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)
» What is astroparticle physics and DM (Dark Matter) indirect detection
e 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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[. 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

5. Catastrophic losses

6. All together

II1. Solving the equations: GCR phenomenology
1. The full transport equation

2. Source terms: primary and secondary contributions
3. A matrix of transport equations

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

5. Stable species: degeneracy Ko /L

6. Radioactive species and local ISM

7. Leptons and local sources

GCRs-ILpdf



II. Processes, ingredients, characteristic times

1. Definitions

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

5. Catastrophic losses

6. All together



* “Energy” units

c=h=e=1
m, =511 keV
mp =0.938 GeV

Ex(=T)=E-m
_v_»p
_C_IE E

Y= =—

1—)82 m

I1.1 Definitions



e “Energy” units

E Expression Unit Natural for
Rigidity R = ? — % =rB [GV] Acceleration, diffusion
e

{

c=h=e=1
m, =511 keV
mp =0.938 GeV

Ei=T)=E-m
_v_pr
¢ | E g
y= ==
—p m
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e “Energy” units

E Expression Unit Natural for
Rigidity R = ? — % =rB [GV] Acceleration, diffusion
e
Total Energy E*= p2 +m? [GeV] Calorimeter

{

c=h=e=1
m, =511 keV
mp =0.938 GeV

Ei=T)=E-m
_v_pr
¢ | E g
y= ==
—p m
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e “Energy” units

E Expression Unit Natural for
Rigidity — % — % =rB [GV] Acceleration, diffusion
Total Energy E*= p'2 +m? [GeV] Calorimeter
Energy per nucleon | E,, = % [GeV/n] Production in CR showers

{

c=h=e=1
me. =511 keV
mp =0.938 GeV

Ei=T)=E-m
_v_p
¢ E g

y= =—

—p m
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e “Energy” units

Kinetic E per nucleon

E
Ein(=T) = f

[GeV/n]

E Expression Unit Natural for
Rigidity — % — % =rB [GV] Acceleration, diffusion
Total Energy E*= p'2 +m? [GeV] Calorimeter
Energy per nucleon | E,, = % [GeV/n] Production in CR showers

CR fragmentation on ISM

{

c=h=e=1
me. =511 keV
mp =0.938 GeV

Ei=T)=E-m
_v_p
¢ E g

y= =—

—p m
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* “Energy” units

E Expression Unit Natural for c=h=e=1
pe p me. =511 keV
Rigidity R = Z — Z =rB [GV] Acceleration, diffusion m, =0.938 GeV
Total Ener E*>=p*+m’ GeV Calorimeter
gy PE [GeV] E=T)=E-m

Energy per nucleon | E,, = 1 [GeV/n] Production in CR showers = g =1% i
= =—

Kinetic E per nucleon| Ey,(=T) = % [GeV/n] CR fragmentation on ISM 1-p2 m

* CR intensity

Intensity: I =#particlesm > s~ st

dl

_ : 2 —1 1 o1
Differential intensity: g ~ # particlesm™"s™ st &

v AN _4ndl
~d& " v dE

Differential density: (# particules m™> &™)
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e “Energy” units

E Expression Unit Natural for c=h=e=1
pe p me. =511 keV
Rigidity R = Z — Z =rB [GV] Acceleration, diffusion m, =0.938 GeV
Total Ener E*>=p*+m’ GeV Calorimeter
gy PE [GeV] E=T)=E-m

Energy per nucleon | E,, = 1 [GeV/n] Production in CR showers = g =1% i
= =—

Kinetic E per nucleon| Ey,(=T) = % [GeV/n] CR fragmentation on ISM 1-p2 m

* CR intensity

Intensity: I =#particlesm ™2 s~ ! sr!

dI

_ : 2 —1 .—1 o1
Differential intensity: g ~ #particlesm™"s™ st &

v AN _4ndl
~d& " v dE

Differential density: (# particules m™> &™)

* Warm up...
1. Suppose IS flux 1s dI/dR =1 R7: express dI/dR in terms of dI/dE
2. IfR  maximum rigidity of a CR source, at which E is there a cut-off in EAS?
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e “Energy” units

E Expression Unit Natural for
g _pc _p : P
Rigidity R = Z_ =—=nrB [GV] Acceleration, diffusion
e
Total Energy E*= p'2 +m? [GeV] Calorimeter
E
Energy per nucleon | E,, = 1 [GeV/n] Production in CR showers
Kinetic E per nucleon| Ey,(=T) = % [GeV/n] CR fragmentation on ISM
* CR intensity
[ = # particles m2s ! sr!

Intensity:
Differential intensity:

Differential density:

* Warm up...

dl
d&

=# particles m 2 s ' sr! &7

v AN _4ndl
~dS T v dE

(# particules m™> &)

1. Suppose IS flux is dI/dR =1 R™, express it in terms of dI/dE_ ?

2. IfR  maximum rigidity of a CR source, at which E is there a cut-off in EAS?

{

c=h=e=1
me. =511 keV
mp =0.938 GeV

EW=T)=E-m
v_p

_C_1E
’]/E
132

S |

dl A dl
dE;cfn - BZ dR
I1.1 Definitions




II. Processes, ingredients, characteristic times

1. Definitions

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

5. Catastrophic losses

6. All together



* Diffusion (or Heat) equation

aN(T*t) = o,
T V=0 9N(rt)

[Fick's law] Ja = —DﬁN(T:t) ot

[continuity]

—V.[DVN(r,t)] =0

I1.2 Diffusion



* Diffusion (or Heat) equation

[continuity]

aN(T.. t) —
— 2+ V.5;,=0
p T V.Jd

[Fick'slaw] | Ju= —DVN(r.t)

AN (r,t)

ot

—~V.[DVN(r,t)] =0

N.B.:

Comments

solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

I1.2 Diffusion



* Diffusion (or Heat) equation

OND) 9500

[continuity]

[Fick'slaw] | Ju= —DVN(r.t)

ON(r, 1)
ot

* 1D geometry, constant D

1. Write equation in 1D

2. Check that the solution is

N.B.: boundary conditions are

Vi

—~V.[DVN(r,t)] =0

Ny

N(z,t) = Wexp (

2

_c
4Dt

)

{N(tzﬂ,zzﬁ) = N,
N(t,z=+o00) =0

N.B.:

Comments

solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

I1.2 Diffusion



* Diffusion (or Heat) equation

- IN(r,t) = .
[continuity] +V.5,=0 @N(T, t) B B
~ —— 2 _V.[DVN(r,t)] =0

[Fick'slaw] | Jj; = —DVN(r.t) ot
* 1D geometry, constant D

1. Write equation in 1D ON(z.t) DBZN(Z, t) 0

ot dz2
N, 2
2. Check that the solution is N(z,t) = m exp (4—&)

N.B.: boundary conditions are {

N(t=0,2=0)= N,

N(t,z=+o00) =0

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(rw) e

— Do

e N(z)dw

3. Integration colncglex plan (residue)

N(w) = e "*N(z)dz

— o0

I1.2 Diffusion




* Diffusion (or Heat) equation

[continuity] ON(r,1) N v =0
[Fick'slaw] | J; = —DVN(r,1)

ON(r, 1)
ot

* 1D geometry, constant D

1. Write equation in 1D

2. Check that the solution is

N.B.: boundary conditions are {

ON(z.t) D('?EN(z,t) B

0.

Ot 0z2

—V.[DVN(r,t)] =0

No e
N(zt) = ———exp (=
(28 = Tapyi P (4Dt

)

N{t=0,2=0) = Ny
N(t,z=+o00) =0

e Mean distance

Calculate <z(t)> and <z’(t)>, using /

— D

e T 1 Ady = VAT

— D0

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(rw) e

— Do

e N(z)dw

3. Integration colncglex plan (residue)

N(w) = e "*N(z)dz

— o0
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* Diffusion (or Heat) equation

[continuity] ON(r,1) N v =0
[Fick'slaw] | J; = —DVN(r,1)

ON(r, 1)

—V.[DVN(r.t)] =
o V.[DVN(r,t)] =0

* 1D geometry, constant D

1. Write equation in 1D dIN(z.t) 0*N(z.t)
- D =0.
ot 0z>
. Ny —z*
2. Check that the solution is N(z,t) = W exp ( 1 Dt)

N.B.: boundary conditions are {

N{t=0,2=0) = Ny
N(t,z=+o00) =0

e Mean distance

Calculate <z(t)> and <z*(t)>, using /

% . _JFDE:zN(z,t)dz_
O = F NG

— D

e T 1 Ady = VAT

— D0

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(rw) e

— Do

e N(z)dw

3. Integration coincglex plan (residue)

N(w) = e "*N(z)dz

— o0

dys = V2Dt

" 22N (z,t)dz ) A" = \/2nDt

\d{%iﬁ = <32(t)> =—3

f_JrDE: N(z, t)dz

I1.2 Diffusion




* Diffusion (or Heat) equation

ON(r, 1)

[continuity]

+V.7.=0

[Fick's law] | J; = —D‘?N(T, t) ot

ON(r,t

* 1D geometry, constant D

) _v [DVN (r,1)]

1. Write equation in 1D ON(z.t) DazN(z?t) 9
ot azz
- - Jﬁ\T _ZE
2. Check that the solution is N(z,1t) m (ﬁ)

N.B.: boundary conditions are {

e Mean distance

Calculate <z(t)> and <z’(t)>, using /

— D0

( fjm zN(z, t)dz
(2(8)) = N0

ddlff - < E(t)> f-|-.x, j\( ,t)dz

— D

f+m Eﬁ(ztdz_

N{t=0,2=0) = Ny
N(t,z=+o00) =0

=0

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(w)

e N(z)dw

oo

3. Integration coLnEBleX plan (residue)

N(w) = e "*N(z)dz

— o0

ey = /Ax
dys = V2Dt
dn dim — QTIDt
Dt diff

N.B.: broadening of the distribution
to decrease density gradients
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* Diffusion (or Heat) equation

[continuity] M + ﬁ'_jd = @N(?‘ t)
[Fick's law] Ja = —DﬁN(T: t) ot

* 1D geometry, constant D

—~V.[DVN(r,t)] =0

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

1. Write equation in 1D dIN(z.t) D('?EN(:::, t)
at
- No
2. Check that the solution is N(z,t) = W exp (

N.B.: boundary conditions are {

* Diffusion in momentum space (reacceleration)

