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The cosmic ray ionisation rate
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The cosmic ray ionisation rate
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The cosmic r'ay ionisation rate
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The cosmic ray ionisation rate
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The cosmic ray ionisation rate
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The cosmic r'ay ionisation rate
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The (horribly simplified)
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The (horribly simplified)
setup of the problem
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CR motion in an ordered B field

pitch angle = angle between v and B

L = COS 19 /n:agnetic

field line
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CR motion in an ordered B field

pitch angle = angle between v and B

W= COS 19 /n:agnetic

field line
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Most optimistic scenario
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Most optimistic scenario
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Voyager enters the interstellar medium

Krimigis+ 2013
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Voyager enters the interstellar medium
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Voyager enters the interstellar medium
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Voyager enters the interstellar medium
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Voyager enters the interstellar medium

\'1HHcCO

h oS

Mev 1) O

particles (cm2srl s’

countrate R (cs™)

Krimigis+ 2013

12063 121.05

214 1217

VIIIIII

—
-

Il;l’i‘l:lrl'i]r

16 10° st
15 | p
. Voyager 1 — L
14 : protons >211 NOV i = L
: : i-hrscanevg. | 1 \"\
LN : >
13¢ 33?"5 s LGGIOC'“C 2 10%F -
N‘“l. :l l:? A I ! 1 Jiapt.g .! — : .
| 9 | | . 59 R LI LS JdhTT ry -4 ' R PR PR 1 rrra | B B “ :
10?_ I I : l: : | | I l I | o B
B ona 53-85 keV a -
10! t\E -
ons 139-220 keV ~ .\
Sy 1 . i
10° " ons 550-390 keV % 10 - ‘
10" P protons 3.4-17.3 MeV (x10) & I
e Tal | e
10” (x 0.007] Eﬁf ¥ . S
PR [ S YT R A | ISR VA i ot VI 1T YOY W] A 1 Lo af
20124 2012.6 2012.8 2013.0 2013.2 10° E_ (:I
e Q
- - ' S
| — - S
Zero order assumption: these spectra - "
' ° ° - ool Ll L1111
| are representative for the entire ISM 107"
AL 1 10 100 1000
Energy (MeV/nuc)
Intro - diffusivel theory... ..versus data 50?

104

LA

Ll

H Ref 2011/274 2012/121 lopen)

o O Fk (ref. period)
® + (12/303-366)
0 s ke (12/303-356)

O A ©(12/261-366,




Voyager enters the interstellar medium
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Voyager enters the interstellar medium
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Revised estimates...
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Revised estimates...
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The transport equation for cosmic rays
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Pitch angle scattering off Alfven waves

Wentzel 1972, Kulsrud's book, ...
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Pitch angle scattering off Alfven waves
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Alfven wave packet
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Pitch angle scattering off Alfven waves
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Pitch angle scattering off Alfven waves
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Resonant pitch angle scattering
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Resonant pitch angle scattering
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Resonant pitch angle scattering
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Pitch angle diffusion
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Pitch angle diffusion
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Pitch angle diffusion
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Pitch angle diffusion
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Pitch angle diffusion
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Pitch angle diffusion
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Spatial diffusion

N

PP ——————
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time to diffuse

over a radian \{
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Spatial diffusion

PP ———————
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time to diffuse
over a radian \{

| isotropisation time |

after this time the cosmic ray "forgets” its initial pitch angle
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|diffusion coefficient

Spatial diffusion
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The transport equation for cosmic rays
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The transport equation for cosmic rays
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The effect of energy losses

d molecular' cloud l
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The effect of energy losses

d molecular' cloud |

([lm‘er'sfellar' medlum

————

ionized -> diffusion neutral -> straight line propagation

"we" call this ion-neutral damping
“you" call this ambipolar diffusion
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Skilling&Strong 1976, Cesarsky&Valk 1978, Morfill 1982, Everett&Zweibel 2010, Morlino&Gabici 2015
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The effect of energy losses

d molecular' cloud |
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The effect of energy losses

d molecular' cloud I
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ionized -> diffusion neutral -> straight line propagation
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The effect of energy losses
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The effect of energy losses
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Streaming instability

CR streaming velocity U

Kulsrud's book

Alfven waves
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Streaming instability

CR streaming velocity U momentum -> waves

Kulsrud's book

Alfven waves
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Streaming instability

CR streaming velocity U momentum -> waves

Alfven waves D

Kulsrud's book
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CRs are isotropized in dPCR ~ Ncrm (UD — ’UA) T 1
the frame of waves dt - Dy
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A converging flow of Alfven waves

d molecular' cloud I

ionized -> diffusion neutral -> straight line propagation

([lm‘er'stellar' medlum |

CR sea [

llllllll.

large density

energy losses I

b——— L, ————1| CR intensity in the MC f, A

>
Skilling&Strong 1976, Cesarsky&Valk 1978, Morfill 1982, Everett&Zweibel 2010, Morlino&Gabici 2015
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The transport equation for cosmic rays
i!ou'r.zide of the cloud ﬂ

0f _ 0 [,0f] , Of 10

_ - 2
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| CR are advecféd ~ f ,
- with waves | 1 _energy losses i
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The transport equation for cosmic rays

-Joutside of the cloud |

X %, ‘Dg' of 1

— v
Oz | 0z /A(?z p?

| CR are advected ~ f ,
- with waves | 1 _energy losses |
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The transport equation for cosmic rays

-Jou'rside of the cloud |

X %, ‘Dg' of 1

—
dz | 0z /A(?z p

' CR are advected ~ f ,
- with waves | 1 _energy losses l

, e of 1.0 ..
-‘[insi_die of the cloud H <U>U 8§ | p2 Op [pr f]
.

