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Outline

Why the streaming instability is
intferesting for the CR community
What is it?

 TInteractions between streaming particles and
Alfvén waves

» pitch angle scattering and wave growth

Resonant streaming instability
* The problem of CR confinement in the Galaxy

Non-resonant streaming instability
« The problem of CR acceleration up to the "knee"

Conclusions



Whence the interest for
streaming instabilities
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CR acceleration
Spectrum N(E)xE™P

E -'%%%% Fluxes of Cosmic Rays p: 2 .7 10< EGev< 3 x 106
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- | Galactic origin of CRs up to the knee
E K CR density: np~109cm3

= ‘ .‘},‘ (FT:Zrticle per m*—year)

: 5, ¢ CR luminosity: L x~3x10% erg s!
E SNRs best candidate

F sources oh energetic grounds with
- | 10% efficiency

E Arkle /X Best candidate mechanism

- T R, Diffusive Shock Acceleration
- b (Krymsky 77, Bell 78)
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CR confinement

(Amenomori et al 05)

" [e This work| (a) -
(]9 UGy | i
2 | ©AS |
2 L
= 101: ' ® % —
= ?Q}i |
g T L. . Pl i
10‘2 A wl | F PP
[i] |
] (b)
6 -
< i
3 3 { cgjiﬁl [% | i :
2 T [ d |
P B £ U
0 ] :
. T °
! 1 J
-3 sl el PEEPRPEPITY | daaass
10° 10° 10° 10° 10°

Primary energy[GeV]

Anisotropy 6~3x10-*
Teonr~2 x107 yr at ~ 1GeV
Teonf<E™
a~0.3-0.6 E>1-10 GeV

-

§=3x10"=v, =50 km/s

/CRS are generated in violent even’rs\
and then they should stream with

Vd~C
With N sources v ,~c/NV2

Exceedingly large N /

Again
Effective scattering required



Going back to the '70s

Efficient acceleration and confinement
require efficient scattering

*Coulomb collisions with the gas not an option

-Scattering by large scale moving B field
inhomogeneities (Fermi 49): energetic problems Bo" B
Resonant scattering in a static J‘\égw
energy stays constant = A4
only direction of velocity changes \\‘
Alfvén waves A\ |
(Axford, Bell, Cesarsky, Jokipii, Kulsrud, Parker, \
Skilling, Wentzel) A |
E.\I wave front




Interaction of a cosmic ray
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Pitch angle scattering and
isotropy of CRs

cos® p. = pcost AG = -7
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Isotropy in the wave frame is reached in time T ~1/D,,
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If CRs are isotropic in the wave frame then v ,~v,~50km/s
and 6~v, /c~1.5x10-4
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What makes the waves?

If CR are isotropized by the waves,
there must be momentum transfer between CR and waves

be R

efore scattering: P y=nmypVvy dP.. nlamy, (v, —v,)
After scattering: P =N mycpVa dr -
2
=D, = %Q(é—B

B, /
" Momentum has gone to the waves . h
dP,, dP, 1 dE, 1 > (6B)

dt dt v, dt V ST
N\ & & Y,

’ vV, =V "
_Enﬂgo( d A) with Nep = Nep(p>eB/ck)

)’W—4 n, v,

If there are seed Alfvén waves super-alfvenic streaming
CRs make them unstable



Formal Theory

- Take unperturbed distributions of CRs and background plasma
Assume a small amplitude Alfvén wave perturbs them

‘Find the perturbed distributions of CRs and background plasma
-Compute the currents

‘Use them in linearized Maxwell's equations to compute how waves

evolve in time
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Unperturbed distribution
functions

In a reference frame where CRs are isotropic
{ni + N =N, +N,

: N+ hHcg =N,
nv,=ny, Charge neutrality and no current

nivD=neve
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fi= et (5(p m,v )5(u 1)
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e 1 p
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(e.g. Zweibel 03) (e.g. Achterberg 83)

Result is the same to order O[(n./n;)?] (Amato & Blasi 09)



Perturbed distribution functions

Vlasov Equation

J . 0 -~ VAB
;i+ ?(vf) role E + f1=0 Continuity equation in momentum
rox P ¢ Phase space
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7 v e L+ . )0,,13 =0 fis constant along the particle trajectory
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For circular'ly polarized waves
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The CR response
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Classical resonant part Non-resonant term