N{t=0,2=0) = Ny
N(t,z=+o00) =0

1. Fourier Transform e ~
N(z) = 1/(2n) x / e N (z)dw

2. Solve for ﬁ(rw) e

3. Integration coincglex plan (residue)

N(w) = f e "*N(z)dz

— o0

I1.2 Diffusion




* Diffusion (or Heat) equation

- IN(r,t) = .
[continuity] +V.5,=0 @N(T, t) B B
~ —— 2 _V.[DVN(r,t)] =0

[Fick'slaw] | Jj; = —DVN(r.t) ot
* 1D geometry, constant D

1. Write equation in 1D ON(z,t) D('?EN(:::, t) 0

at 9z2
N, 2
2. Check that the solution is N(z,t) = m exp (4—&)

N.B.: boundary conditions are N(t=0,2=0)=No
N(t, z = :i:(}(}) = D

* Diffusion in momentum space (reacceleration)

2
 Analog to spatial diffusion (+ drift): Dy = - <(AE) > <

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(rw) e

— Do

e N(z)dw

3. Integration coincglex plan (residue)

N(w) = e "*N(z)dz

— o0

2 A

daig = V2Dt

I1.2 Diffusion




* Diffusion (or Heat) equation

- IN(r,t) = .
[continuity] +V.5,=0 @N(T, t) B B
~ —— 2 _V.[DVN(r,t)] =0

[Fick'slaw] | Jj; = —DVN(r.t) ot
* 1D geometry, constant D

1. Write equation in 1D ON(z,t) D('?EN(:::, t) 0

at 9z2
N, 2
2. Check that the solution is N(z,t) = m exp (4—&)

N.B.: boundary conditions are N(t=0,2=0)=No
N(t, z = :i:(}(}) = D

* Diffusion in momentum space (reacceleration)

2
- Analog to spatial diffusion (+ drift): Dy = L <(AE) >

oN J JAY D) J diN
ot " OB (— <E>N) 9B (DEEa—E)

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(rw) e

— Do

e N(z)dw

3. Integration coincglex plan (residue)

N(w) = e "*N(z)dz

— o0

< dy; = V2Dt

I1.2 Diffusion




* Diffusion (or Heat) equation

.. ON(r;t) = .
[continuity] +V.5,=0 ON (?‘? f) ~ L
. —~ V.[DVN(r,t)] =0

[Fick's law] i =—DVN(rt) ot
* 1D geometry, constant D

1. Write equation in 1D ON(z,t) DSQN(Z, t) 0

at azz
T 2
2. Check that the solution is N(z,t) = m exp (4—&)
N(t=0,2=0)=N,

N.B.: boundary conditions are i
N(t,z=+o00) =0

* Diffusion in momentum space (reacceleration)

p
- Analog to spatial diffusion (+ drift): Dpp = L <('&E) >

N 2 AE\ [\ 0 ON
(‘ <E>‘“") T oE (DE%—E)

ot OE
- Natural mechanisms for reacceleration: Fermi 2™ order

* CR (v) collides with magnetic scatterer (V): AE =

2V veost
2

X

v

E

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence

Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for j{?’(w) e

— Do

e N(z)dw

3. Integration coLntglex plan (residue)

N(w) e "*N(z)dz

— o0

Plasma cloud

I1.2 Diffusion




* Diffusion (or Heat) equation

[continuity] —6‘1\-' (r,t) +V Ja=10 ON(r,t) =, =
. — V.[DVN(rt)] =
[Fick's law] i =—DVN(rt) ot

* 1D geometry, constant D

1. Write equation in 1D ON(z.t) DSQN(Z, t)

ot 022
. No e
N(z,t) = —(LhrDt)lfQ exp (ﬁ)

N.B.: boundary conditions are Ai(t =0,2=0) =N
ﬁV(t,Zf:: :ECXQ) = D

:D_

2. Check that the solution is

* Diffusion in momentum space (reacceleration)

p
- Analog to spatial diffusion (+ drift): Dpp = L <('&E) >

ON _ 0 ( JAEN (\, 0 ([, ON
ot ~ 9E \_ \ At +8E( EESE

- Natural mechanisms for reacceleration: Fermi 2™ order

2V vcost
* CR (v) collides with magnetic scatterer (V): AE = I:;OS +2 (

* More head-on (1+V) than tail-in (1-V) collisions (take limit v—c)

BB () on-(l)

E

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence

Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for j{?’(w) e

— Do

e N(z)dw

3. Integration coLn[Blex plan (residue)

N(w) = e "*N(z)dz

— o0

Fermi 2
B=V/c ~ 10"
AE/ E o< B*

Plasma cloud

I1.2 Diffusion



* Diffusion (or Heat) equation

eontimity] [ M0 G50 v -
) _ V. [DYN(r.1)] = 0
[Fick's law] i =—DVN(rt) ot

* 1D geometry, constant D

1. Write equation in 1D ON(z.t) DSQN(Z, t)

ot 022
. No e
N(z,t) = —(LhrDt)lfQ exp (ﬁ)

N.B.: boundary conditions are Ai(t =0,2=0) =Ny
ﬁV(t,Zf:: :ECXQ) = D

:D_

2. Check that the solution is

* Diffusion in momentum space (reacceleration)

2
- Analog to spatial diffusion (+ drift): Dy = = <(ﬂE) >

ON _ 0 ( JAEN (\, 0 ([, ON
ot ~ 9E \_ \ At +8E( EESE

- Natural mechanisms for reacceleration: Fermi 2™ order

2V vcost ’
* CR (v) collides with magnetic scatterer (V): AE = I:;OS +2 ( :

* More head-on (1+V) than tail-in (1-V) collisions (take limit v—c)

BB () on-(l)

E

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(w) e

— Do

e N(z)dw

3. Integration coLnDBleX plan (residue)

N(w) = e "*N(z)dz

— o0

Fermi 2
B=V/c ~ 10"
AE/ E < B*

Plasma cloud

Fermi 1
B=V/c ~10"
AE/E 3
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* Diffusion (or Heat) equation

[continuity] M + ﬁ'_jd =1 ON(r,1) ~ =
] oY G DVN (] =0
[Fick's law] Ja=—DVN(r,t) ot

* 1D geometry, constant D

1. Write equation in 1D dIN(z.t) 0*N(z.t)
D —
ot 0z>
No — 72
on | N(z.t) = —~0 —=
2. Check that the solution is (z,1) (@Dt exp (4Dt)

N.B.: boundary conditions are N(t=0,2=0)=No
N(t, z = :i:(}(}) = D

0.

* Diffusion in momentum space (reacceleration)

e : 1 /(AE)?
- Analog to spatial diffusion (+ drift): Dy = 3 <( A ) > < dyg = V2Dt

oN J JAY D) J diN
ot " OB (— <E>N) 9B (DEEa—E)

- Natural mechanisms for reacceleration: Fermi 2™ order

: : : 2V veost V\?
* CR (v) collides with magnetic scatterer (V): AE = i

2 v
* More head-on (1+V) than tail-in (1-V) collisions (take limit v—c)

(F)=(2) o= ()

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform e ~
N(z) = 1/(2n) x / e N (z)dw

2. Solve for ﬁ(rw) e

3. Integration colncglex plan (residue)

N(w) = f e "*N(z)dz

— o0

N.B.: In more details
* Fokker-Planck equation on isotropic part
of space phase density f(7,p,?)
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* Diffusion (or Heat) equation

[continuity] M + ﬁ'_jd = @N(?‘ t) ~ _
) T SUDVN(r )] =0
[Fick's law] Ja=—DVN(r,t) ot
* 1D geometry, constant D
1. Write equation in 1D ON(z.t) DSEN(Z, t) 0
at 9z2

No (=%
(4rDt)2 " \ 1Dt

N.B.: boundary conditions are N(t=0,2=0)=No
N(t, z = :i:(}(}) = D

2. Check that the solution is N(z,t) =

* Diffusion in momentum space (reacceleration)

2
- Analog to spatial diffusion (+ drift): Dy = L <(AE) >

< dy; = V2Dt

2
oN 15 AFE 15 oN
(‘ <E> N) T oE (DEEa—E)

ot OE
- Natural mechanisms for reacceleration: Fermi 2™ order
) ) ) 2V veost V2
* CR (v) collides with magnetic scatterer (V): AE = = +2 .

* More head-on (1+V) than tail-in (1-V) collisions (take limit v—c)

(F)=(2) o= ()

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence

Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(rw) e

— Do

e N(z)dw

3. Integration colncglex plan (residue)

N(w) = e "*N(z)dz

— o0

N.B.:

In more details
Fokker-Planck equation on isotropic part
of space phase density f(7,p,?)

Same scatterer, moving at the speed

Vi~ A/<B>2 /p=20kms~!

Space and momentum D related:
Dy Dy = pEVj/Q

[Thornbury & Drury, MNRAS 442 (2014) 3010]
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* Diffusion (or Heat) equation

[continuity] M + ﬁ'_jd =1 ON(r,1) ~ =
] oY G DVN (] =0
[Fick's law] Ja=—DVN(r,t) ot

* 1D geometry, constant D

1. Write equation in 1D dIN(z.t) 0*N(z.t)
D —
ot 0z>
No — 72
on | N(z.t) = —~0 —=
2. Check that the solution is (z,1) (@Dt exp (4Dt)

N.B.: boundary conditions are N(t=0,2=0)=No
N(t, z = :i:(}(}) = D

0.

* Diffusion in momentum space (reacceleration)

e : 1 /(AE)?
- Analog to spatial diffusion (+ drift): Dy = 3 <( A ) > < dyg = V2Dt

oN J JAY D) J diN
ot " OB (— <E>N) 9B (DEEa—E)

- Order of magnitude for Va

> <AE>~1 GeV
< AE >%*=2Dppt ~ _P_zf T _~50 Myr — Va~10 km/s
9DV Do = 0.05 kpe? Myr~!

1kms !t =10"%kpe Myr !

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform e ~
N(z) = 1/(2n) x / e N (z)dw

2. Solve for ﬁ(rw) e

3. Integration colncglex plan (residue)

N(w) = f e "*N(z)dz

— o0

N.B.: In more details
* Fokker-Planck equation on isotropic part
of space phase density f(7,p,?)

* Same scatterer, moving at the speed

Vi~ A/<B>2 /p=20kms~!

