2(1 — bEt,;)*“Vex\p(—rf/élDt,-) for E < E; = (bt;)~!
=0 for E> E; = (bt;)™! [a = injection spectral index]

— sources (@ r>1kpc: continuous space-time distribution
— sources @ r<lkpc I11.6 High energy e+



High energy electrons: single source?

aNj+(—ﬁ-(D(E,?)ﬁ))+ﬁ- c(?))N«’#i(b«"N-" -Dg %E. + Ty Pra) N/ = Q1.

OE
Origin of high energy electrons

Atoyan, Aharonian &Volk, PRD 52 (1995) 3265 — Apply procedur e of Shen (19 70).
Electrons and positrons in the galactic cosmic rays — More general solutions and analysis
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High energy electrons: single source?

AN/

ﬁ

+(-V- (DE.HV))+ V- c(f"))N”{f—E(b«"N«"—DE %E +WNIZQJ(LE,F)

Origin of high energy electrons

Atoyan, Aharonian &Volk, PRD 52 (1995) 3265 — Apply procedure of Shen (1970)
Electrons and positrons in the galactic cosmic rays — More general solutions and analysis
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E2(E) (GeVPm %7 'sr ")
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High energy electrons: single source?

N (5 (D) + - c(?))N«’#{f—E(W*"-DE %E. + Lo Pre) N = 0/1.E.)

Origin of high energy electrons

Atoyan, Aharonian &Volk, PRD 52 (1995) 3265 — Apply procedure of Shen (1970)
Electrons and positrons in the galactic cosmic rays — More general solutions and analysis

v f""‘l L —r r""'l L] I'_‘_FTTI T LLLRALL | T T |l|'l|l T
_ - 4 . . . _
1000 b3~ (2T Burstlike source { | Injection slope 0=2.2
3- t=1 10%r Diffusion slope 6=0.6
4 — t= 2 10%r

100 t= 4 10%r

p—y
o

E2(E) (GeVPm %7 'sr ")

i Adaid i s asagal a s asaal s il i aadey M
0.1/ 1 10 100 1000 10*
E (GeV)

Low energy e+ have not
reached yet the observer
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High energy electrons: single source?

N (5 (D) + - c(?))N«’#{f—E(W*"-DE %E. + Lo Pre) N = 0/1.E.)

Origin of high energy electrons

Atoyan, Aharonian &Volk, PRD 52 (1995) 3265 — Apply procedure of Shen (19 70).
Electrons and positrons in the galactic cosmic rays — More general solutions and analysis

v f""‘l L L] Pr""'l L] I'_‘_FTTI T LLLRALL | T T |l|'l|l T
_ - & . . . _
oo p 0T V229 Burstlike source | | Injection slope 0t=2.2
- = yr 3 . .
3- t=1 10%r Diffusion slope 6=0.6
4 — t= 2 10%r

100 t= 4 10%r

p—y
o

E2(E) (GeVPm %7 'sr ")

Adaid i s asagal PR EETrT s il i e | M
0.1/ 1 10 1p0 1000 10*

E (GgV)

Low energy e+ have not
reached yet the observer

Balance transport/E losses
give slope a+(3/2)0~3.1
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High energy electrons: single source?

AN/

ﬁ

+(-V- (DE.HV))+ V- c(f"))N”{f—E(b«"N«"—DE %E +WNIZQJ(LE,F)

Origin of high energy electrons

Atoyan, Aharonian &Volk, PRD 52 (1995) 3265 — Apply procedure of Shen (1970)
Electrons and positrons in the galactic cosmic rays — More general solutions and analysis
1000 ; i} ::2:1?3’ Burst-like source | | Injection slope 0=2.2
L 3 b= 1 10%r 1 { | Diffusion slope 8=0.6
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Low energy e+ have not
reached yet the observer

Cut-off from energy losses

Balance transport/E losses
give slope a+(3/2)0~3.1
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High energy electrons: single source?

d

o

+(-V- (DE.AV))+ V Y.())N +

Origin of high energy electrons

(be,f ~Dg '%E +([ogg Pa) N = Q/(1,E.7)

Atoyan, Aharonian &Volk, PRD 52 (1995) 3265
Electrons and positrons in the galactic cosmic rays

— Apply procedure of Shen (1970)
— More general solutions and analysis
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High energy electrons: single source?

ﬁ

+(-V- (DE.HV))+ V- E(m)Nui(m,ﬁ_DE %E' +WNIZQJ(LE,F)

OE
Origin of high energy electrons

Atoyan, Aharonian &Volk, PRD 52 (1995) 3265 — Apply procedure of Shen (1970)
Electrons and positrons in the galactic cosmic rays — More general solutions and analysis
1= =325 10y Burst-lik Injection slope 0=2.2 o o k=0 ]
1000 B o s 10tr urst-like source - ] Y : 10*| Continuous sources —_ _ *_g00 pc 3
v 3- t=110%r 1 : Diffusion slope 6=0.6 F Cim— rg= 1 kpe
T [ 4 - t=2 10%r 2 ~q000 L 0 e r,= 2 kpc
'T‘E 100 F 5 - t=4 10%r 5 E 's E = re= 4 kpc
= ' [
S 4 T 100
T 10k 4 3 :
o 2 -
¥ :
1 * / : slope ~a ~ 2.2
0.1/ “'“1 ‘ “““1.0 l l““1"0. l“11500. B 10 I
£ (cdv) slope ~ 0+ ~ 2.8
Low energy e+ have not , | : 3
reached yet the observer Cut-off from energy losses 0.1 10 100 1000 10*

E (GeV)

Balance transport/E losses
give slope a+(3/2)0~3.1

II1.6 High energy e+



High energy electrons: single source?

