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Abstract

The solar wind is a continuous outflow of plasma from the Sun, which expands into the space between the planets in our solar

system and forms the heliosphere. The solar wind is inherently turbulent and characterised by kinetic micro-instabilities on

a range of scales. The Sun also intermittently ejects mass (coronal mass ejections; CMEs) or solar energetic particles (SEPs)

which change their trajectory or energy due to their interactions with the solar wind. When these violent particle events hit

the Earth’s magnetosphere, they can cause “space weather” with both long- and short-term impacts on our natural and tech-

nological environment. This presentation investigates the behaviour and the effects of kinetic instabilities in a turbulent plasma

with particular emphasis on energy transfer processes. We utilise the unprecedented observations from ESA’s Solar Orbiter

spacecraft, launched in February 2020, to advance our understanding of the Sun, the solar wind, and space weather. Large-scale

compressions (ubiquitous in solar-wind turbulence) create conditions for proton, alpha-particle and electron microinstabilities,

which then transfer energy to small-scale fluctuations. These instability-driven small-scale fluctuations, including those driven

by turbulence and other sources of free energy (e.g. particle beams, differential flows, heat fluxes, temperature anisotropies),

make a significant contribution to the fluctuation spectrum at kinetic scales, where energy dissipation occurs. We consider

instabilities driven by turbulence in the plasma by using statistical methods to analyse the Solar Orbiter data and characterise

the turbulence at the relevant scales and amplitude. Specifically, we evaluate the processes by which turbulence combined with

temperature anisotropy causes instability, comparing theoretical calculations with the high resolution data available from the

Solar Orbiter MAG and SWA instruments.
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INTRODUCTION
 

Can instabilities work in a turbulent plasma and if so, what
conditions are needed for instabilities to act?
 

Figure 1: View of solar orbiter spacecraft showing the remote sensing and in situ instrumentation. Ref: (Müller et
al., 2020)

 

This work utilises early data from the Solar Orbiter mission cruise phase.
The spacecraft carries 6 remote sensing instruments to observe the
Sun’s surface and the solar corona and 4 in situ instruments to measure
the solar wind, energetic particles and electromagnetic fields.

The various instruments are shown in Figure 1 and for the purposes of
this project the instruments of interest are: the Solar Wind Analyser
(SWA) for data concerning protons/alpha particles (SWA/PAS) and
electrons (SWA/EAS) (Owen et al., 2020); the magnetometer (MAG) for
in situ measurement of the fluctuations in the large-scale magnetic field
(Horbury et al., 2020); and the radio and plasma waves instrument
(RPW)  for data on small scale electromagnetic field fluctuations
(Maksimovic et al., 2020). These instruments provide datasets of
unprecedented temporal and spatial detail giving a novel perspective on
solar wind activity (Müller et al., 2020).

 

Figure 2: Orbital alignment of Solar Orbiter for the period 7-18 October, 2020. (Courtesy Parker Solar Probe
science gateway orbital planning tool)

 

Owing to early calibration issues all PAS data with SW velocity < 380km/s has
been eliminated from analysis and all MAG data used are at quality flag 2 or
better. According to the availability of the SWA/PAS ground moments datasets,
these criteria have led to a focus on the period 7-18 October 2020 for detailed
investigations. The orbital position of the spacecraft at that time is shown as
figure 2.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTS 1

Figure 3: Brazil

plots from data analysis as noted

 

The starting point for this analysis  is to create Anisotropy (T /T ) - Beta (β )
plots of the relevant data (so-called 'Brazil plots') and two are shown as figure
3.

