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Conclusions

Numerical Setup

Proton distribution functions 

Pitch angle scattering of solar wind protons

 
We studied by 3D hybrid simulations the proton acceleration and heating driven by the parametric 
decay of a large amplitude Alfvén wave. 

By comparing the wave modes and the proton velocity distribution functions for the 1D, 2D, and 
3D systems, we conclude that plasma is heated more efficient in the 3D setup. 

Parallel heating is provided by the damping of the ion sound waves. 

Perpendicular heating is mostly given by the perpendicular scattering of protons by the field 
aligned and oblique propagating Alfvén daughter waves. 

The pitch-angle scattering is the mechanism to describe the perpendicular broadening observed in 
the particle velocity distribution functions. 

Parametric decay, besides its implication in the reduction of the cross-helicity in the solar wind and 
in the local production of turbulence, could also play a key role in pitch angle scattering of the 
solar wind protons and finally in the perpendicular temperature anisotropy observed in the inner 
heliosphere.

Velocity phase space

● A.I.K.E.F hybrid code (Müller et 
al., 2011).

● Three different setups: 1D, 2D, 
and 3D. 

● Simulation box: 288x288x288 d
i 
 

& 288x288x288 grid points (3D)
● N=1000 particles/cell

Time evolution of the normalized 
magnetic field energy of the 
Alfvén pump wave (EP) and the 
counter propagating Alfvén 
daugter wave (ED). Overplotted by 
gray are given the rms density 
fluctuations. 

Power spectrum in the 
wavenumber frequency domaian 
of the magnetic field derermined 
at time tΩ

p
=500.

Perpendicular heating predominant in the 3D 
system due to the cyclotron resonance and pitch 
angle scattering mechanism. Here, the solid, 
dashed, and dotted lines correspond to the 3D, 
2D, and 1D setups, respectively.

● Field aligned and oblique parametric instabilities well 
studies from multi-dimensional MHD, and 1-D, 2-D PIC 
simulations.

● 3-D hybrid simulations are missing.
● The oblique geometry of the daughter waves for the 

field aligned instability is less known in great details 
(former 2-D MHD studies by Ghosh&Goldstein 1994).
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Schematic representation of the wave 
resonance conditions for: (a) decay 
instability and (b) modulational 
instability (Hoshino and Goldstein 1989).

Comparison with spacecraft observation 
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Parallel  and perpendicular ion temperatures  

Simulation versus observation:   

Starting point and motivation

By means of hybrid simulations, we present a study on ion heating by the field-aligned decay of 
a monochromatic left-hand polarized Alfvén wave. The comparison made among different 
spatial dimensions proves that the three-dimensional simulation exhibits more efficient 
heating. Plasma is heated parallel to the mean magnetic field by the damping of the ion 
acoustic waves while being heated perpendicular by the cyclotron resonance and damping of 
protons by the Alfvén daughter waves. The parametric decay and the pitch angle scattering 
mechanism are both involved in broadening the entire proton velocity distribution in directions 
peprendicular to the mean magnetic field. The left-hand circularly polarized Alfvén pump wave 
with forward propagation does perpendiculary broaden one side of the particle velocity 
distribution while the backward propagating Alfvén daughter wave enlarges the other side, 
respectively.
As an application in the solar wind context, the antisunward part of the core component of the 
proton velocity distributions is controlled by the sunward-propagating waves driven by the 
parametric decay.
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● Amplitude of the pump wave: 
δB/B

0
=0.20

● Polarization: circularly left (LH)
● Plasma beta: β
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Proton phase space z-v|| at time tΩ
p
=300 

close to the linear saturation of the decay 
instability. Proton phase space z-v|| at the 

final time tΩ
p
=600 of the simulation.

Proton distribution functions 
represented as contours levels (solid 
line) determined in the plane (v

┴
,v

||
) at 

different times.  The dashed lines 
describe the locus (v

┴
,v

||
) of the particle 

velocities where their energy is 
conserved in the wave frame. V

ph 
is the 

phase speed of the Alfvén wave.

Measured proton velocity distributions 
obtained by Helios 2 with the theoretical 
cyclotron-resonance plateaus as predicted by 
quasy-linear theory (Marsch and Tu, 2001).
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Sketch of the wave vector couping of the field 
aligned pump wave (k

0
) and the two daughter 

waves (k
d
 and k

s
)  in the 3D setup.
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