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* Penetration of cosmic rays from hot ISM into diffuse clouds

+ Skilling & Strong (1976); Cesarsky & Voelk (1977);
Everett & Zweibel (2011);

+ Kinetic model for the full distribution function f_ (x,p)

+ Inclusion of CR-amplification of Alfvén waves

<

* Shocks propagating into diffuse clouds

+ Effect of neutral Hydrogen on the shock structure
+ Slope of accelerated particles

+ Conclusions
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* Penetration of cosmic rays from hot ISM into diffuse clouds
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+ Kinetic model for the full distribution function f_ (x,p)
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Set up of the model %i%@h

é TR
: 4

Hot interstellar
medium

n o~ 001-0.1cm”
T ~ 10°*-10°K
xion = 1

>
M Diffuse cloud

n o~ 10-100 cm”
T ~10°-10° K
xion ~ 10_3
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Set up of the model 4%

/« B, z
>

p
& N

Hot interstellar
medium

n o~ 001-0.1cm”
T ~ 10°*-10°K
x. =1

on

B, coherence length ~ 50-100 pc

Cloud size ~10 pc

>
M Diffuse cloud

n o~ 10-100 cm”
T ~10° K
x, ~ 107

1-D approximation along the magnetic field lines

B = const = 3 uG observations show that for low density ISM (# < 300 cm-3), the magnetic field

strength 1s independent of the ISM density (Crutcher, 2010)
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Set up of the model @
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 Particles lose energy inside the cloud:
— The flux entering the cloud is larger than the flux escaping the cloud
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Set up of the model Ve

-

 Particles lose energy inside the
— The flux entering the clo

10 keV

10* 108
E [eV]
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Set up of the model Ve

~ 1 T FTTTII

J(E) [particles/(cm? s sr eV]]

'\\e \ p
N 10 keV 10 GeV
10° 102 10* 108 108 10'°

E [eV]
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4 Set up of the model @
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 Particles lose energy inside the cloud:
— The flux entering the cloud is larger than the flux escaping the cloud
— a CR gradient develops outside the cloud
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4 Set up of the model {5@

1y (Ey)

>
/« B, z
>
PWaves(k(EO)) w/

 Particles lose energy inside the cloud:
— The flux entering the cloud is larger than the flux escaping the cloud
— a CR gradient develops outside the cloud
— Alfvén waves are excited by two stream instability
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4 Set up of the model {5@

1y (Ey)

>
/« B, z
>
\/ ]
PWaves(k(EO)) W

 Particles lose energy inside the cloud:
— The flux entering the cloud is larger than the flux escaping the cloud
— a CR gradient develops outside the cloud
— Alfvén waves are excited by two stream instability

* Magnetic turbulence is damped inside the cloud by ion-neutral damping
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Set up of the model %i%@h

L

{ A _
P, (KE)) T u/

Enhancement  Free streaming
of diffusion

 Particles lose energy inside the cloud:
— The flux entering the cloud is larger than the flux escaping the cloud
— a CR gradient develops outside the cloud
— Alfvén waves are excited by two stream instability

* Magnetic turbulence is damped inside the cloud by ion-neutral damping
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Set up of the model Ve

Boundary conditions for CRs:

fCR(Zl) = fCR(Z3) -

0f
0z

Symmetric condition.

We do not impose any condition on the CR gradient
at z (different from Everett & Zweibel, 2011)

7=z,
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Set up of the model

v
Z3
A
|
B, z
.
.

Boundary conditions for CRs:

0f
fCR(Zl) = fCR(Z3) — aZCR T 0
-5, 5,5, -1
fCR(Zl) = K (p_ [+ -
Do Dy

for p > p,=02GeV - s=5,=47
for p < p, > 5=s, (a.par)
K =normalization « € = leViem’

Galactic spectrum
[Padovani et al. 2009]

10° - T - '
— _SQ
= foxE
> - 0
N i
- 10—5_
NE -
B
S
[ ]
o
= 1071
]
B
E -
—:n' o -
1075~ =
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10° 10* 10 108 10® 10"
E [ev]
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Set up of the model Ve

/f Waves(k(E )) \w/
|

|
|

\

Boundary conditions for magnetic turbulence:

k — =

( Zl) Ny P B0 3
8T[fP dk
5 T

(kL

tur

213

Kolmogorov spectrum with L =50pc— D( p) o p”3

Normalization chosen to have: D(1GeV) = 10" cm’/s

2
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Set up of the model

2
Z, 23
Ag=1 p= 1m A
=T - > >
a N
- >
= -3 B — -3
pl - ﬁ:ww)/ g
A ~0.05-0.5 pc
Density profile of the cloud:
~
ptoz(Z) =P T p12 i 1 + tanh ZAZC Total density
‘ . From Everett &
E‘ _E —(Z—Z ) Zwelbel (2011)
gion( z) = E + 12 211 + tanh X ¢ Ionization fraction