For these plots the following parameters are used:

•       T /T : Temperature perpendicular to the magnetic field direction divided by
temperature parallel to the magnetic field direction with temperatures calculated
from the pressure tensor given by the Ground Moments in the SWA/PAS data after
rotation to align with magnetic field direction

•       𝜷𝜷 :  β  = 8π.K .N .T  / B

     where K  is the Boltzmann constant, N  is the proton density and B is the
magnitude of the magnetic field

•       M is the mirror mode instability threshold; A/IC is the threshold for Alfven/ion-
cyclotron waves; Fse is the oblique firehose mode instability threshold; FM/W is
the threshold for fast-magnetosonic/whistler waves

•       Instability thresholds are calculated in accordance with  Verscharen et al.,
2016 for a maximum growth rate of Ω .10 , where Ω  is the proton gyrofrequency.

 

The nature of the datapoints which fall in the ‘unstable’ regions (i.e. the regions
outside the Mirror and Oblique Firehose instability thresholds where it is expected
that wave modes should develop and grow, thereby returning the plasma to
the stable regime) is considered.

 

Figure 4: Gyrindex distributions of datapoints by region of the Brazil plots. Stable points are inside the
stable parameter space on the Brazil plot, Firehose points are in the unstable parameter space outside
the oblique firehose threshold, Mirror points are in the unstable parameter space outside the mirror
threshold.

 

To evaluate the axisymmetric properties of the plasma in the direction
perpendicular to B , the magnitude of the magnetic field, a measure of gyrotropy,
called the Gyrindex (G ), is developed using the following equation:

 

G  =  2 - |(P - P )/0.5(P + P )|

 

Where P  and P  are the [1,1] and [2,2] elements of the rotated pressure
tensor representing the pressure in the two axes perpendicular to the direction of
B , and a maximum gyrindex of 2 is therefore perfectly axisymmetric.

G  distributions indicate that those datapoints in the unstable regions are less
gyrotropic than the general population of points in the stable region as can be seen
in figure 4, where the peak for distributions of the unstable regions have G  =
~1.85, whereas the peak for the stable population occurs at G = 2:

 

The dependence of the data on the angle between the direction of V , the
bulk velocity of the solar wind, and the direction of B  (B/V angle) is
considered. Results are shown below in figure 5:

 

Figure 5: Polar plots on a log scale showing the distribution of datapoints by B/V angle calculated in 3D space
and projected onto the 2D XY plane. 

 

These plots show that the datapoints distributed in the unstable regions
exhibit a correlation with B/V angle. In particular the mirror mode unstable
region is associated with the magnetic field being aligned or anti-aligned with V
in the radial direction whilst the oblique firehose unstable region is associated with
a quasi-perpendicular alignment of B  and V .

 

To better understand what might account for this angular dependence, distributions
of the variables relevant to the instability thresholds are calculated. This exercise
suggests that the dependence arises from the relative depression in T  when
B  is in the radial direction. 

 

 Figure 6:

Distribution plots of T  for the two datasets investigated

 

 

 

 

 

 

RESULTS 2
 

Figure 7: Brazil plots generated from data aggregated over a range of sampling cadences (C) as indicated. Upper 4
panels for 7-12.10.20 and lower 4 panels for 13-18.10.20.

 

Subsequent investigation has focussed on whether the datapoints found in the
unstable regions are transient features registered by the PAS instrument’s 4
second cadence not previously been seen in lower resolution data such as
that from the WIND spacecraft which has a 92 second sampling cadence.
Aggregated datasets are formed as follows:

•       New input datasets are formed from the cdf files containing the base
variables (VAR )

•       The base high resolution files are at a 4 second cadence as determined by
the SWA PAS instrument

•       New variables (VAR ) are calculated by summing and averaging the base
variables to required cadences

 

Brazil plots of the data at a range of selected cadences are produced as shown in
figure 7. These plots suggest that as temperature anisotropies develop in a plasma
parcel some of the particles that move into the ‘unstable’ parameter space
outside the instability thresholds may not remain there for sufficient time to
allow instability wave modes to develop. These particles occupy the ‘unstable’
space without in fact becoming technically unstable, where technically unstable is
defined by exhibiting the applicable instability wave modes. 