Resonant term is non-zero
only i
Q y if
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Resonant and non-resonant CRs

=§fdppp1 @(p)
P1

CR _ ¢’ Q) Neg (llres r)<_
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I = d - In +2 —
= dag 4{1?(19 pr) e kol
_a a=4.7 for CRs in the Galaxy
D(p) x p i}
a=4 for CRs at shocks
resonant term
. o3 ) Traditionally
es(K) = o A= er ey =neg(p > B, /ck) considered

P
2a-2) 20 =2 Ny since the '70s

non-resonant term , _
Its possible importance

at large k
s=plp, first appreciated by
Bell in 2004
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The plasma response

Cold plasma dispersion relation
(e.g. Krall & Trivelpiece)
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Cold drifting  Cold drifting Cold isotropic
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w<<Q)=-——2Q’ << ‘QS‘
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w° m, Q2
In low freq. waves the plasma sets in ExB drift: no net current
p dme”  n, 2 Mg 50 c’ 2 Peg 0
g’ = - —(w+kv,) = =L 0Q; — (0 + kv,))” £ =L 0
wz(Q?) mi nl (1) VA nl



The full dispersion relation

2 2
C 2 n CR C QO nCR .
& =——|(w+kv,) + —LwQ’ £ =—; (il.,=1,)
wv, n vy W
res CRs

2712 2 2 2 ¥

¢’k K S (@ + kv),) L C $2) ey (il (I + 1) Compensating

> w’v; viw n electrons

nhon- res CRs

Move to the lab frame o'=w+kv,

2 _ Reg (Zweibel03, Bell 04,
R =0 Q0 i, 1 1,) Guebeos el
Lower sign corresponds to right-hand circular polarizaTion
Electric field rotation is clockwise (E=E(e,+ie,))

Here is where the non-resonant term becomes |mpor"ran’r

But when will it become important?



Propagation in the ISM

VK = 0+ Q@ ki) " (il = (1+1,))

In the ISM CR density: nx~107cm=3 and vy~v,

Perturbation will be small @ = kvA + W,

rRe(wl) << kv,

I = Im(a)) = _&(1_ VD)HCR(p >eB, /ck)
n.

1

v'Left and right hand polarized
modes are identical
v'"Non-resonant instability is
irrelevant
v'Growth rates are fast enough
for isotropization if no damping
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Wave damping

(Wentzel 74)
In partially neutral ISM damping due to ion-neutral collisions

Fd = _RnH’ Fd = rg
1 T -0.4 L 'U'
R => 10°K yrem RV 04
n v p n
= R LA 100 H
(Kulsrud & Cesarsky 71) "2 = 4™ Rl ng T AT (mc) (1031() (o.lcm‘3)km/s

100GeV CRs too fast, T, ¢xE17

In fully ionized ISM damping due to wave-wave interactions
(Non-linear Landau damping)

2 . \1/2 « \1/2 1/2 0.85
rd=‘/gﬁ(53) Qq(h) vD=vA+aNL#(nCR) =VA+55(100pc) (i) km/s

8 c|B, LB, Neg \ LB, L me

(Cesarsky & Kulsrud 81)
100GeV CRs still too fast, T, xE08°

Observations + Theory hint at T, ,<E3 (Kolmogorov type turbulence)
(Blasi & Amato, submitt., Ptuskin et al, 06 )

Much more in Ptuskin's talk



Shock Acceleration

How do we get CRs accelerated up to the knee?

U2 U1 G= f = E(ul B uz) acc(Emax) mm( age’ Tloss)
— 3 |D D,| HighE_, onlyif
T,.= + . :

U-U,|U U,| efficient scattering

Downsm Upstream

Pitch angle scattering
implies spatial diffusion

N ' o.-5o5)
%) ". D(p) - 63; 4(30)2011 < >

7\ OB

LF: “ v'If 3B is the same responsible for CR

confinement in the Galaxy E,  ~GeV

vIf 6B ~B,, E,_  ~104-10° GeV
(Lagage & Cesarsky 83)