* Space and momentum D related:
Dy Dy = pEVj/Q
[Thornbury & Drury, MNRAS 442 (2014) 3010]
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* Diffusion (or Heat) equation

- IN(r,t) = .
[continuity] +V.5,=0 @N(T, t) B B
~ —— 2 _V.[DVN(r,t)] =0

[Fick'slaw] | Jj; = —DVN(r.t) ot
* 1D geometry, constant D

1. Write equation in 1D ON(z,t) D('?EN(:::, t) 0

at 9z2
N, 2
2. Check that the solution is N(z,t) = m exp (4—&)

N.B.: boundary conditions are N(t=0,2=0)=No
N(t, z = :i:(}(}) = D

* Diffusion in momentum space (reacceleration)

< dy; = V2Dt

2
- Analog to spatial diffusion (+ drift): Dy = L <(AE) >

oN J JAY D) J diN
ot " OB (— <E>N) 9B (DEEa—E)

- Order of magnitude for Va
> <AE>~1 GeV

2
DV, Dy =~ 0.05 kpe? Myr™!

Comments

N.B.: solution (behaviour) depends on

Dimensionality
Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(rw) e

— Do

e N(z)dw

3. Integration coincglex plan (residue)

N(w) = e "*N(z)dz

— o0

N.B.:

In more details

Fokker-Planck equation on isotropic part
of space phase density f(7,p,?)

Same scatterer, moving at the speed

Vaxy<B>2 fp=20kms

Space and momentum D related:
Dy Dy = pEVj/Q

[Thornbury & Drury, MNRAS 442 (2014) 3010]
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* Diffusion (or Heat) equation

- IN(r,t) = .
[continuity] +V.5,=0 @N(T, t) B B
~ —— 2 _V.[DVN(r,t)] =0

[Fick'slaw] | Jj; = —DVN(r.t) ot
* 1D geometry, constant D

1. Write equation in 1D ON(z,t) D('?EN(:::, t) 0

at 9z2
N, 2
2. Check that the solution is N(z,t) = m exp (4—&)

N.B.: boundary conditions are N(t=0,2=0)=No
N(t, z = :i:(}(}) = D

* Diffusion in momentum space (reacceleration)

< dy; = V2Dt

2
- Analog to spatial diffusion (+ drift): Dy = L <(AE) >

oN J JAY D) J diN
ot " OB (— <E>N) 9B (DEEa—E)

- Order of magnitude for Va
> <AE>~1 GeV

2
DV, Dy =~ 0.05 kpe? Myr™!

- Typical time for reacceleration

freac € 5—2 D

Comments

N.B.: solution (behaviour) depends on

Dimensionality
Geometry

D(r) spatial dependence
Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(rw) e

— Do

e N(z)dw

3. Integration coincglex plan (residue)

N(w) = e "*N(z)dz

— o0

N.B.:

In more details

Fokker-Planck equation on isotropic part
of space phase density f(7,p,?)

Same scatterer, moving at the speed

Vaxy<B>2 fp=20kms

Space and momentum D related:
Dy Dy = pEVj/Q

[Thornbury & Drury, MNRAS 442 (2014) 3010]
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* Diffusion (or Heat) equation

[continuity] M + ﬁ'_jd = @N(?‘ t) ~ _
) T SUDVN(r )] =0
[Fick's law] Ja=—DVN(r,t) ot
* 1D geometry, constant D
1. Write equation in 1D ON(z.t) DSEN(Z, t) 0
at 9z2

No (=%
(4rDt)2 " \ 1Dt

N.B.: boundary conditions are N(t=0,2=0)=No
N(t, z = :i:(}(}) = D

2. Check that the solution is N(z,t) =

* Diffusion in momentum space (reacceleration)

2
- Analog to spatial diffusion (+ drift): Dy = L <(AE) >

< dy; = V2Dt

2
oN 15 AFE 15 o
(‘ <E> N) T oE (DEEa—E)

ot oF

- Order of magnitude for Va <AE>~1 GeV

2

< AE >*=2Dgpt ~ gp—zr T, ~50 Myr — Va~10 km/s
9DV Do = 0.05 kpe? Myr !
- Typical time for reacceleration
-2
freac Dcﬁ D

Comments

N.B.: solution (behaviour) depends on
Dimensionality

Geometry

D(r) spatial dependence

Boundary conditions

1. Fourier Transform
N(z) = 1/(2n) x /

2. Solve for ﬁ(rw) e

— Do

e N(z)dw

3. Integration colncglex plan (residue)

N(w) = e "*N(z)dz

— o0

N.B.:

In more details
Fokker-Planck equation on isotropic part
of space phase density f(7,p,?)

Same scatterer, moving at the speed

Vi~ \J<B>2 /p=20kms!

Space and momentum D related:
Dy Dy = pEVj/Q

[Thornbury & Drury, MNRAS 442 (2014) 3010]

— Energy gain @ GeV/n
— Strength mediated by Va

I1.2 Diffusion




II. Processes, ingredients, characteristic times

1. Definitions

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

5. Catastrophic losses

6. All together



* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( ON(r.t) + ﬁjd =0

A ON
[Fick'slaw] § Jy = —DVN(r.t) v V.IDVN+ V.N] =0
[drift] | 7. =ViN(r.1)

I1.3 Convection



* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0

. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0
[drift] | = ViN(rt)

Comments

Dimensionality
Geometry
D(r) spatial dependence

.. solution (behaviour) depends on

V_spatial dependence and direction

Boundary conditions

I1.3 Convection



* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0

. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0
[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

- Competition D vs V

- N.B.

:DR)=BD, R°

Comments

Dimensionality
Geometry
D(r) spatial dependence

.. solution (behaviour) depends on

V_spatial dependence and direction

Boundary conditions

I1.3 Convection



* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0

. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0
[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

- Competition D vs V
—t andt ?

conv

-N.B.:D(R)=BD_ R°

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*

I1.3 Convection



* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0

. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0
[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

- Competition Dvs V. i~ 300( L )2( Do )_'( R )_6Myr

10 kpe/ \0.05 kpc®> Myr~!/ \1 GV
S L V -
-N.B.:D(R)=pBD R feoome = 103 < M
( ) B 0 conv 10 kpC 10 km S_l yr1

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*
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* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0
. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0

[drift]

\. i:ﬁN(T‘t)

* Characteristic time scales: diffusion vs convection

- Competition D vs V

-N.B.:D(R)=BD_ R°

tair =~ 300 (

R —d

D
0 ) Myr

L 2 I
10 kpc) (0.05 kpc? Myr—‘) (l GV

Ve

L -1
feony = 10° Myr
o (10 kPC)(lO km s_l) Y

t [Myr]
A
10° —— Report on log-log axes all the
10° characteristic times we obtain
10° —— .
2 Nuclei Leptons
107 —— (X2)
10 ——
1 || | | | 5 FEkn Ek
I [GeVin]  [GeV]
102 10" 1 10 10*° 10°

Comments

.. solution (behaviour) depends on

* Dimensionality

e Geometry

* D(r) spatial dependence

« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*

I1.3 Convection



* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0

. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0
[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

- Competition Dvs V. i~ 300( L )2( Do )_'( R )_6Myr

10 kpe/ \0.05 kpc®> Myr~!/ \1 GV
S L V -
-N.B.:D(R)=pBD R feoome = 103 < M
( ) B 0 conv 10 kpC 10 km S_l yr1

» Adiabatic losses (in expanding plasma)

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*

I1.3 Convection



* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0

. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0
[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

- Competition Dvs V. i~ 300( L )2( Do )_'( R )_6Myr

10 kpe/ 10.05 kpe® Myr~!/ \1GV
~1
-N.B..D(R)=BD R® ~103(—L Ye
R)=pD, feony = 10 (m kpc)(m kms_l) Myr
» Adiabatic losses (in expanding plasma)
V: volume Non-relativistic
N (# particles) =nV E=3/2kT
U (internal energy) = NE P=NkT/V

E (average energy/particle)

P=2/3 nE

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*
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* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0

. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0
[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

- Competition Dvs V. i~ 300( L )2( Do )_'( R )_6Myr

10 kpe/ 10.05 kpe® Myr~!/ \1GV
~1
-N.B..D(R)=BD R® ~103(—L Ye
R)=pD, feony = 10 (m kpc)(m kms_l) Myr
» Adiabatic losses (in expanding plasma)

V: volume Non-relativistic Relativistic
N (# particles) =nV E=3/2kT U=3NKkT
U (internal energy) = NE P=NkT/V P=1/3U

E (average energy/particle)

P=2/3 nE

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*
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* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0

. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0
[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

& Y Dy -1 p -0
- Competition D vs V faife = 300( ) ( > ) ( ) Myr
10 kpe/ 10.05 kpe” Myr~! 1GV
=
- N.B.: D(R) = B D 1{8 fconv = 10° = - Myr
0 10 kpe/\ 10 km s~

» Adiabatic losses (in expanding plasma)

V: volume Non-relativistic Relativistic
N (# particles) =nV E=3/2kT U=3NKkT
U (internal energy) = NE P=NkT/V P=1/3U

E (average energy/particle)

P=2/3 nE
Adiabatic: dU =-PdV (work done by gas) — NdE =-2/3 nE dV

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*
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* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0

. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0
[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

& Y Dy -1 p -0
- Competition D vs V faife = 300( ) ( > ) ( ) Myr
10 kpe/ 10.05 kpe” Myr~! 1GV
=
- N.B.: D(R) = B D 1{8 fconv = 10° = - Myr
0 10 kpe/\ 10 km s~

» Adiabatic losses (in expanding plasma)

V: volume Non-relativistic Relativistic
N (# particles) =nV E=3/2kT U=3NKkT
U (internal energy) = NE P=NkT/V P=1/3U
E (average energy/particle)
P=2/3 nE

Adiabatic: dU =-PdV (work done by gas) — NdE =-2/3 nE dV

dE. 2nEdV

dt ~ 3N dt

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*

I1.3 Convection



* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0
. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0

[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

- Competition D vs V

L\ D LR\
rdiﬁ=3oo( ) ( 0 _1) ( ) Myr
10 kpe/ 10.05 kpe™ Myr 1 GV

-N.B.:D(R)=BD_ R°

L 1% -
2‘-::omf = 103( )( - 1) MyI
10 kpe/\ 10 km s~

» Adiabatic losses (in expanding plasma)

V: volume Non-relativistic Relativistic
N (# particles) =nV E=3/2kT U=3NKkT
U (internal energy) = NE P=NkT/V P=1/3U
E (average energy/particle)
P=2/3 nE