_/
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Interaction scheme @%E@

Magnetic
Energy losses amplification

ITonization '

Diffusion

Ion-neutral damping
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Transport equation for CRs @

Stationary transport equation for CRs in 1-D with losses:

Diffusion Advection Adiabatic Energy
compression losses
V r
D(Z, p) = u (p_) L(p) Diffusion coefficient in linear approximation 0B < B,
3 PB(Z’k(p))/PBO
u =10 The plasma is at rest
B v, l+nln,
v, ( Z) = 0 Alfvén speed depends only on the ion density: for & > —
VA, ion and neutrals are decoupled — E(k) < 10 GeV Vi \/ [+0B°/B,
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Transport equation for CRs PilEC'

Stationary transport equation for CRs in 1-D with losses:

Diffusion Advection Adiabatic Energy
compression losses
V r
D (Z , p) = 4 (]?_) L(p) Diffusion coefficient in linear approximation 0B < B,
3t Pylz,k(p))IP,
u =10 The plasma is at rest
B v, l+nln,
= 0 Alfvén speed depends only on the ion density: for & >
Vy\Z 2 p2
VA, ion and neutrals are decoupled — E(k) < 10 GeV V4 \/ [+0B°/B,
dv D(E
Wi 0f — produces acceleration on timescale ~ f = (2 ) ~ 10%yr > ¢ o
dz ~0p v,
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‘ Transport equation for CRs @

Stationary transport equation for CRs in 1-D with losses:

Diffusion Advection Adiabatic Energy
compression losses
= 0lz,p)

Formal solution:

flz,p f f 0(z'", plexp|-

Can be solved iteratively
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- | Transport equation for Alfvén waves (?iif@h

|

Transport equation for magnetic field

0F 0P
8zw = u _82W + oglk,z) = Tlk,z) P,
2
( p (k) _ 08 (k) Magnetic pressure of Alfvén waves
2 Bl
F W(k) = (3 u+2v A) Pw(k) Magnetic energy flux of Alfvén waves
-
oz, k) = an v,(z] p4v( p)af R Amplification due to CR streaming
< 3 0z Jp=piy
Vin o T \"{ny| - Ion-neutral damping in the weak coupling
[(zk) = N 4.2Xx10 (104[() o S limit. Constant in frequency for p(k)<10GeV
Solution P (z,) = P, k) + [ lo=P,[T4224]| exp|- [ 1| @
" "0 d "0 0z' v,

G. Morlino, Montpellier — 26 June 2014 |



1 Results N
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OUTLINE {%E@

* Shocks propagating into diffuse clouds

+ Effect of neutral Hydrogen on the shock structure
+ Slope of accelerated particles
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Shocks propagating through clouds {5@

L

/K
& 4 ,

shock

Can shocks propagating through a dense cloud accelerate particles?

The physics involved in much more complicated than shocks in fully 1onized media.

* ion fraction in the cloud — injection of particles
* diffusion properties inside the cloud
e (CR amplification vs. ion-neutral damping; pre-existing turbulence?)

» neutral Hydrogen affects the shock dynamics
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‘ Basic physics of Balmer shocks A 42

‘ [Chevalier & Raymond(1978); Chevalier et al (1980)]

Upstream Downstream

H H P
o , ® o
= @

O pu—
p H
@ ® O

p
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‘ Basic physics of Balmer shocks 49
‘ [Chevalier & Raymond(1978); Chevalier et al (1980)]
Upstream Downstream
H
g 2
»
7 —
P
@
e Collisionless shocks heats up only ions
g\ T \1”»
Shock thickness: A~ T, o~ 10— cm <\,
| uG| [10°K "
i
Collisional length scale N~ Ugp 101516 n
s e . coll = cm -3
(ionization or charge-exchange): (no_,v.) | @

Collisionless shocks are mediated by electromagnetic plasma processes
— At zeroth order the neutral component does not feel the shock discontinuity
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Basic physics of Balmer shocks A 42

[Chevalier & Raymond(1978); Chevalier et al (1980)]

Upstream Downstream

H
)
P
O

e Collisionless shocks heats up only ions

 Charge exchange can occur before ionization is completed ¢
because 6_>c.  — a new population of hot hydrogen arises

on

A i Ld A P — A L I i A F—
100 1000 10000
Relotive velocity (km s7")
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‘ ‘ Basic physics of Balmer shocks P§EC
Upstream Downstream

