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Abstract The Earth's magnetosheath plasma frequently exhibits unequal temperatures parallel and
perpendicular to the background magnetic field. This temperature anisotropy is crucial in exciting and
dissipating electromagnetic fluctuations in various plasma environments. Leveraging a comprehensive dataset
comprising sub-ion scale measurements from NASA's Magnetospheric Multiscale Mission, our study unveils
insights into the spatial evolution and parametric dependence of different ion kinetic instabilities within the
Earth's magnetosheath. We observe a remarkable spatial dependence on the occurrence of kinetic instabilities.
The condition for the mirror-mode instability exhibits a significantly higher prevalence near the subsolar
magnetopause compared to the flank regions. The condition for the oblique firehose instability is more
prominent near the bow shock region than in the vicinity of the magnetopause. Furthermore, the occurrence of
these instabilities and their spatial distribution are linked to the plasma's upstream conditions. Our study offers
new insights into the nature of ion kinetic instabilities in the Earth's magnetosheath and similar plasma
environments.

Plain Language Summary Characterized by significantly compressed and heated solar wind, the
Earth's magnetosheath is a region bounded by the bow shock and the Earth's magnetosphere, where plasma
frequently exhibits unequal temperatures parallel and perpendicular to the background magnetic field. This
temperature ansisotropy excites electromagnetic fluctuations in various space and planetary plasma
environments, which is often called plasma instabilities. However, it is still unclear how ion-kinetic instabilities
evolve in the magnetosheath and their parametric dependence on upstream solar wind conditions. Using data
from NASA's Magnetospheric Multiscale Mission, we find remarkable spatial and parametric dependence of
ion-kinetic instabilities such as mirror-mode and firehose instabilities. Our result could be useful for
understanding the nature of ion-kinetic instabilities in similar plasma environments.

1. Introduction

Downstream of the collisionless bow shock, the Earth's magnetosheath is a unique laboratory for studying plasma
instabilities. These instabilities are prevalent in similar, yet inaccessible, astrophysical environments (e.g., in
plasmas in which T}, > T, where T is the temperature of species i, and the subscripts p and e denote protons and
electrons), such as the stellar corona and hot accretion flows. The supersonic solar wind undergoes sudden
deceleration and compression across the bow shock, resulting in the formation of a highly dynamic magneto-
sheath characterized by locally generated turbulence and diverse instabilities (Fairfield, 1976; Guicking
et al., 2012; Gurnett et al., 1979; Huang et al., 2017; Li et al., 2020; Schwartz et al., 1996). Previous research
demonstrates the emergence of a power spectral density scaling of the magnetic-field fluctuations that follows
approximately ~f~! at the magnetohydrodynamic (MHD) scales in the magnetosheath, where f is the frequency
in the spacecraft reference frame, indicating substantial local energy injection (Alexandrova et al., 2008; Chhiber
et al., 2018; Czaykowska et al., 2001; Huang et al., 2017; Li et al., 2020).

The presence of multiple wave types and instabilities is a common phenomenon downstream of shock transitions
(Fairfield, 1976; Gurnett et al., 1979; Li et al., 2024; Lichko & Egedal, 2020; Rakhmanova et al., 2018; Rezeau
etal., 1999; Sahraoui et al., 2006). Locally generated waves in the magnetosheath are correlated with pronounced
temperature anisotropy of charged particles (e.g., R, = Tp,1/Tp # 1), where T,,, (T},)) represents the temperature
of protons perpendicular (parallel) to the background magnetic field (Anderson et al., 1994; Anderson &
Fuselier, 1993; Dimmock et al., 2015; Lucek et al., 2001; Sahraoui et al., 2006; Schwartz et al., 1996; Song &
Russell, 1997). Temperature anisotropy can drive various types of instabilities, including the Alfvén/ion-
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cyclotron instability, the mirror-mode instability, the fast magnetosonic/whistler instability, and the fire-hose
instability (Gary et al., 1998; Guicking et al., 2012; Hellinger & Matsumoto, 2000; Kunz et al., 2014; Ley
et al., 2023; Quest & Shapiro, 1996; Southwood & Kivelson, 1993; Verscharen et al., 2016). Previous studies in
both the solar wind and the magnetosheath indicate that most data point distributions in parameter space (Rp, ﬁp”)
are limited to the linear thresholds of kinetic instabilities (Bale et al., 2009; Kasper et al., 2008; Maruca
etal., 2011, 2018), where f| = 2uon,kpTi/ |B|?, py is the vacuum permeability, kg is the Boltzmann constant, T,
the proton temperature, and |B| is the magnetic field strength. However, a comprehensive investigation of the
spatial distribution of the different types of ion kinetic instabilities and the influence of upstream solar wind
conditions on this distribution is still lacking.