Adiabatic: dU =-PdV (work done by gas) — NdE =-2/3 nE dV

dE. 2nEdV

dt ~ 3N dt

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*

1. Rate of expansion in velocity field v(r)
dV
— = (Ve — v, )dydz + - - -
S \odzx Oy Oz reyaz

I1.3 Convection



* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0
. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0

[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

- Competition D vs V

L\ D LR\
rdiﬁ=3oo( ) ( 0 _1) ( ) Myr
10 kpe/ 10.05 kpe™ Myr 1 GV

-N.B.:D(R)=BD_ R°

L 1% -
2‘-::omf = 103( )( - 1) MyI
10 kpe/\ 10 km s~

» Adiabatic losses (in expanding plasma)

V: volume Non-relativistic Relativistic
N (# particles) =nV E=3/2kT U=3NKkT
U (internal energy) = NE P=NkT/V P=1/3U
E (average energy/particle)
P=2/3 nE
Adiabatic: dU =-PdV (work done by gas) — NdE =-2/3 nE dV
dE. 2nEdV B ) |
v F=3(V ) E g (Va0)E

@ = (V7)) V

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*

1. Rate of expansion in velocity field v(r)
dV
— = (Ve — v, )dydz + - - -
S \odzx Oy Oz reyaz
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* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

( ON(r,t)

—

+V.5u=0

[continuity]

[Fick's law] § 7 = —DﬁN(T, t)

[drift] | = ViN(rt)

oON

ot

* Characteristic time scales: diffusion vs convection

V.[DVN +V.N] =0

- Competition D vs V L

Dy

R —d

tair =~ 300 (

2 I
10 kpc) (0.05 kpc? Myr—‘) (l GV

) Myr

-N.B.:D(R)=BD_ R°

L

feoome = 103
conv (10 kPC

Vv =1
v B
10 km s~

» Adiabatic losses (in expanding plasma)

Relativistic
U=3NKkT
P=1/3U

SROL

V: volume Non-relativistic
N (# particles) =nV E=3/2kT
U (internal energy) = NE P=NkT/V
E (average energy/particle)
P=2/3 nE
Adiabatic: dU =-PdV (work done by gas) — NdE =-2/3 nE dV
dE. 2nEdV B )
v 7 =3 (V- 70) E
= (v-am) v

Comments

.. solution (behaviour) depends on

* Dimensionality

e Geometry

* D(r) spatial dependence

« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*

1. Rate of expansion in velocity field v(r)

dV

— = (Ve — v, )dydz + - - -

e P 1 9% dadydz = (V- 5(F)) V
S \odzx Oy Oz reyaz

2. Application: spherical case, v(r) = v,
Use (V-7), = 1o(w)
3¢ "2 or
* Calculate E=f(1)

I1.3 Convection



* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0
. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0

[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

- Competition D vs V

L\ D LR\
rdiﬁ=3oo( ) ( 0 _1) ( ) Myr
10 kpe/ 10.05 kpe™ Myr 1 GV

-N.B.:D(R)=BD_ R°

L 1% -
2‘-::omf = 103( )( - 1) MyI
10 kpe/\ 10 km s~

» Adiabatic losses (in expanding plasma)

V: volume Non-relativistic Relativistic
N (# particles) =nV E=3/2kT U=3NKkT
U (internal energy) = NE P=NkT/V P=1/3U
E (average energy/particle)
P=2/3 nE
Adiabatic: dU =-PdV (work done by gas) — NdE =-2/3 nE dV
dE. 2nEdV B ) |
v F=3(V ) E g (Va0)E

@ = (V7)) V

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion

5~ 0.5

V.~ 10 km s1

Diffusion slope
Convection

1 kms!=10"%kpc Myr~*

1. Rate of expansion in velocity field v(r)
dV
F = (Ux-l-d:r: - Ur)dydz toe

~(Ov, | Ov,  Ou. (3.5 %
= (83: toet az)d:rdyd.z ( v(f))

2. Application: spherical case, v(r) = v,
= 1 d(r*v,)
« Use (V:-7),=—
r or ro\ /3
* Calculate E=f(1) E=FEy ( )

r
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* Advection/diffusion or drift/diffusion (or Smoluchowski equation)

[continuity] ( —BN(T‘, ! + f}.jd =0
. — = aN — — —
[Fick'slaw] § Jy = —DVN(r.t) o V.DVN+V.N|=0

[drift] | = ViN(rt)

* Characteristic time scales: diffusion vs convection

- Competition D vs V

L\ D LR\
rdiﬁ=3oo( ) ( 0 _1) ( ) Myr
10 kpe/ 10.05 kpe™ Myr 1 GV

-N.B.:D(R)=BD_ R°

L 1% -
2‘-::omf = 103( )( - 1) MyI
10 kpe/\ 10 km s~

» Adiabatic losses (in expanding plasma)

V: volume Non-relativistic Relativistic
N (# particles) =nV E=3/2kT U=3NKkT
U (internal energy) = NE P=NkT/V P=1/3U
E (average energy/particle)
P=2/3 nE
Adiabatic: dU =-PdV (work done by gas) — NdE =-2/3 nE dV
dE. 2nEdV B ) |
v F=3(V ) E g (Va0)E

@ = (V7)) V

Comments

N.B.: solution (behaviour) depends on
* Dimensionality
e Geometry
* D(r) spatial dependence
« V_spatial dependence and direction

* Boundary conditions

Numerical application (Galaxy)

L ~ 10 kpc Halo half-size
Dy ~ 0.05 kpe? Myr~!  Diffusion
d~0.5 Diffusion slope
V.~ 10 km s! Convection

1 kms!=10"%kpc Myr~*

1. Rate of expansion in velocity field v(r)
dV
— = (Ve — v, )dydz + - - -
S \odzx Oy Oz reyaz

2. Application: spherical case, v(r) = v,
- 1 d(r*v,)
« Use (V:-7),=—
r or o\ /3
* Calculate E=f(1) E=FEy ( )

T

— Solar modulation: CRs loose
energy in expanding Solar wind
I1.3 Convection




II. Processes, ingredients, characteristic times

1. Definitions

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

5. Catastrophic losses

6. All together



Synchrotron

radio
waves

Inverse Compton

Bremsstrahlung (or free-free)

Tonisation and Coulomb

. 7Plasm_a*( C 0L;lOI;;B3*;
7A_'t0mic Matter (joniSation) 11.4 E losses

0




Synchrotron )
» Power emitted || and H to B (polarised emission)

« If(E)°— (e 9@-1)/2
« V(P_)~2y (B/IuG) Hz ~ 300 MHz (for 100 MeV ¢) : B

electron

radio

) waves
¥

Inverse Compton

Bremsstrahlung (or free-free)

Tonisation and Coulomb

. 7Plasm_a*( C 0L;lOI;;B3*;
7A_'t0mic Matter (joniSation) 11.4 E losses

0




Synchrotron )
» Power emitted || and H to B (polarised emission)

. If(E)° — (SQ(p-l)/z C electron
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

Inverse Compton

Bremsstrahlung (or free-free)

Tonisation and Coulomb

. + -
~Z

. 7Plasm_a*( C OJLOIE’S')*;
7A_'t0mic ili&ttei"(ioni{fsation) 11.4 E losses




Ingredients

Synchrotron
» Power emitted || and H to B (polarised emission) B tracers . . _
s (-2 » Faraday rotation: free e (ionised regions)
- If(E) — (89 electron «  Synchrotron emission: CR ¢
. . . L 1: .
e V(P ~2v (B/1uG) Hz ~ 300 MHz (for 100 MeV e g e Zeeman splitting: lines (neutral regions)
( ma_x) Yz ( kG) _(,,, ) * Dust thermal emission, starlight polar.

radio

&Ii'i' waves

Inverse Compton

Bremsstrahlung (or free-free)

Tonisation and Coulomb

. 7PlaS}n_a*(C ou nﬁ"ﬁfj‘*—;
7A_'t0mic hiattei"(ioni{fsation) 11.4 E losses




Ingredients

Synchrotron
» Power emitted || and H to B (polarised emission) B tracers . . _
s (-2 » Faraday rotation: free e (ionised regions)
- If(E) — (89 electron «  Synchrotron emission: CR ¢
. . . L 1: .
e V(P ~2v (B/1uG) Hz ~ 300 MHz (for 100 MeV e g e Zeeman splitting: lines (neutral regions)
( ma_x) Yz ( kG) _(,,, ) * Dust thermal emission, starlight polar.

Uncertainties [2 G < Bsync <6 uG]j

*  Geometry (z dependence)
* Arm-interarm strenght
* Regular vs irregular component

radio

&Ii'i' waves

Inverse Compton

Bremsstrahlung (or free-free)

Tonisation and Coulomb

. 7PlaS}n_a*(C ou nﬁ"ﬁfj‘*—;
7A_'t0mic hiattei"(ioni{fsation) 11.4 E losses




Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

Inverse Compton

Bremsstrahlung (or free-free)

Tonisation and Coulomb

=5, n i

electron
®

radio

&Ii'i' waves

- - - ~2 o
Plasma(Coulomb)+x
. z - . +C .
Atomic matter (ionisation)
L T [o}

Ingredients

B tracers
» Faraday rotation: free e (ionised regions)
* Synchrotron emission: CR e
e Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 G < Bsync <6 uG]j

*  Geometry (z dependence)
* Arm-interarm strenght
* Regular vs irregular component

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

2

radio

;i'i' waves

Inverse Compton

Bremsstrahlung (or free-free)

Tonisation and Coulomb

. + -
~Z

- - Tk \""'-1: 0
Plasma(Coulomb)+x
. = - . .0 .
Atomic matter (ionisation)
L T [o}

Ingredients

B tracers
» Faraday rotation: free e (ionised regions)
* Synchrotron emission: CR e
e Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 G < Bsync <6 uG]j

*  Geometry (z dependence)
* Arm-interarm strenght
* Regular vs irregular component

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. If (E)-s N (gg(p-l)/z
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

Vo Sl i

dE 2 9 E V(B -1
—— xorBin ~ —

0t e TTILT fayne = 300 (1 GeV) (3 ,uG) Myt
Inverse Compton (2 regimes) Thomson Klein-Nishina

Bremsstrahlung (or free-free)

Tonisation and Coulomb

radio

;i'i' waves

. + -
~Z

- - Tk \""'-1: 0
Plasma(Coulomb)+x
. = - . .0 .
Atomic matter (ionisation)
L T [o}

Ingredients

B tracers
» Faraday rotation: free e (ionised regions)
* Synchrotron emission: CR e
e Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 G < Bsync <6 uG]j