Origin of high energy electrons

+(-V- (DE.HV))+ V- c(f"))N”{f—E(b«"N«"—DE %E +WNIZQJ(LE,F)

Atoyan, Aharonian &Volk, PRD 52 (1995) 3265 — Apply procedure of Shen (1970)
Electrons and positrons in the galactic cosmic rays — More general solutions and analysis
o 'L‘""I =' . """""""l4 il | T "'”:l LR L | . . . T T T T T T :11:.:[ T T T
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T 3- t=110%r 1 : Diffusion slope 6=0.6 = 1= 1 kpe
Tw 4 - t= 2 105yr 2 O Y~ o
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3 4
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Balance transport/E losses

give slope 0:+(3/2)8~3.1 — Main difficulty is to get the

numbers (sources, diffusion) correct
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[Delahaye, Lavalle, Linercs, Donato & Fomengo (2090)
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Catalog of known nearby SNRs (and pulsars)

Delahaye et al., A&A 524 (2010) AS1

# SNR other name distance radio index  Brightness age Pulsar
G-long+at [kpe] ) [kyr]

[ 1895- 1.1 2201 028 40 T1775 £ 085 ?

2 653+57 09+0.1  0.58%007 52 26+ 1 -

3 657+12 DA 495 10£04  045+0.1 5 1675+325  unknown

4 690+27 CTB 80 20£0.1  020£010 60 =10 0+1  J1952+3252

5  740-85 Cygnus Loop 0.547019 044006  175+30 101 -

6 782+2.1 y Cygni L5£01  075£003 275+25 7+ 1 -

7 822+53 W63 23210 036008 105£10 201 %66 -

§  89.0+47 HB 21 L7£05  027£007 200£15 560028 -

9 937-02  CTB104A or DA 551 15£02 052012 42 +7 50+ 20 -

10 1143 +0.3 0.7 0494025 64+14 7.7 0. -

11 1165 +1.1 16 0164011 109+12  20+5  B2334+617

12 1169 +02 CTB 1 16 0334013 64+14 0+5  B2334+617

13 119.5+102 CTA 1 14:03 057006 425+25 10£5  J0010+7309

14 127.1+0.5 RS 1401  043+01  12+1 2545 -

15 1562 +57 08205 20711 4201 1051 BO450+55?

16 1609 +2.6 HB 9 0804 048003  ~75 5515  B0A58+46

17 180.0-17 s147 12404 075 74+12 60010  J0538+2817
Crab nebula

18 184.658 e 20£05 03 1,040 75 % B0521+31

19 189.1 +3.0 IC 443 15£01  036£004 16045 30 or 4 -

20 2030 +120 Monogem ring 02880633 86 1  BO656+14

21 2055+0.5 Monoceros Nebula 1632025  066+02 1561£199 291 -

2 2639-33 Vela(XYZ) 0295+0075  variable ~ 2000+700 112+01  B0833-45

23 266212 (RXJI0852.0:46220rVeladr 55, ¢ 35£08%7 J0855-4644 7
or SN1300

24 2765+190 Antlia 02+0.14 21000  B0950+08

25 315.1+27 17408 0.7 50+ 10 1142356

2% 3300 +150 Lupus Loop 124023 50410  BI1507-44 7

27 3473-05 SN393 1.+0.3 49 % -
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Electron flux from SNRs (<2 kpc)

Delahaye et al., A&A 524 (2010) AS1

: ey, Laelle, Linerw, Donstn & Pornnge GO —————————Psigfers, Lavglle. Liners, Dopato & Forpego (2010)
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Electron flux from SNRs (<2 kpc)
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Electron flux from SNRs (<2 kpc)

Delahaye et al., A&A 524 (2010) AS1

Delahaye, Lavalle, Lineros, Donato & Fornengo (2010)
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Full calculation for e+: distant+local contributions

oo

Qsacond ary
p.d.e,y.v

OP"™(R) = goR™"

Delahaye et al., A&A 524 (2010) A51

Delahaye, Lavalle, Lineros, Donato & Fornengo (2010)

--- distant P™®
-~ local SNRs
----local pulsars

(r,E) = Z fnu’j—;NP‘HE(E’}dE’ —

(p.He)+(H.He)

I T TTTTT I IIIIIII| T IIIIIII| I T 1rr7Ty

10 Lo b Coo il Lot Ll

e flux

* CAPRICE 94
O HEAT 94-95
+  AMSO0198

_____

1 10 10°

Exact flux difficult to predict because of uncertainties on
e Source position/age/spectrum
e Transport parameters (D value)
* Energy losses (B value/geometry)

10° 10
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« Standard » GCRs : summary and perspectives

Lecture II: processes, ingredients, characteristic times

— Different time scales for nuclei and leptons
» Diffusive escape at high energy (>10 GeV/n)

Nuclei « All effects compete @ GeV/n (convection, losses, reacceleration)

* E losses dominate at high energy (>10 GeV)

Lept
prons * E losses dominate below 100 MeV (ion and coulomb)

Lecture III: solving the transport equations and phenomenology

— Diffusion coefficient (microphysics) to effective models, GCR phenomenology
 secondary stable nuclei: slope 6 of the diffusion coefficient

» secondary radioactive nuclei: local value of Do (but sensitive to LISM)
 high energy electrons and positrons: sensitive to local source(s)

— Homogeneous 2-zone diffusion models successfully
explain most of the existing data up to the knee (~PeV)

Ongoing/future developments/improvements in the modelling
* Phenomenology: space-time granularity, spatial-dependence (D and V)
* Improvement on source description (radio/X/y-ray observations)
* Spectra (not power-law): time-dependent, source dependent
 In the source: secondary production, reacceleration
« Diffusion: use of D , D, anisotropic diffusion with more realistic B

— self-consistent description (MHD) of B, CRs, and gas
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