In the magnetosheath, plasma parameters such as magnetic field strength, plasma-$, and Alfvénic Mach number
exhibit significant spatial variations. The most pronounced solar wind deceleration and compression occur in the
sub-solar region downstream of the bow shock nose. As the magnetosheath plasma flows toward the flank re-
gions, the plasma returns from subsonic to supersonic speeds (Li et al., 2020). The characteristics of field and
plasma fluctuations evolve discernibly between the bow shock to the magnetopause, including the turbulent Mach
number, intermittency, and the energy cascade rate (Jiang et al., 2022, 2024; Lewis et al., 2024; Li et al., 2020;
Sahraoui et al., 2006; Yordanova et al., 2008). Instabilities and waves in the magnetosheath occur more frequently
in close proximity to the bow shock (Guicking et al., 2012).

Variable upstream solar wind conditions and dynamic boundary conditions significantly alter the properties of the
magnetosheath plasma. Under quasi-parallel shock conditions (i.e., with a small angle 6, between the normal
direction of the shock and the interplanetary magnetic field (IMF)), reflected field-aligned ion beams with R, < 1
escape from the shock into the foreshock region where they generate intense and large-amplitude fluctuations
through instability. These fluctuations are then convected with the plasma across the shock into the downstream
magnetosheath (Dimmock et al., 2014; Lucek et al., 2008; Schwartz & Burgess, 1991; Soucek et al., 2008; Turc
et al., 2023). In quasi-perpendicular shock scenarios, a prevalent temperature anisotropy (R, > 1) exists in the
magnetosheath (Dimmock et al., 2015; Sckopke et al., 1983; Soucek et al., 2015). Low-Mach shock conditions
promote an increase in R;,, while mirror-mode fluctuations exhibit a higher occurrence rate behind low-Mach and
quasi-perpendicular shocks (Soucek et al., 2015). Furthermore, under southward IMF conditions, magnetic field
fluctuations near the magnetopause are significantly amplified (Dimmock et al., 2014). Higher upstream solar
wind speeds are associated with a greater likelihood of high-amplitude fluctuations in the magnetosheath
(Dimmock et al., 2014).

In this investigation, we leverage on the high-time resolution magnetic field and ion data obtained from NASA's
Magnetospheric Multiscale Mission (MMS) to conduct a detailed analysis of kinetic instabilities in the Earth's
magnetosheath. By utilizing a comprehensive dataset of MMS burst-mode events, we explore the parametric
dependencies and spatial distribution of the occurrence of ion kinetic instabilities, examining their behavior under
varying upstream solar wind conditions.

2. Data Set and Methods
2.1. Data Set

The high temporal resolution data provided by the MMS mission allow us to analyze plasma fluctuations,
including variations in number density, bulk velocity, and temperature anisotropy, at sub-ion scales (Burch
et al., 2016). The fluxgate magnetometer (FGM) records magnetic field data with a time resolution of 1/128 s
(Russell et al., 2016), while the Fast Plasma Investigation (FPI) captures ion velocity distribution functions with a
burst-mode time resolution of 0.15 s (Pollock et al., 2016). Our study involves a comprehensive statistical analysis
of the thermodynamic properties and their correlations with ion-kinetic instabilities in magnetosheath plasma. We
base our analysis on an event list that comprises 1,841 cases of burst-mode data collected by the MMS-1
spacecraft from September 2015 to June 2019 (Li et al., 2020).

2.2. Typical Unstable Events

Figure 1 illustrates unstable scenarios for the mirror-mode and oblique firehose instabilities in the dayside sub-
solar region of the magnetosheath downstream of the bow shock on 25 January 2017 (left) and 06 October 2017
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Figure 1. Mirror-mode and firehose instabilities observed by the MMSI1 satellite on 25 January 2017 and 06 October 2017.
(a) Magnetic field strength. (b) Ion number density. (c) Ion velocity in Geocentric Solar Ecliptic (GSE) coordinates.