*  Geometry (z dependence)
* Arm-interarm strenght
* Regular vs irregular component

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

Vo Sl i

dE 2 2 E -1 B -1
—— xorBin ~ —

0t e TTILT fayne = 300 (1 GeV) (3 ,uG) Myt
Inverse Compton (2 regimes) 7Thomson Klein-Nishina

« Scattered sylc [syo - 48Y0 7’1 ~4 eyo Y’
* Power: fold cross-section to density of photons
* Energy losses x 1y’ x In(Y)

Bremsstrahlung (or free-free)

Tonisation and Coulomb

. + -
~Z

- - Tk \""'-1: 0
Plasma(Coulomb)+x
. = - . .0 .
Atomic matter (ionisation)
L T [o}

Ingredients

B tracers
* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e
» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < Bsy]lc <6 uGj

*  Geometry (z dependence)
* Arm-interarm strenght
* Regular vs irregular component

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

dE 2 2 E -1 B -1
——  oxorBiy =
0t e TTILT fayne = 300 (1 GeV) (3 ,uG) Myt
Inverse Compton (2 regimes) 7Thomson Klein-Nishina
« Scattered eYIC [z—:y0 - 4.sy0 7’1 ~4 eyo Y’

* Power: fold cross-section to density of photons
* Energy losses x 1y’ « In(y)

Bremsstrahlung (or free-free)

Tonisation and Coulomb

Plasma A C oulomb‘j‘*-)-
Atomic matter (joniSation)

Ingredients

B tracers

* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e

» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < BsyIlc <6 uGj

*  Geometry (z dependence)
* Arm-interarm strenght
* Regular vs irregular component

Uncertainties [Porter et al., ApJ 682 (2008) 400]

1
Model Total STr'ong et al. 2000

';w*’/a\ \MV 4 \\/

frared

L]

(um eV cm® um)

107

S
-
£
2
I}
o
P
g
bl
=
(3

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

dE 2 3 E /B \"
——  xorBiy =
0t e TTILT fayne = 300 (1 GeV) (3 ,uG) Myt
Inverse Compton (2 regimes) 7Thomson Klein-Nishina
« Scattered eYIC [z—:y0 - 4.sy0 7’1 ~4 eyo Y’
* Power: fold cross-section to density of photons
* Energy losses x 1y’ « In(y)
dE E \! Uad |
2= U’ fic =300 ( ) ra i
dt rc & IV rady 1€ 1 GeV 03GeV m> Y

Bremsstrahlung (or free-free)

Tonisation and Coulomb

Plasma A C oulomb‘j‘*-)-
Atomic matter (joniSation)

Ingredients

B tracers

* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e

» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < BsyIlc <6 uGj

*  Geometry (z dependence)
* Arm-interarm strenght
* Regular vs irregular component

Uncertainties [Porter et al., ApJ 682 (2008) 400]

1
Model Total STr'ong et al. 2000

';w*’/a\ \MV 4 \\/

frared

L]

(um eV cm® um)

107

S
-
£
2
I}
o
P
g
bl
=
(3

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

408 M e o |

E \'(B \
) = Myr
1 GeV 3uG

fone 300

Klein-Nishina
_ 4 Syo ,YeZ

Inverse Compton (2 regimes) 7Thomson
« Scattered SYIC [SYO - 4870 7’1
* Power: fold cross-section to density of photons

o 'yz « In(y)
Urad -

E -1
) ( q) Myr
1 GeV 0.3GeV m™

* Energy losses
| &
dt rc

-
= JTDradr

fie = 300 (

Bremsstrahlung (or free-free)
* Loss in plasma or atomic hydrogen within a factor of two
* In the ISM: H (neutral and molecular) and He dominant

-s -s
* e~ E/2,and (E) " — (87)

Tonisation and Coulomb

.0
+ Tt
T

+
+

- - Tk - T
Plasma*(C oulomby+=
. = - . .0 .
Atomic matter (ionisation)

0

Ingredients

B tracers
* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e
» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < BsyIlc <6 uGj
*  Geometry (z dependence)

* Arm-interarm strenght
* Regular vs irregular component

Uncertainties [Porter et al., ApJ 682 (2008) 400]

1
Model Total Strong et al. 2000

' \ JMV/ CMB

(um eV cm® um)

frared

(Energy density)i u

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

408 M e o |

E \'(B \
) = Myr
1 GeV 3uG

fone 300

Klein-Nishina
_ 4 Syo ,YeZ

Inverse Compton (2 regimes) 7Thomson
« Scattered SYIC [SYO - 4870 7’1
* Power: fold cross-section to density of photons

o 'yz « In(y)
Urad -

E -1
) ( q) Myr
1 GeV 0.3GeV m™

* Energy losses
| &
dt rc

-
= JTDradr

fie = 300 (

Bremsstrahlung (or free-free)
* Loss in plasma or atomic hydrogen within a factor of two
* In the ISM: H (neutral and molecular) and He dominant

» & ~E/2,and (E)" — (e Y)‘S
| d&
dt brem

o oThnIsMY

Tonisation and Coulomb

.0
+ Tt
T

+
+

- - Tk - T
Plasma*(C oulomby+=
. = - . .0 .
Atomic matter (ionisation)

0

Ingredients

B tracers
* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e
» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < BsyIlc <6 uGj
*  Geometry (z dependence)

* Arm-interarm strenght
* Regular vs irregular component

Uncertainties [Porter et al., ApJ 682 (2008) 400]

1
Model Total Strong et al. 2000

' \ JMV/ CMB

(um eV cm® um)

frared

(Energy density)i u

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

408 M e o |

E \'(B \
) = Myr
1 GeV 3uG

fone 300

Klein-Nishina
_ 4 Syo ,YeZ

Inverse Compton (2 regimes) 7Thomson
« Scattered SYIC [SYO - 4870 7’1
* Power: fold cross-section to density of photons

o 'yz « In(y)
Urad -

E -1
) ( q) Myr
1 GeV 0.3GeV m™

* Energy losses
| &
dt rc

-
= JTDradr

fie = 300 (

Bremsstrahlung (or free-free)
* Loss in plasma or atomic hydrogen within a factor of two
* In the ISM: H (neutral and molecular) and He dominant

» & ~E/2,and (E)" — (e Y)‘S
| d&
dt brem

o oThnIsMY

Tonisation and Coulomb
* Jonisation: interaction in neutral matter
e Coulomb: scattering off free electrons

.0
+ Tt
T

+
+

- - Tk - T
Plasma*(C oulomby+=
. = - . .0 .
Atomic matter (ionisation)

0

Ingredients

B tracers
* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e
» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < BsyIlc <6 uGj
*  Geometry (z dependence)

* Arm-interarm strenght
* Regular vs irregular component

Uncertainties [Porter et al., ApJ 682 (2008) 400]

1
Model Total Strong et al. 2000

' \ JMV/ CMB

(um eV cm® um)

frared

(Energy density)i u

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

408 M e o |

E \'(B \
) = Myr
1 GeV 3uG

fone 300

Klein-Nishina
_ 4 Syo ,YeZ

Inverse Compton (2 regimes) 7Thomson
« Scattered SYIC [SYO - 4870 7’1
* Power: fold cross-section to density of photons

o 'yz  In(y)
Urad -

E -1
) ( q) Myr
1 GeV 0.3GeV m™

* Energy losses
| &
dt rc

-
= JTDradr

fie = 300 (

Bremsstrahlung (or free-free)
* Loss in plasma or atomic hydrogen within a factor of two
* In the ISM: H (neutral and molecular) and He dominant

» & ~E/2,and (E)" — (e Y)‘S
| d&
dt brem

o oThnIsMY

Tonisation and Coulomb
* Jonisation: interaction in neutral matter
e Coulomb: scattering off free electrons

ion
dE ISM

xoT nplasma

dt Conlomb

.0
+ Tt
T

+
+

- - Tk - T
Plasma*(C oulomby+=
. = - . .0 .
Atomic matter (ionisation)

0

Ingredients

B tracers
* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e
» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < BsyIlc <6 uGj
*  Geometry (z dependence)

* Arm-interarm strenght
* Regular vs irregular component

Uncertainties [Porter et al., ApJ 682 (2008) 400]

1
Model Total Strong et al. 2000

' \ JMV/ CMB

(um eV cm® um)

frared

(Energy density)i u

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

408 M e 5 .

dE

dt SyYnc

2 9
x ot By

~ 300 (
fsyne = 1 GeV/) \3uG

£ )_1( B )_1 Myr

Klein-Nishina
_ 4 Syo ,YeZ

Inverse Compton (2 regimes) 7Thomson
« Scattered SYIC [8v0 - 4870 7’1
* Power: fold cross-section to density of photons

* Energy losses x ’Yz « In(y)
dE ) E Y Uwa \'
——  oxopUpay”  fic =300 ( ) ——| M
dt 1o & O1Urad? IC 1 GeV (03 GeV m-3 yr

Bremsstrahlung (or free-free)
* Loss in plasma or atomic hydrogen within a factor of two
* In the ISM: H (neutral and molecular) and He dominant

» & ~E/2,and (E)" — (e Y)‘S
| d&
dt brem

oC OTNISMY

Tonisation and Coulomb
* Jonisation: interaction in neutral matter
e Coulomb: scattering off free electrons

ion
dE ISM
oT nplasma

dt conlomh .

electron

+
+

Plasma*(Coulomb‘j‘*-»
Atomic matter (joniSation) §

0

Ingredients

B tracers
* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e
» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < BsyIlc <6 uGj
*  Geometry (z dependence)

* Arm-interarm strenght
* Regular vs irregular component

Uncertainties [Porter et al., ApJ 682 (2008) 400]

1
Model Total STr'ong et al. 2000

g \M\Aﬁzn/ \/

frared

L]

(um eV cm® um)

(Energy density)i u

outer Galaxy

Perseus
rm

'~ ’
=< Norma &~
Arm

< S -,
= Scutum-
Crux Arm

Van Eck et al. ApJ 728 (2011) 97

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

408 M e 5 .

dE

dt SyYnc

2 9
x ot By

~ 300 (
fsyne = 1 GeV/) \3uG

£ )_1( B )_1 Myr

Klein-Nishina
_ 4 Syo ,YeZ

Inverse Compton (2 regimes) 7Thomson
« Scattered SYIC [8v0 - 4870 7’1
* Power: fold cross-section to density of photons

* Energy losses x ’Yz « In(y)
dE ) E \Y U \'
—— o< orUpey”  fic =300 ( ) ——| M
dt 1o & O1Urad? (& 1 GeV (03 GeV m-3 y1

Bremsstrahlung (or free-free)
* Loss in plasma or atomic hydrogen within a factor of two
* In the ISM: H (neutral and molecular) and He dominant

» & ~E/2,and (E)" — (e Y)‘S
| d&
dt brem

oC OTNISMY

Tonisation and Coulomb
* Jonisation: interaction in neutral matter
e Coulomb: scattering off free electrons

ion
dE ISM

oT nplasma

dt conlomh .