 

Figure 8: The proportion

of datapoints in the Mirror (M) and Oblique Firehose (F) regions expressed as a percentage, scaled for clarity,
plotted as a function of lengthscale of the measurement frame in proton gyroradii.

 

The residence time in ‘unstable’ regions is also a measure of the available
space for wave instabilities to develop – or the size of the box for a given parcel
of plasma. A comprehensive range of scales is developed with timescales
converted pointwise into lengthscales measured in proton gyroradii. The result of
this analysis is given in figure 8.

The two plots show that the rate of decrease of the number of unstable region
datapoints as a proportion of the total sample, increases with lengthscale. Further,
there is an apparent breakpoint at ~10  gyroradii at which the rate of
decrease increases exponentially.

The wavelength (λ ) of waves at the maximum growth rate of instability in terms of
proton gyroradii (G ),  to a reasonable approximation is given by:

 

λ  ≅≅ (2π/0.5).G     

 

(Gary, 1993; Pokhotelov, 2004; Stacey, 2012)

which gives:

 

10 . G ≅≅ 8. λ

 

Suggesting that the lengthscale of the space required for instability wave
modes to grow may be around 8 wavelengths

 

DISCUSSION

Figure 9: Structure of B/V angle dependence in Brazil plot dataspace shown for both datasets.

 

Further work is needed to identify and evaluate the potential causes of
the observed agyrotropy; as well as the depression of T  when B  is
aligned in the radial direction, which is primarily responsible for the
observed dependence on the B/V angle of datapoints in the unstable
regions. The structure of the dependence in parameter space is shown in
figure 9.

 

 

 

CONCLUSION

The Mirror and Oblique Firehose 'unstable' regions are
characterised by conditions that indicate the presence of unstable
modes - temperature anisotropy, agyrotropy - but 'technical
instability' exhibits latency related to the lengthscale required for
wave instabilities to develop.
This lengthscale requirement may help constrain relevant scales for
the assumption of homogeneity in the turbulent solar wind, which
is needed for instabilities to grow.  
At the spatial and temporal resolution of Solar Orbiter SWA/PAS
data, processes that relate to wave/particle interactions can reveal
significant information about the sub-ion scales in the solar wind.
This information can improve the current understanding of what
conditions are needed for instabilities to act.
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ABSTRACT
The solar wind is a continuous outflow of plasma from the Sun, which expands into the space between the planets in our solar
system and forms the heliosphere. The solar wind is inherently turbulent and characterised by kinetic micro-instabilities on a
range of scales. The Sun also intermittently ejects mass (coronal mass ejections; CMEs) or solar energetic particles (SEPs)
which change their trajectory or energy due to their interactions with the solar wind. When these violent particle events hit the
Earth’s magnetosphere, they can cause “space weather” with both long- and short-term impacts on our natural and technological
environment. This presentation investigates the behaviour and the effects of kinetic instabilities in a turbulent plasma with
particular emphasis on energy transfer processes. We utilise the unprecedented observations from ESA’s Solar Orbiter
spacecraft, launched in February 2020, to advance our understanding of the Sun, the solar wind, and space weather.

 

Large-scale compressions (ubiquitous in solar-wind turbulence) create conditions for proton, alpha-particle and electron
microinstabilities, which then transfer energy to small-scale fluctuations. These instability-driven small-scale fluctuations,
including those driven by turbulence and other sources of free energy (e.g. particle beams, differential flows, heat fluxes,
temperature anisotropies), make a significant contribution to the fluctuation spectrum at kinetic scales, where energy dissipation
occurs.

We consider instabilities driven by turbulence in the plasma by using statistical methods to analyse the Solar Orbiter data and
characterise the turbulence at the relevant scales and amplitude. Specifically, we evaluate the processes by which turbulence
combined with temperature anisotropy causes instability, comparing theoretical calculations with the high resolution data
available from the Solar Orbiter MAG and SWA instruments.
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