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Alpha beam in the solar wind
Ion differential speed

Drift between protons and
alpha particles in the
collisionless fast solar wind
Deceleration during transit
through heliosphere
Upper threshold: ∼ vA

(Marsch et al., 1982)
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Alpha beam in the solar wind
Ion differential speed

(Marsch et al., 1982)
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Alpha beam in the solar wind
Hybrid simulations

The deceleration has not yet been fully understood
Hybrid simulations can model the non-equilibrium physics of
streaming ion species
Several “streaming instabilities” have been found
Instability thresholds: ∼ 1.7vA for parallel propagation, ∼ vA
for oblique propagation

(Gary et al., 2000)
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Quasilinear theory
Temporal evolution of the distribution function
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Quasilinear theory
Ingredients

The delta function

δ(ωr − k‖v‖ − nΩ)

determines the resonant particles. Only particles with the resonance
speed

v‖ = vR,n ≡
ωr − nΩ

k‖

of order n can resonate.
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Quasilinear theory
Ingredients

The characteristics of the operator

G ≡
(

1−
k‖v‖

ωr

)
∂

∂v⊥
+
k‖v⊥

ωr

∂
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with constant phase speed vph = ωr/k‖ are circles in velocity space
with(

v‖ − vph
)2

+ v2⊥ = const.

Therefore, the quasilinear evolution leads to a diffusion along circles
around the phase speed of the interacting wave.
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Quasilinear theory
Ingredients

The amplitude function
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has for parallel propagation (since Ji(0) = δi,0) only
cyclotron-resonant contributions from Ek,r for n = −1, from Ek,l
for n = +1, and Landau-resonant contributions from Ekz for
n = 0. Higher orders are weak.
Ek,r ≡

Ekx−iEky√
2

, Ek,l ≡
Ekx+iEky√

2
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Quasilinear theory
Energy budget

If the particles lose energy, the wave gains energy. That is an
instability.

v

vvph

⊥

��

p

v

v

⊥

��

�

�

a)

b)

p

vph

Verscharen & Chandran Oblique waves and ion beams



The wave-energy state

The wave energy (averaged over many periods) is given by

W =
1

8π

[
B∗k ·Bk + E∗k ·

∂

∂ω
(ωεh)Ek

]∣∣∣∣
ω=ωr

.

This term can become negative depending on the contribution of
the medium (due to ∂

∂ωεh).
Can only happen in media that are not in thermodynamic
equilibrium
Amplitude growth leads to decrease of energy of the medium
Dissipation leads to growth instead of damping
Total energy is (of course) conserved
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Instability thresholds

The following rules apply:
1 0 < ωr/k‖ < Ui

2 The resonances with n = ±1 and n = 0 of the alpha particles
are the only relevant resonances

3 The resonance n = +1 needs a mode with Ek,l 6= 0, the
resonance n = −1 needs a mode Ek,r 6= 0, and n = 0 needs
Ek,z 6= 0

4 Modes with left-handed contributions are not unstable in the
range of the proton resonance at ωr ≈ Ωp

5 A wave, which is unstable according to points 1 through 4, is
damped as long as W < 0 and vice versa
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Examples of the dispersion

left: Ui = 0.1, right: Ui = 1.1
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The wave-energy state
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Cold plasma dispersion and polarization
Parallel case
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disp_omega_movie_parallel.mpg
Media File (video/mpeg)



Cold plasma dispersion and polarization
Parallel case with higher beta
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disp_omega_movie_parallel_highbeta.mpg
Media File (video/mpeg)



Cold plasma dispersion and polarization
Oblique case
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disp_omega_movie_oblique.mpg
Media File (video/mpeg)



Results

The parallel magnetosonic instability threshold is at
Ui & 1.7vA in our case
It requires quite high (parallel alpha) betas
The Alfvén mode is stable in parallel propagation
In oblique propagation, its polarization is modified, and Alfvén
I is unstable for Ui & 1.2vA. For higher betas even earlier (be
careful with dispersion!)
It is also unstable at low wavenumbers due to Landau
resonance (Alfvén II)
Typical wavenumbers are in the range k‖vA/Ωp = 0.2 . . . 0.9,
and the frequencies are in the range ω/Ωp = 0.2 . . . 1.3
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Cold plasma dispersion and polarization
The dispersion relation

We use the dispersion of a cold plasma:

n×(n×Ek)+εEk =

 S − nz −iD J + nxnz
iD S − n2 M

J + nxnz −M P − n2x

EkxEky
Ekz

 = 0

with

ε =

 S −iD J
iD S M
J −M P

 ,

Verscharen & Chandran Oblique waves and ion beams



Summary
The unstable modes and their properties

Name Resonance Threshold β‖ Growth Rate
Parallel magnetosonic n = −1 ∼ 1.7vA high high
Oblique magnetosonic n = 0 ∼ 1.5vA low low
Alfvén I n = −1 ∼ 1.2vA low high
Alfvén II n = 0 ∼ 0.8vA low low
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