+
+

Plasma*(Coulomb‘j‘*-»
Atomic matter (joniSation) §

0

Ingredients

B tracers
* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e
» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < BsyIlc <6 uGj
*  Geometry (z dependence)

* Arm-interarm strenght
* Regular vs irregular component

Uncertainties [Porter et al., ApJ 682 (2008) 400]

1
Model Total STr'ong et al. 2000

Yy I \ffwvm/ N/

frared

L]

(um eV cm® um)

-
]

(Energy density)i u

Uncertainties [n__ ~1-2 cm™]

outer Galaxy

e Distribution of HI,

RS HII, H2, He...

* Geometry: radial
and z-dependence

e Arm-interarm
contrast

'~ ’
=< Norma &~
Arm

< S -,
= Scutum-
Crux Arm

Van Eck et al. ApJ 728 (2011) 97

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

408 M e 5 .

dE 92 9 E \v'/B \
——  xorBiy =
0t e TTILT fayne = 300 ( 1 GeV) (3 ,uG) Myt
Inverse Compton (2 regimes) 7Thomson Klein-Nishina
« Scattered eYIC [z—:y0 - 4.sy0 7’1 ~4 eyo Y’
* Power: fold cross-section to density of photons
* Energy losses x 7y’ « In(y)
dE R E ! Uaa )
Y otUn?? e =300 ( ) wd )M
dt ¢~ Tt e 1 1 GeV (0_3 GeV m—3) Y

Bremsstrahlung (or free-free)
* Loss in plasma or atomic hydrogen within a factor of two
* In the ISM: H (neutral and molecular) and He dominant

-g~mzmumfa@ﬁ
| d&
dt brem

nism
lecm™

-1
%) Myr

OC TTNISMY torem = 300 (

Tonisation and Coulomb
* Jonisation: interaction in neutral matter
e Coulomb: scattering off free electrons

dE 1011 E HISM _1
_Elelnmb X UT”{E;I;.EMH 1Dn = 300 (1 GeV)( lem™ %) Myr

Plasma*(Coulomb‘j‘*-»
Atomic matter (joniSation) §

Ingredients

B tracers
* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e
» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < BsyIlc <6 uGj
*  Geometry (z dependence)

* Arm-interarm strenght
* Regular vs irregular component

Uncertainties [Porter et al., ApJ 682 (2008) 400]

1
Model Total STr'ong et al. 2000

Yy I \ffwvm/ N/

frared

L]

(um eV cm® um)

-
]

(Energy density)i u

Uncertainties [n__ ~1-2 cm™]

outer Galaxy

e Distribution of HI,

RS HII, H2, He...

* Geometry: radial
and z-dependence

e Arm-interarm
contrast

'~ ’
=< Norma &~
Arm

< S -,
= Scutum-
Crux Arm

Van Eck et al. ApJ 728 (2011) 97

I1.4 E losses



Synchrotron )
» Power emitted || and H to B (polarised emission)

. I - ()"
« V(P )~2y (B/1uG) Hz ~ 300 MHz (for 100 MeV ¢)

408 M e 5 .

dE 92 9 E \v'/B \
——  xorBiy =
0t e TTILT fayne = 300 ( 1 GeV) (3 ,uG) Myt
Inverse Compton (2 regimes) 7Thomson Klein-Nishina
« Scattered eYIC [z—:y0 - 4.sy0 7’1 ~4 eyo Y’
* Power: fold cross-section to density of photons
* Energy losses x 7y’ « In(y)
dE S E ! U\
Y otUn?? e =~ 300 ( ) wd )M
dt rc > ITrad) 1€ 1 GeV (0.3 GeV m—3) ¥

Bremsstrahlung (or free-free)
* Loss in plasma or atomic hydrogen within a factor of two
* In the ISM: H (neutral and molecular) and He dominant

-g~mzmumfa@ﬁ
| d&
dt brem

~1
”ISM. ) Myr
lcm—3

X OTNISMY fbrem = 300 (

Tonisation and Coulomb
* Jonisation: interaction in neutral matter
e Coulomb: scattering off free electrons

dE 1011 E HISM _1
_Elelnmb X UT”{E;I;.EMH 1Dn = 300 (1 GeV)( lem™ %) Myr

Plasma*(Coulomb‘j‘*-»
Atomic matter (joniSation) §

Ingredients

B tracers
* Faraday rotation: free ¢ (ionised regions)
* Synchrotron emission: CR e
» Zeeman splitting: lines (neutral regions)
* Dust thermal emission, starlight polar.

Uncertainties [2 pG < BsyIlc <6 uGj
*  Geometry (z dependence)

* Arm-interarm strenght
* Regular vs irregular component

Uncertainties [Porter et al., ApJ 682 (2008) 400]

1
Model Total STr'ong et al. 2000

Yy I \ffwvm/ N/

frared

L]

(um eV cm® um'Y)
-
(-3

(Energy density)i u

Uncertainties [n__ ~1-2 cm™]

outer Galaxy

e Distribution of HI,

RS HII, H2, He...

* Geometry: radial
and z-dependence

e Arm-interarm
contrast

'~ ’
=< Norma &~
Arm

— Crucial for
Y-ray emissions

< S -,
= Scutum-
Crux Arm

Van Eck et al. ApJ 728 (2011) 97

I1.4 E losses



Synchrotron [disc + halo]

electron A
dE 2 2 E B,

-1 -1
T 08 l:rT‘QJ_ﬁ.": rsync =300 ( ) ( ) Myl’
Gt syne 1 GeV/ \3uG | Are the formulae the same
radio )
D waves for electrons and nuclei®
Inverse Compton [disc + CMB halo]
dE . E ! U -
— . ~2 N rad
0 mcc OTUrad? fic = 300 (1 GeV) (0.3 Gov m_3) Myr
Bremsstrahlung [disc]
dE nsm !
—— X OTNISMY o Y|
dt brem THISMY fbrem 300 (lcm_S) yr
Ionisation and Coulomb [disc]
dE on ISM E NISM -1 e ’* ;\\\'{\_, T
—— X OT Ny e fion = 300 ( )( ) Myr SN
dt Conlomh T plasma on 1 GeV/\lem—3 Y 7P1351n-a*(C0u+101;’53‘*-;

;&_‘tomic hia*ttei"(imli{fsatim;) | 114 E losses



Synchrotron [disc + halo]

electron

1 GeV

i E -1
—— O‘CJTBJ_’J’" fsync=300( ) (

radio

) waves
A\

Inverse Compton [disc + CMB halo]

dE E ! U -1
I U‘ 2 - rad
10 XU’ e ~300 (1 GeV) (0.3 = m_3) Myr
Bremsstrahlung [disc]
dE NISM -1
R— X OTTISM Y t = 300 ( ) M
dt brem THIsM brem lCIl’l_3 a
Ionisation and Coulomb [disc]
dE on ISM E NISM -1 e ’* ;\\‘,{\_ R
—— X OTN, s t:on = 300 ( )( ) Myr R
dt Coulomh ! plasma o 1 GeV/\lem™3 Y 7Plasm_a*(C OLILOIEB')‘“;

G oz . . .0 . I
Atomic matter (ionisation) |
L T [o}

e Changes in formulae
- Lepton X-section — nucleus X-section
or = 8mr? /3

r.oc €2/m,

/4.

Relate o to o
N T

I1.4 E losses



Synchrotron [disc + halo]
e Changes in formulae

lectr : -
clectron - Lepton X-section — nucleus X-section
LB B g =300 (£ )_] :
dt syne L syne = (l GeV or = 81'11”""1“:/':-%
radio r. o 62/ M,
;--' waves
VAR B
ON = —5 EJTEZQ*ID Tor
A ms

Inverse Compton [disc + CMB halo]

dE E ! U -1
I U‘ 2 - rad
10 XU’ e ~300 (1 GeV) (0.3 = m_3) Myr
Bremsstrahlung [disc]
dE NISM -1
R— X OTTISM Y t = 300 ( ) M
dt brem THIsM brem lCIl’l_3 a
Ionisation and Coulomb [disc]
dE on ISM E NISM -1 e ’* ;\\‘,{\_ R
—— X OTN, s t:on = 300 ( )( ) Myr R
dt Coulomh ! plasma o 1 GeV/\lem™3 Y 7Plasm_a*(C OLILOIEB')‘“;

;&_‘tomic hia*ttei"(imli{fsatim;) | 1.4 E losses



Synchrotron [disc + halo]

e Changes in formulae
electron

- Lepton X-section — nucleus X-section

or = 8mr? /3

dE E !B \"'
T O‘CJTBJQ_’J’:Q rSynczS{)ﬂ( ) ( J_) Myr

dt sync 1 GeV 3 JLIG
radio r. o 62/ M,
;--' waves
Ztm? _
ON = —5 EJTEZQ*ID Tor
A ms

9
€ p

dE

T2 L
— 7 1o X O1Urady f1c ~ 300 (

~5.-1074

E \! U -
) ( rad q) MY]'
1 GeV 0.3 GeV m™

-~

m’)ﬂ'-'.

N (e _ Ny _
Ye (E _ Ekfn} e

Bremsstrahlung [disc]

dE nism |~
— 5 X OTNISMY forem = 300 ( q) Myr
dt brem lem™
Ionisation and Coulomb [disc]
dE™ E nisM \ ! pEYeNe e,
TS X JTH{)Slggma fion = 300 ( )( q) Myr RN ‘
dt Coulomh 1 GeV/\lem™ Plasma*(C outomby+=

;&_‘tomic hia*ttei"(imli{fsatim;) | 1.4 E losses



Synchrotron [disc + halo]

E

foyne = 300 (

1 GeV

X

Inverse Compton [disc + CMB halo]

dE . E \! U -
— D ] 2 . rad
10 XU’ e ~300 (1 GeV) (0.3 = m_3) Myr
Bremsstrahlung [disc]
dE nism !
— aTn “y =
df brem & ortisMy fbrem 300 (lcm‘3) MY]'
Ionisation and Coulomb [disc]
dElon 1SML E HISM —1
_Elelnmb x JTnplasma rion - 300 (l GEV)( lcm_S) Myr

radio
waves

- - Tk ""‘-1: 0 |

Plasma*(Coulomb)+> §

. = - . .0 . I

Atomic matter (ionisation) §
L T [o}

e Changes in formulae
- Lepton X-section — nucleus X-section

or = 8mr? /3

r.oc €2/m,
Z4m?