(d) Magnetic pressure, ion thermal pressure, and dynamic pressure. (e) Ion energy differential flux. (f) Ion temperature
anisotropy and instability thresholds (indicated by dotted lines). The mirror-mode instability threshold is shown in red, and
the oblique firehose instability threshold (with y = IO‘ZQP) is depicted in blue. (g) Average position of the spacecraft
(marked by a blue star) and the angle between the shock normal and the IMF. The black and red arrows represent the projection
of the IMF and the bow shock normal directions. (h) Distribution of R;, as a function of 4. Unstable data points are highlighted
in red (mirror-mode) and blue (oblique firehose). The black and gray dashed (solid) lines represent the thresholds for mirror-
mode (oblique firehose) and Alfvén/ion-cyclotron (fast magnetosonic/whistler) instabilities when y = 10’29p (Verscharen
et al., 2016).

(right). The average position of MMSI lies between the bow shock (dotted line) and the magnetopause (solid
line), determined using the dynamical bow shock and magnetopause models proposed by Shue et al. (1997) and
Chao et al. (2002), which incorporate real-time upstream solar wind conditions from the OMNI data for position
calculations (Papitashvili et al., 2014). Following a previous study by Li et al. (2020), we determine the geometry
of the bow shock (0g,) by calculating the angle between the IMF direction and the normal direction of the shock.
To determine the normal direction of the shock, we radially project the average position of the spacecraft to the
bow shock surface using a 3D empirical bow shock model (Chao et al., 2002) and calculate the normal vector at
the projection point.

In the mirror-mode case, fluctuations in magnetic field strength and ion number density exhibit a clear anti-
correlation, with local minima in magnetic field intensity at different times (light red shaded areas). These
quasi-steady local minima, known as magnetic holes (Ahmadi et al., 2018; Breuillard et al., 2018; Jiang
et al., 2022; Kitamura et al., 2020), are characterized by diamagnetic current and significant particle trapping
(Haynes et al., 2015). The background plasma flow velocity is approximately 150 km/s, with dominant GSE-X
and GSE-Y components of similar magnitudes, consistent with the expectations for magnetosheath plasma near
the magnetopause. A local pressure balance is observed between plasma thermal pressure and magnetic pressure,
with a small pressure gradient at the center of the magnetic holes where the magnetic field strength is minimal.
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The average ion temperature is 190 eV, and R, consistently exceeds 1. In certain regions within the magnetic
holes, such as near 25:15 UT and 26:06 UT, localized reductions in R, compared to the surroundings occur,

possibly linked to adiabatic processes of ions within the weakened magnetic field regions of the holes (Ahmadi
et al., 2018). The average R, is 1.62, and the average ﬁp\l is 3.59.

In the case of the oblique firehose instability, the spacecraft is positioned near the bow shock transition region, as
indicated in panel g2. The bow shock geometry is quasi-parallel, with an angle 0g, of approximately 42.7°.
Significant fluctuations in both magnetic field strength and ion density are evident, with dynamic pressure
exerting a dominant influence over magnetic and thermal pressures. The average value of R;, is 0.85, while the
average fi is 4.27.

2.3. Parametric Analysis of Unstable Plasma Conditions

To compare the growth rates of the mirror-mode and oblique firehose instabilities, we utilize fit relations based on
linear Vlasov—Maxwell theory for four distinct types of ion kinetic instabilities driven by temperature anisotropy:

a

+ )
(B _c)b

7 —
R =1

where the parameters a, b, and c are different depending on the maximum growth rate y for each instability. In this
study, considering the typical plasma parameters observed in the magnetosheath, we use a, b, and ¢ for a
maximum growth rate y = IO‘ZQP. The parameters can be found in Table 1 of Verscharen et al. (2016).

Figures 11 and 112 depicts the values of R, obtained from spacecraft observations (solid black line) alongside the
mirror-mode (red dotted line) and oblique firehose instability (blue dotted line) thresholds R} calculated using the
observed f3, with the parameters given by Table 1 in Verscharen et al. (2016). At the core of each magnetic hole,
where the local minimum of the magnetic field magnitude is observed, R, tends to surpass the mirror-mode
instability threshold. This observation suggests that the mirror-mode instability prevalent in magnetosheath
plasma often manifests itself within localized structures, displaying intermittent behavior over time and discrete
spatial distribution. As the mirror-mode instability progresses, it triggers a gradual further reduction of the
magnetic field strength, causing the magnetic hole structures to progressively steepen and deepen. Consequently,
this leads to alterations in the dynamics and thermodynamic properties of ions and electrons (Jiang et al., 2022).