‘J particle velocity |

|
-
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CR flux entering a cloud

‘rate of particle penetration into a cloudj Morlino&Gabici 2015

S —

diffusive advective

CR flux into the cloud -> Dg |arc + VAf(xc)
X

Intro ballistic? diffusivel! - ..versus data So0?




CR flux entering a cloud

‘rate of particle penetration into a cloudj Morlino&Gabici 2015

S —

diffusive advective

CR flux into the cloud -> Dg |arc + VAf(xc)
X

fO Il fc
~ [ | ;
I Vaf
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CR flux em‘ermg a cloud

‘r'a're of par"rlcle pene'rr'a'rlon |n1'o a cloud l‘

L

Morlino&Gabici 2015

diffusive advective

CR flux into the cloud -> D% |3,3C + VAf(xc)
X

D fO_fc

Lg | VAfc %VAfO
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CR flux entering a cloud

‘rate of particle penetration into a cloudj Morlino&Gabici 2015

S —

diffusive advective

CR flux into the cloud -> Dg |arc + VAf(xc)
X

does NOT depend on the diffusion coefficientlll

Intro ballistic? diffusivel! - ..versus data So0?




CR flux entering a cloud

‘rate of particle penetration into a cloudj Morlino&Gabici 2015

S —

diffusive advective

CR flux into the cloud -> Dg |arc + VAf(xc)
X

condition: Ly < field coherence length

Intro ballistic? diffusivel! - ..versus data So0?




CRs into clouds: universal spectrum

L. 0 ..
ol P pife

i)@<_
AVAVAV . “N\N\N

waves

flux into the cloud 2foV4 equal to the flux down in p

Phan+ 2018, Morlino&Gabici 2015
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CRs into clouds: universal spectrum

flux into the cloud 2foV4 equal to the flux down in p
CR

= 10720 ;

1072
10_22 Lol Lol Lo Lo | | |
10°  10* 10> 10° 10’
E (eV)
(a) CR protons
Intro ballistic? diffusive!
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(b) CR electrons

Phan+ 2018, Morlino&Gabici 2015
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CRs into clouds: universal spectrum

flux into the cloud 2foV4 equal to the flux down in p

welt

no energy Iosses t,

L. 0

p? Op

P p’fe]

105 106 10’
E (eV)
(b) CR electrons

108 102 10"

Phan+ 2018, Morlino&Gabici 2015
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CRs into clouds: universal spectrum

flux into the cloud 2foV4 equal to the flux down in p
CR

g 10—20
1072
10722
E (eV)
(a) CR protons
Intro ballistic? diffusivel
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- f,(E) —— Voyager

| fy(E) - - - - cloud border N\
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102 10* 10> 10° 10" 10® 10° 100
E (eV)
(b) CR electrons

Phan+ 2018, Morlino&Gabici 2015
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CRs into clouds: universal spectrum

L. 0O
o N C .
flux into the cloud 2fpV 4 equal to the flux down in p 25 [p p? fc}
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Differential ionisation rates

| electrons |
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Phan+ 2018
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Differential ionisation rates

| electrons|
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Comparison with data (???)
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Comparison with data (???)

T . Voyager electrons
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So?

(O More refined model? (better description of transition from hot to neutral
medium, time dependence induced by turbulence?) —> the flux balance
argument seems quite solid...

Intro ballistic? diffusivel theory... ..versus data .




So?

(O More refined model? (better description of transition from hot to neutral
medium, time dependence induced by turbulence?) —> the flux balance
argument seems quite solid...

(O Non-homogeneous distribution

of MeV CRs in the Galaxy? | e 'uppe,. limits |
(see Cesarsky 1975 fora _ 15 [\ - —por o )
pioneering work) § , T |
Tooaa-16 | e T e
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So?

(O More refined model? (better description of transition from hot to neutral
medium, time dependence induced by turbulence?) —> the flux balance
argument seems quite solid...

(O Non-homogeneous distribution

of MeV CRs in the Galaxy?
(see Cesarsky 1975 for a
pioneering work)

O CR acceleration inside
molecular clouds?
(turbulence —> Dogiel+,
protostars —> Padovani+)
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(O More refined model? (better description of transition from hot to neutral
medium, time dependence induced by turbulence?) —> the flux balance

argument seems quite solid...

(O Non-homogeneous distribution
of MeV CRs in the Galaxy?
(see Cesarsky 1975 for a
pioneering work)

O CR acceleration inside
molecular clouds?
(turbulence —> Dogiel+,
protostars —> Padovani+)

O Hidden (very low energy)
component in the CR spectrum?

102 Protons in the LISM

10! k- .. Moxwellion: n = 0.1 cm™; v = 26 km s™'; T = 8500K
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So?

(O More refined model? (better description of transition from hot to neutral
medium, time dependence induced by turbulence?) —> the flux balance
argument seems quite solid... 101 pr o
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SNR/MC associations...

SG & Montmerle 2015
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SNR/MC associations...

SG & Montmerle 2015
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SNR/MC associations...

SG & Montmerle 2015
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SNR/MC associations...

SG & Montmerle 2015
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SNR/MC associations...

SG & Montmerle 2015
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SNR/MC associations...

SG & Montmerle 2015
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