Hiﬂ'l's fr'Oﬂ'\ Chandra

SN 1006

Observations
Detection of amplified B fields
in SNRs: B~100u6

Chandra
Cassiopeia A




E,.« with resonant modes
alone

If you are not afraid of applying quasi-linear theory even for
dB>>B,,

Blasi, Amato & Caprioli 2008
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Bell instability

e /.
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Existence of non-resonant modes
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Large by definition

~ equilibrium between
current and magnetic tension

I_‘max = r(%) = VA kc



Evolution with SNR age

During Sedov-Taylor evolution of a SNR K>k = n, v -
n=0.1, E, =105lerg After 5x103-10% yr
0L | | | | | 1 The resonant mode
— : Bo=1uG 7 disappears
o 1F T=103yr -
I 1 Earlier when the
S f field is higher
107F 3 (Uer/Up>c/vp)

Bell modes could be

T lIIIlIII T

> Bo=10uG 1 Important
2107 = at beginning of
3 : : Sedov phase
3 1077 ) = (see also Pelletier et al 06)
1073% SISO |
107 107! 1 10 10° 10° 10* 10°

kT When is E,,, reached?



Where is it relevant?

(Zweibel & Everett, 2010) Cold ISM

Magnetic Field Strength Too Large h=1cm-3, T=104K
for Non—Resonant Instability v5~104km /s, nCR~1o-5

1uG<By<87u6

Kyicelcr > 1

Logy0(Bo)

No Non-Resonant Instability

-
-
-
-
-
-
-

Hot low density bubble
n=3x10-3 cm-3, T=3x106K

0.4u6<By<4.7u6

thermally modified
>1/T,,, only for By<1.3u6
Increasing n., would help

-
-
-
-
-
-
-
-
-

Thermally Modified
Bell Instability
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log ol Cosmic Ray Flux|

Thermal ions modify dispersion relation
(cyc. Res. + gyrovisc.)

v b Y n., vic m _  Hot but denser bubble
—RD 5141 (tocomparewith — 5 >— n=3x102 cm-3, T=3x10¢K
ny. V. Ny Va 4 1~2MG<BQ<15MG

Kmax and Fmax de’rer'mined by Vp &) fini’re rL l_‘>Tadv only fOI" BO<4~1MG



Non-linear evolution

Numerical studies:

MHD: Bell 04,05; Reville et al 08, Zirakashvili et al 08
PIC: Niemec et al 08
Rigeulme & Spitkovsk
Ohira et al 09

B

1] S S LR LN QLIS

plasma density, n_

——— - ey e — —
P e g el e

-t A e = e e e e e —

D e e
B e e |
— - 5 gty = D et s
B e e S e T

T=3/T

max

—_——————— e

Iog(np/n“ mun)

T=11/T

max

¥/ A

<\> has grown

log (np/np. moen)




Saturation

For constant CR current
Saturation for v,;~vy

1/2
— \% n.
S — OB =400 D : G
m? .................... (104 km/S)(Cm3) u
)
e S With mono-energetic CRs
Saturation can come earlier if
| P~y
(Riquelme & Spitkovsky 09) y . 1/2
5B=30( Vo )( ) e
, 10" km /s )\10cm
OB P
( res — 2 VD CR ; }\‘doc BZ
B, Vy my,

(e.g. AmatoéBlasi 06)

(sBBell ~ v_D or V_D g
0B, nv, vV, w522~ (Riquelme & Spitkovsky 09)
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K| /K'Bohm

"'"L/K'Bohm
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For efficient scattering
Inverse cascading
Vs
Advection time

When small scale turbulence
and finite time
Are taken into account....

_Associated scattering

Too few waves at large A
=D ~E?
subdiffusive behaviour
for some range of E

K...x decreasing with time
but saturation not reached

(Zmakashvuh & P‘ruskm 08)

llTlTT[

”’1' 10% km s !




Summary

Non-resonant modes highlighted by Bell 2004
generate potentially much larger fields than
classically thought

They can easily account for amplified fields
observed in SNRs

But can they help us make progress in CR physics?

Approximation at the resonance very good to
describe propagation in the Galaxy

Currently it is not clear that they can provide
sufficient scattering for CRs to reach the knee in
SNR shocks

An instability that has been studied for more than
40 years can still reserve surprises

The two main problems to drive the study are still
not completely understood



