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Developing Turbulence and Density Fluctuation Sign of Instability (PDI)

As the Parker Solar Probe (PSP) crossed the Alfvén surface, more near-Sun physics is to be revealed, e.g., the role of Parametric Decaying Instability (PDI) in energy
dissipation and turbulence development. We examined the physical conditions within the Alfvén surface, especially the amplitude of fluctuations of magnetic fields and the
plasma beta, which show that PDI of Alfvén waves is likely to occur. Based on our one-dimensional global (expanding) solar wind simulation, we extend it to multi-dimensions,
aiming to study the signatures of PDI and the consequential compressive MHD effects. We study the variation properties of magnetic fields, velocity, and density associated with
PDI from the solar surface to 1 au and beyond. Special attention is paid to the possible heating effects of PDI due to turbulence cascade.

Abstract

Parametric Decaying Instability

Takeaway

Following the excellent work by Reville et al, Shoda et al., Tenerani et
al., we make global MHD simulations of the solar wind (slow wind) in
1D/2D/3D, respectively, using the Athena++ code. The figure below
shows the wind profiles after the simulations enter steady state.

Parametric decaying Instability (PDI) induces counter-propagating
Alfvén waves and slow magnetosonic waves. The former is thought
to be crucial in turbulence development, while the latter are
compressible waves that generate density fluctuations as observed in
the solar wind by the Parker Solar Probe (PSP). Therefore, it is
believed that PDI may play an important role in developing turbulence
and density fluctuation.

PDI favors (1) low-beta plasma with (2) large-amplitude Alfvén wave
(in terms of dB/B0), which are both true in the near-sun environments
as measured by PSP. It is interesting that a weak Alfvén wave can be
“amplified” in terms of dB/B0 during its propagation outward as
predicted by Parker (1965), a.k.a. the WKB approximation (because
B0 in the global solar wind decreases much faster than dB does as
radius increases).

However, it is non-trivial to study PDI in realistic solar wind conditions.
Like any instability, PDI needs finite time to grow, its growth time must
be short enough to compete with the processes below:

vWind advection.
v Nonlinear interaction.
v Coherence of the Alfvén wave.

We made 16 runs with different wave injection / driving amplitudes
(initial perturbation on velocity and magnetic field). We found a clear
jump in the figure below when we plot the density fluctuation (RMS)
as a function of the driving amplitude, which indicate instabilities.

We made 2D MHD simulations (also in 3D, but not shown here) of
global solar wind with wave injection near the solar surface to study
parametric decaying instability (PDI) under the near-sun conditions.
We found that,

1. PDI can survive from the turbulent background and help
developing turbulence and density fluctuations in the near-sun
environment.

2. The relative density fluctuation dn/n0 in our simulations could be
up to ~ 0.15 (rms) in the radial range 15 - 19 Rsun, which can be
compared with the PSP measurement.

3. The heating effects due to Landau damping could be important to
the ion heating within 20 Rsun.
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Our wave injection algorithm is implemented as a time-dependent boundary conditions at the solar surface after the solar wind simulation enters its
steady state. The radial wavelength is dependent on the injection frequency (assuming 1/f spectrum in cases of multiple waves) and the global wind
solution (mainly the profile of Alfven speed and fluid velocity). Instead of injecting perfectly coherent Alfvén waves, we randomize the phase of each
wave by using an OU process with a correlation time of local Alfvén time. In our simulations in 2D and 3D, we also inject oblique modes by adding in
angle (theta and phi) dependence in the inner boundary conditions.

The Figure above shows the results of transverse velocity fluctuation dV_phi (in units of 440 km/s, upper panel) and density fluctuation (dn/n0, lower
panel) in one of our 2D simulations (with 8192 x 256 grids) when it is in a quasi-steady state. The wave injection (of 400 modes) at the boundary is
continuous (and, of course, the velocity perturbation is divergence-free. All density fluctuations are generated during the propagation outward). We
sample the density fluctuations in three locations/regions, (1) R = 2 - 3 Rsun, (2) R = 5 - 7 Rsun, and R = 15 – 19 Rsun, respectively. We find some
interesting trends:
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Landau Damping
We made rough estimate about the heating rate due to Landau
damping as follows,

The density fluctuation is sampled between R = 15 and 19 Rsun,
which is well covered by recent PSP observations.

v As the solar wind and waves propagate outward, the density fluctuation
firstly increases, then saturates, and slightly decreases. In the innermost
region (R = 2 - 3 Rsun), the relative density fluctuation (dn/n0, we calculate
the mean density n0 by time averaging) is ~ 0.02 (rms, while maximum
value of |dn/n0| ~0.07); In the intermediate region (5 - 7 Rsun), dn/n0 rms ~
0.16 (maximum value of |dn/n0| could be up to 0.65); In the outmost region
(R = 15 – 19 Rsun), dn/n0 rms ~ 0.10 (maximum value of |dn/n0| could be
up to 0.35).

v The solar wind is systematically accelerated by the wave injection. In the
simulation above, the radial fluid velocity increases by ~40% due to the
wave injection at R = 20 Rsun, as a result, the density becomes
systematically lower than that in the steady wind solution.

vWe also made FFT spectrum of density fluctuation as shown in the figure
on the right. The fluctuation is sampled in the comoving frame to eliminate
the Doppler effect of wind advection. We can see that the density
fluctuations seem to follow a specific dispersion relation.
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Giving the amplitude of density fluctuation (dn/n0 ~ 0.1), assuming
the damping rate γ/𝜔~Ο(1), we find that Landau damping is capable
of heating the plasma significantly within a timescale of 1.5x103
seconds, which is comparable with local dynamical timescale near
the sun. It indicates that the heating effect could be important.

PDI in Expanding Solar Wind
Following the excellent work by Reville et al, 
Shoda et al., Tenerani et al., we make global 
1D simulations (also capable of 3D) of the 
solar wind (slow wind) with the physics 
processes below:
• Solar atmosphere (corona)
• Corona Heating
• Radiative cooling
• Thermal conduction 
• Wave injection at the solar surface

wave “amplification” due to expansion
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The plot below shows an example of PDI of a single Alfvén wave in
the global solar wind, its daughter Alfvén wave and a slow wave.