H
)
P
O

e Collisionless shocks heats up only ions

 Charge exchange can occur before ionization is completed
because 6_>c.  — a new population of hot hydrogen arises

on

» Hot hydrogen atoms can recross the shock and transfer
momentum and energy upstream — formation of a neutral
precursor
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‘ ‘ Basic physics of Balmer shocks P§EC
Upstream Downstream

H
i 8
<4==

P
‘®

 Charge exchange can occur before ionization is completed
because 6_>c.  — a new population of hot hydrogen arises

on

e Collisionless shocks heats up only ions

» Hot hydrogen atoms can recross the shock and transfer
momentum and energy upstream — formation of a neutral
precursor
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‘ ‘ Basic physics of Balmer shocks P§EC
Upstream Downstream

H
@ p
L4l o
— -
Ionization of
returning
neutrals

e Collisionless shocks heats up only ions

Pick-up ions

 Charge exchange can occur before ionization is completed
because 6_>c.  — a new population of hot hydrogen arises

0on

» Hot hydrogen atoms can recross the shock and transfer
momentum and energy upstream — formation of a neutral
precursor
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‘ ‘ Basic physics of Balmer shocks P§EC
Upstream Downstream

H
@

;@
O
equilibration -

S

e Collisionless shocks heats up only ions

 Charge exchange can occur before ionization is completed
because 6_>c.  — a new population of hot hydrogen arises

on

» Hot hydrogen atoms can recross the shock and transfer
momentum and energy upstream — formation of a neutral
precursor
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‘ ‘ Basic physics of Balmer shocks
Upstream Downstream

charge- P

exchange .q
s O
Y

e Collisionless shocks heats up only ions

 Charge exchange can occur before ionization is completed
because 6_>c.  — a new population of hot hydrogen arises

on

» Hot hydrogen atoms can recross the shock and transfer
momentum and energy upstream — formation of a neutral
precursor

» Charge-exchange with protons in the precursor generates a
third population of warm hydrogen

.
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Upstream Downstream

Velocity

Formation of a
neutral-induced
precursor
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Basic physics of Balmer shocks P§EC

M| werheoBamer

Upstream Downstream

D.D:I — 1 1 1 T 1 17T LI B B B |ﬁ4__
F V= 3000 kmys narrow ]
—0.5F 1
_1_[];. . /
intermediate :
~15F .
_’)_[;é
_a =k
"5; broa
_3_[:_ PR TR T T TR S TR TR ST T SN NN S S SR N N SR S SR T N
=2000 = 1000 0 1000 2000
vy [kem/s]

Formation of a
neutral-induced
precursor
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- SN 1006 - Ha emission

-

Thickness ~ 10" — 3 - 107 ¢m
Ha resolution ~ 0.7" — 2 - 10'° cm

° o
Hox emission
64° 1000 F ! T ;
(a) KPNOW (W HST *
L}
40"
,% 207
&
64700 00" L]
1° 08I0, i @ e
56° 545 0h25m 5 6 54° 0

Balmer-Dominated Shocks @

S Srmrsh e aed
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‘ CR acceleration in presence of neutrals: @%\

‘_ test-particle regime
U

pstream Downstream

Velocity
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‘ CR acceleration in presence of neutrals: @%\

‘ test-particle regime
U

pstream Downstream

The compression ratio is a
function of particle energy:

Low energy CR

[Blasi, G.M., Bandiera, Amato & Caprioli 2012, ApJ 755, 121] G. Morlino, Montpellier — 26 June 201 4|



The compression ratio is a
function of particle energy:

Slope of CR spectrum

r+2
r—1

s(E)=

>

— For V<3000 km/s and large
neutral fraction the CR spectrum can

be very steep

|Blasi, G.M., Bandiera, Amato & Caprioli 2012, ApJ 755, 121]

slope

CR acceleration in presence of neutrals: @

‘ ‘ test-particle regime

Upstream Downstream

15 ¢

Standard prediction s = 2

1000
Vahock [KM/s] I
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‘ Conclusions A A

_I—

Penetration of CRs into diffuse clouds

Using a Kkinetic stationary analytical model we showed that
* Losses inside the cloud
— density gradient outside the cloud

— generation of Alfvén waves
— shielding effect for CR with £ < 10-100 MeV

Acceleration by shocks propagating through a cloud with neutral H

Large fraction (>10%) of neutral hydrogen can change the shock structure.
* Formation of a neutral-induced precursor
— Steeper spectra of accelerated particles for £ <1 TeV and for V<3000 km/s
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