= e m;JT ~ 7%. 10_?{7"[
Y p

ON

-At1 GeV, v # A

N (e _ Ny _
Ye (E _ Ekfn} _

g m’)ﬂ'-'.

rlrn’t’-:

~5.-1074

e Suppression factors in dE/dt
- all effects: Z* 10 7
- each time a y is in dE/dt: 5 10™

/4.

Which losses can be neglected?
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Synchrotron [disc + halo]
e Changes in formulae

: electron . .
—— o - Lepton X-section — nucleus X-section
L x orB2~? t > B 2
B e — ’I‘ 'l — Ll
dt sync i/ 1 Ge ot = &1 ﬁ/S
- radio r. o 62/ M,
&Ii'i' waves
Ztm? _
aN = __12 ;JTEZQ*IO ?JT
p, m-p

9
€ p

\
dE . 7\ = TV . N . —4
_EIC x JTDradr II i 'TF (E" — Ekfh) = —— ~ 5 . 10

/ 1 Ge

e Suppression factors in dE/dt
- all effects: Z* 10 7
- each time a y is in dE/dt: 5 10™

Bremsstrahlung [disc]

\

dE I
— 5 X OTNISMY
dt brem e

Ionisation and Coulomb [disc]

ion
dE ISM t =~ 300
& JTnplasma ion —

-1
3) Myr

o) (e

_Elelnmb 1 GeV lem™

7Plasm_a*( C 0L;lOI;;B3*;
7A_'t0mic hia*ttei"(ioni{fsation) 3 114 E losses




Synchrotron [disc + halo]

dE 5 o
R x o BT~ t
dt svne T i/

1 Ge

radio
waves

Inverse Compton [disc + CMB halo]

dE - 2\
—— X orUaay fe =

1 Ge

Bremsstrahlung [disc]

\

dE .
— X OTNISMY
dt brem e

Ionisation and Coulomb [disc]

ion
dE ISM

X OT nplasma

dt conlomb

fion =~ 300 (

E

1 GeV

-
nISM
Myr
)(lcm‘3) y

Plasma C 0L;lOI;;B3*;

G oz . . .0 . I
Atomic matter (ionisation) |
L T [o}

e Changes in formulae
- Lepton X-section — nucleus X-section
or = 8mr? /3
r.oc €2/m,
Z4m?

o — 4-2 m(E_G'T o~ 22 . IO_TUT
Y p

-At1 GeV, v # A

N (e _ Ny _
Ye (E N Ekfn} N

g m’)ﬂ'-'.

rlrn’t’-:

~5.-1074

e Suppression factors in dE/dt
- all effects: Z* 10 7
- each time a y is in dE/dt: 5 10™

/4.

. | Why do we keep ionisation and Coulomb?
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Synchrotron [disc + halo]
e Changes in formulae

- Lepton X-section — nucleus X-section

dE 22
——  xorBiA t — Q712
dt svne i/ 1 Ge ar = 8?[—? ﬁ/S
radio Tt’-f fs's Ez/m-(.:
waves
Ztm? N
ON = 5 50T ~ 7% 10" "oy
A mg

9
€ p

\
dE . 7\ = TV . N . —4
_EIC x JTDradr II i 'TF (E" — Ekfh) = —— ~ 5 . 10

/ 1 Ge

e Suppression factors in dE/dt
- all effects: Z* 10 7
- each time a y is in dE/dt: 5 10™

Bremsstrahlung [disc]

\

dE .
— 5 X OTNISMY
dt brem e

— Coulomb/ion amplitude redeemed
[non-relativistic nucleus vs relativisic
leptons for same kinetic energy]

Ionisation and Coulomb [disc]

N.B.: ionisation and heating of the ISM!

dElon IS0 E HISM -1
_Elelnmb X JTnplasma 'ric-n =300 (1 GeV)( ICI'I]_S) MYT

7Plasm_a*( C 0L;lOI;;B3*;
7A_'t0mic hia*ttei"(ioni{fsation) 3 114 E losses




II. Processes, ingredients, characteristic times

1. Definitions

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

5. Catastrophic losses

6. All together



Tinel = Ttot — Tel

Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)
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Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

Tinel = Ttot — Tel

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
* Bradt & Peters (1950) >0 o A¥
e Letaw et al. (1970-2000) inel
« Tripathi et al. (1998-2003) AG/G ~2-5%
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Tinel = Ttot — Tel

Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

— Interaction rate [';,., =nvo

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
* Bradt & Peters (1950) >0 o A¥
e Letaw et al. (1970-2000) inel
* Tripathi e al. (1998-2003) AG/G ~2-5%
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Tinel = Ttot — Tel

Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

— Interaction rate [';,., =nvo

/4.

Destruction time for p and Fe (in Myr) ?

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
* Bradt & Peters (1950) >0 o A¥
e Letaw et al. (1970-2000) inel
« Tripathi et al. (1998-2003) AG/G ~2-5%

Ginel(p, C, Fe) ~ 40, 250, 750 mb
nrsar =1 cm ™3 Disc density
c~3-10% em 57! Speed of light

Imb =102 em? 1s~3-10"1 Myr
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Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

— Interaction rate [';,., =nvo

| ]
HISM Tinel

fiog =103 ( ) M

inel (lC _3) 1 mb yr

Tinel = Ttot — Tel

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
* Bradt & Peters (1950) >0 o A¥
e Letaw et al. (1970-2000) inel
« Tripathi et al. (1998-2003) AG/G ~2-5%

Ginel(p, C, Fe) ~ 40, 250, 750 mb
nrsar =1 cm ™3 Disc density
c~3-10% em 57! Speed of light

Imb =102 em? 1s~3-10"1 Myr
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Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

— Interaction rate [';,., =nvo

| ]
HISM Tinel

fiog =103 ( ) M

inel (lC _3) 1 mb yr

Spontaneous P decay

Tinel = Ttot — Tel

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
* Bradt & Peters (1950) >0 o A¥
e Letaw et al. (1970-2000) inel
« Tripathi et al. (1998-2003) AG/G ~2-5%

Ginel(p, C, Fe) ~ 40, 250, 750 mb
nrsar =1 cm ™3 Disc density
c~3-10% em 57! Speed of light

Imb =102 em? 1s~3-10"1 Myr
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Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

— Interaction rate [';,., =nvo

-
finelzlo?.( ”ISMQ.) (U-mel) Myl'

lcm™ 1 mb

Spontaneous P decay

e Mean lifetime t
. Half-lifet }tlf? =7In(2)

Tinel = Ttot — Tel

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
* Bradt & Peters (1950) >0 o A¥
e Letaw et al. (1970-2000) inel
« Tripathi et al. (1998-2003) AG/G ~2-5%

Ginel(p, C, Fe) ~ 40, 250, 750 mb
nrsar =1 cm ™3 Disc density
c~3-10% em 57! Speed of light

Imb =102 em? 1s~3-10"1 Myr
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Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

— Interaction rate [';,., =nvo

| ]
HISM Tinel
fiog =103 ( ) M
inel (lC _3) 1 mb yr

Tinel = Ttot — Tel

Spontaneous P decay

e Mean lifetime t
. Half-lifet }flfi} =7In(2)

In(2
— Decayrate [',,, = M
Y2
12
tg =~ Ep/ | ————— | Myr
P jf*‘”’(l.snvlyr) Y

Comments/accuracy

- Destruction — “source” for fragments
- Semi-empirical models fit on data

* Bradt & Peters (1950) 50 o A¥
« Letaw et al. (1970-2000) inel
«  Tripathi ez al. (1998-2003) AG/G ~2-5%

Ginel(p, C, Fe) ~ 40, 250, 750 mb
3 Disc density
Speed of light

1s=~3-10"" Myr

nrgar = 1 em™
c~3-10" ¢m g1
1mb = 10727 cm?
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Tinel = Otot — el Comments/accuracy

Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

- Destruction — ““source” for fragments

- Semi-empirical models fit on data
* Bradt & Peters (1950) G o A¥
«  Letaw et al. (1970-2000) inel
« Tripathi et al. (1998-2003) AG/G ~2-5%
— Interaction rate [';,., =nvo

| ]
HISM Tinel
fiog =103 ( ) M
inel (lC _3) 1 mb yr

Ginel(p, C, Fe) ~ 40, 250, 750 mb
nrsar =1 cm ™3 Disc density
c~3-10% em 57! Speed of light

Imb =102 em? 1s~3-10"1 Myr

In(2) i
Spontaneous B decay — Decay rate I',,; = % Measuements
e Mean lifetime t } tp = 71n(2) o Y172 | Nucleus | Danghter | {55 (error)
1 1/2 — ~ 151 (0.06)
. Half-lifet / 13~ Ey "”(1.51 Myr) Myr

|

| 5.735F (0.04)
| 0,918 (004
|

0.307M¥T {0.002)
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Nuclear interactions
e FElastic: N +ISM —N + [SM

e Inelastic: N +ISM —X + ... (X#N)

— Interaction rate [';,., =nvo

| ]
HISM Tinel
fiog =103 ( ) M
inel (lC _3) 1 mb yr

e

Spontaneous P decay

e Mean lifetime t
. Half-lifet }flfi} =7In(2)

— Decayrate [',,, =

Tiot — Tep

Ip = Ekfn(

——— | Myr
1.51 Myr

/2

Electronic capture with a K-shell electron

In(2)
Y2

Comments/accuracy

- Destruction — ““source” for fragments
- Semi-empirical models fit on data

* Bradt & Peters (1950) 50 o A
« Letaw et al. (1970-2000) inel
«  Tripathi ez al. (1998-2003) AG/G ~2-5%

Ginel(p, C, Fe) ~ 40, 250, 750 mb
nrga = 1 cm 3
c~3-10" ¢m g1

1mb = 10727 cm?

Disc density
Speed of light
1s=~3-10"" Myr

- Measurements

Dranghter ‘1“ i

H[[ II:I

151y (006

| T3E¥T (0.04)

1 '41” T 004
0.307M¥ (0.002)

1.5M¥ 0.3y
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Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

— Interaction rate [';,., =nvo

-1
nism ( Tinel
3 ] mb

-1
) Myr

finel = 103( -
1l cm™

Tinel = Ttot — Tel

Spontaneous P decay
* Mean lifetime t ‘
. Half-life t }tm = 71n(2)
12

In(2)

— Decayrate [',,, = ——

fg=E} _f2 Myr
PR 151 Myr

Electronic capture with a K-shell electron

e Attachment
» Stripping

2=5-10-15-20-25

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
* Bradt & Peters (1950) G o A¥
e Letaw et al. (1970-2000) inel
« Tripathi et al. (1998-2003) AG/06 ~2-5%

G (p; C, Fe) ~ 40,250, 750 mb
3

Disc density
Speed of light
1s=~3-10"" Myr

nrga = 1 em™
c~3-10" ¢m g1
1 mb = 10727 cm?

- Measurements

7 | Nuclens | Danghter

Ji L Be é': i B Bl byr
:'C 7N

L5
5 7k
1
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Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

— Interaction rate [';,., =nvo

—1 _
i HISM Tinel

g = 103 | —— ( ) M

inel (1 o _3) 1 mb yr

Tinel = Ttot — Tel

In(2)

Spontaneous 3 decay — Decayrate 1',,, = ——

e Mean lifetime t ‘
o Half-life t } tl.s“i = 71In(2)
12

fg = Ey _hp Myr
PR 151 Myr

Electronic capture with a K-shell electron

e Attachment }

» Stripping t

<<
strip attach

— GCRs are ions!

2=5-10-15-20-25

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
* Bradt & Peters (1950) G o A¥
e Letaw et al. (1970-2000) inel
« Tripathi et al. (1998-2003) AG/06 ~2-5%

G (p; C, Fe) ~ 40,250, 750 mb

nrsay = 1 em ™3 Disc density
c~3-10% em 57! Speed of light

Imb =102 em? 1s~3-10"1 Myr

- Measurements
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Nuclear interactions
e FElastic: N +ISM —N + [SM
e Inelastic: N +ISM —X + ... (X#N)

— Interaction rate [';,., =nvo

—1 _
i HISM Tinel

g = 103 | —— ( ) M

inel (1 o _3) 1 mb yr

Tinel = Ttot — Tel

Spontaneous P decay
* Mean lifetime t ‘
. Half-life t }tm = 71n(2)
12

— Decayrate [',,, =

fg = Ey _hp Myr
PR 151 Myr

Electronic capture with a K-shell electron

e Attachment } ¢

<<
strip attach

» Stripping

— GCRs are ions!

— EC decay rate only if t <t

1p

tec = Ekn x50 Myr

2=5-10-15-20-25

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
* Bradt & Peters (1950) G o A¥
e Letaw et al. (1970-2000) inel
« Tripathi et al. (1998-2003) AG/06 ~2-5%

G (p; C, Fe) ~ 40,250, 750 mb
3

niga = 1 em— Disc density
c~3-10% em 57! Speed of light
Imb =102 em? 1s~3-10"1 Myr

- Measurements

7 Nuclens

i': '‘Be
l 1 —
4o
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Other losses: catastrophic losses [nuclei]

gf”::? — g."ﬂ." - Grt:ﬁ'

Nuclear interactions
e Elastic: N + ISM —N + ISM
e Inelastic: N +ISM —-X + ... (X#N)

— Interaction rate [';,., =nvo

1 1
HisM Uinel

fineg = 103 [ —2— ( ) M

inel (1 o _3) 1 mb )"4

Spontaneous B decay
e Mean lifetime t ‘
o Half-lifet } tiyp =7 In(2)

Electronic capture with a K-shell electron

e Attachment }

e Stripping t

. <<
strip attach

— GCRs are ions!

— EC decay rate only if tEC < tstr

ip

tec = Ekn x50 Myr

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
e Bradt & Peters (1950) 50 e A¥
* Letaw et al. (1970-2000) inel
e Tripathi et al. (1998-2003) AG/G ~2-5%

G (p, C, Fe) ~40, 250, 750 mb
nrsay = 1 em ™3
c~3.-10" ¢m s

1 mb = 10727 ¢m?

Disc density
Speed of light
1s~3-10~" Myr

- Measurements

Nuclens | Danghter t15y (error)

151 (0.06)

5.7357 (0.04)

0917 (0,

15M7 (0.3)

- Attachment and stripping: fits on old
data (10-50% uncertainties?)

G.M.Raisbeck & al, ICRC 15, 67 (1978)

L.W. Wilson, ICRC 15, 274 (1978)
J.R.Letaw & al. ApJSS 56. 369 (1984)
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Other losses: catastrophic losses [nuclei]

gf”::? — g."ﬂ." - Grt:ﬁ'

Nuclear interactions
e Elastic: N + ISM —N + ISM
e Inelastic: N +ISM —-X + ... (X#N)

— Interaction rate [';,., =nvo

1 1
HisM Uinel

fineg = 103 ( ) M

inel (1C _3) 1 mb )"4

Spontaneous B decay
e Mean lifetime t ‘
o Half-lifet } tiyp =7 In(2)

Electronic capture with a K-shell electron

e Attachment }

e Stripping t

. <<
strip attach

— GCRs are ions!

— EC decay rate only if tEC < tstr

ip

tec = Ekn x50 Myr

Comments/accuracy

- Destruction — “source” for fragments

- Semi-empirical models fit on data
e Bradt & Peters (1950) 50 e A¥
* Letaw et al. (1970-2000) inel
e Tripathi et al. (1998-2003) AG/G ~2-5%

G (p, C, Fe) ~40, 250, 750 mb
nrsay = 1 em ™3
c~3.-10" ¢m s

1 mb = 10727 ¢m?

Disc density
Speed of light
1s~3-10~" Myr

- Measurements

Nuclens | Danghter t15y (error)

151 (0.06)

5.7357 (0.04)

0.91M (0.04)
0.307M |

L5M7 (0.3)

- Attachment and stripping: fits on old
data (10-50% uncertainties?)

G.M.Raisbeck & al, ICRC 15, 67 (1978)

L.W. Wilson, ICRC 15, 274 (1978)
J.R.Letaw & al. ApJSS 56. 369 (1984)

- EC decay:
» Very few candidates for Z<30
* Number of EC-unstable isotopes
is a nightmare for UHCR!
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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



Vi

Discussion: what do you conclude?

 For nucle1?
 For leptons?

t [Myr]
A
BB Nuclei
L | | 1 | o Ekhn
I [GeV/n]
102 10" 1 10 10* 10°

t [Myr]

Leptons

» Ek

|
I
107 10" 1 10 10°

10°

[GeV]

I1.6 Time scales



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]

nucleons electrons & positrons

1p'0

L 4 .I‘ R
Toitizgtion".

Times scales, year

=
=
h
-
i
-
]
o
w1
:
=

’ ~'~ ].Escapq_(-]j)

r & 1 ~ o
'J"E‘Ef""'.',f"

*

o
o

Kinetic energy per nucleon, MeV Kinetic energy, MeV

freac )B_ED
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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]

nucleons electrons & positrons

10'@
wo‘ﬁt‘{-nmﬁ:trﬂl lung

ki
o)
Ei‘
5
-
-
o]
£
L]
&
£
=

Escape (D)
‘I'EF"'"' et

o

[~
10 10%

Kinetic energy per nucleon, MeV Kinetic energy, MeV

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

nucleons electrons & positrons

10'@
wo‘ﬁt‘{-nmﬁ:trﬂl lung

Times scales, year

=
=
h
-
i
-
]
o
w1
:
=

Escape (D)

'1-69'-"""'a'

inel

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



Is the Galaxy an efficient “calorimeter”?

— GALPROP run (exact numbers depend on the model used)

n

Strong et al., ApJ 722 (2010) L58 A
Cosmic rays

7.90x10% erg/s S

Ionization
losses
1% 4359 [ Brems: 0.08% (& o Primary
. (13!

Agoondary E_BEJ,'-«—"J’ = electrons
leptons il - 1.41%

e 0.33%
e 0.10%/

Total gamma rays
1.6%
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Is the Galaxy an efficient “calorimeter”?

— GALPROP run (exact numbers depend on the model used)

n

Strong et al., ApJ 722 (2010) L58 A
Cosmic rays

7.90x10% erg/s /'

Ionization
losses
o (135%) eSSt 0.09% (6.go: Primary
I

Secondary 08t 7 ——| electrons
leptons olo) 1.41%

| a0y

Total gamma rays
1.6%

— Very inefficient for protons (escape)
— Very efficient for electrons (convert e to radiation)

I1.6 Time scales



Energetics 1n the “calorimeter”

— GALPROP run (exact numbers depend on the model used)

g n

Strong et al., ApJ 722 (2010) L58 A
Cosmic rays

7.90%10% erg/s _J/

Ionization

losses
1357 | Bremsstr: 0.09% (6.6% Primary
. (13!

Secondary W - (6.6%) it
leptons 1) 1.41%

. { a0y

Total gamma rays
1.6%

— Very inefficient for protons (escape)
— Very efficient for electrons (convert e to radiation)

Energy budget of the Galaxy
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Sources of GCRs

— GALPROP run (exact numbers depend on the model used)
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Sources of GCRs

— GALPROP run (exact numbers depend on the model used)
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Sources of GCRs

— GALPROP run (exact numbers depend on the model used)
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1.6%

— Very inefficient for protons (escape)
— Very efficient for electrons (convert e to radiation)

Energy budget of the Galaxy

- Energy density of GCRs
WeR = fE;{N(E)dE f—EkI(E)dE
wer =0.9 eV em® ~ 410 erg kpc 3

- Total energy in Milky Way
Vmw = 47R% x 2L ~ 10° kpc®

Wer =4-10°7 erg

- Power to sustain this energy
Ucr = Wer Tesc =20 Myr’” '101?5
TESC

Ucp = 10%Y erg/s

Supernovae as source of GCRs?
« W =10 erg
o f =50 yr=1.6 10”s (~2 per century)
U =W_/f_=10"erg/s
SN SN SN

— Requires acceleration
efficiency ~ 10-50%
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II. Processes, ingredients, characteristic times

— In any (astro-)physics problem, always
e check the time scales;
» check the energetics.

— For GCRs:
* nuclei: plenty of competing effects @ GeV, escape at HE;
 clectrons: energy losses dominate at LE and HE.
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