The onset of the oblique firehose instability appears to be linked with the rise in dynamic pressure near the bow
shock. As illustrated in Figure 1h2, both the decrease in R, and the increase in f,; contribute to the emergence of
oblique firehose conditions. This effect is potentially also attributed to the presence of field-aligned ion beams
observed near the quasi-parallel bow shock that contribute to higher T}, (Burgess & Scholer, 2013; Johlander
et al., 2022; Liu et al., 2021; Preisser et al., 2020).

3. Statistical Results
3.1. Location Dependence of Ion-Kinetic Instabilities

To illustrate the statistical constraints imposed on magnetosheath plasma by kinetic instabilities, we present the
probability density distribution of all our data points in the R, — S, plane in Figure 2a. The data points are
organized in a 40 X 40 grid of logarithmically spaced bins covering the ranges 0.1 < f,; <100 and 0.5 <R, <3.
The figure encompasses a total of 1,631,861 data points sampled at a time resolution of 0.15 s, with a notable
concentration of high probability (75%) below the thresholds of the four kinetic instabilities (i.e., in the stable
parameter regime). In Figure 2b, bins with data density below 0.005% are excluded, retaining 99% of the data
points. This observation suggests that the majority of magnetosheath protons exhibit stability to these four types
of ion kinetic instabilities. Nonetheless, a significant fraction of data points are considered unstable to kinetic
instabilities due to proton temperature anisotropy surpassing the linear thresholds. This may be attributed to the
high time resolution of the ion data compared to the time scale of the maximum linear growth rate y = 10‘29p or
to the driving of plasma turbulence, which pushes the plasma across the instability thresholds, being stronger than
the relaxation by the instabilities.
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Figure 2. (a) The statistical probability distribution of data points in the R, — f, plane. (b) The statistical distribution of the
spacecraft fractional distance (Dfm) to the magnetopause in the R, — S, plane. The black and gray dotted lines in both

(a) and (b) represent the thresholds for the mirror-mode instability and the Alfvén/ion cyclotron wave instability when

y = IO‘ZQP. Similarly, the black and gray solid lines represent the thresholds for the oblique-firehose and fast-magnetosonic/
whistler instabilities. (c) and (d) The spatial distributions of cases unstable to mirror-mode and oblique-firehose instabilities as
functions of the satellite position in the dayside equatorial GSE-XY plane.

The departure from the stable regime, as depicted in Figures le and 1g, predominantly occurs in coherent plasma
structures such as magnetic holes, which can be generated by the mirror-mode instability (Jiang et al., 2022). This
finding not only corroborates previous small-sample statistical analyses in the magnetosheath (Maruca
et al., 2018) but also extends the conclusions drawn from studies in the solar wind at 1 au (Bale et al., 2009;
Kasper et al., 2008; Maruca et al., 2011).

Compared with the Alfvén/ion cyclotron instability, the mirror-mode instability contour shows better alignment
with the contour of the probability distribution of the data points in Figure 2a. This indicates that the mirror-mode
threshold sets a slightly better §, -dependent constraint to the proton temperature anisotropy (R;) in the mag-
netosheath. Similarly, when R, <1, the magnetosheath plasma tends to approach the threshold curve of the fast
magnetosonic/whistler and oblique firehose instabilities. Our result is consistent with observations in the solar
wind reported in previous studies (Bale et al., 2009; Hellinger et al., 2006; Hellinger & Travnicek, 2014; Maruca
etal., 2011, 2018). This may be due to the fact that oblique instabilities are non-propagating and more efficient in
regulating the temperature anisotropy as shown by previous numerical and observational studies in slow solar
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wind (Hellinger et al., 2006; Hellinger & Matsumoto, 2001). An alternative explanation for the plasma's neglect
for the Alfvén/ion cyclotron instability threshold lies in the strong dependence of resonant instabilities on local
velocity-space gradients, creating uncertainty in their threshold values (Walters et al., 2023). The mirror-mode
instability is less sensitive to the exact shape of these gradients, so that the predicted mirror-mode threshold is
more accurate even in plasmas that deviate from the bi-Maxwellian model assumption.

To study the spatial dependence of the ion thermodynamic properties in the magnetosheath, we use the fractional
distance between the spacecraft and the magnetopause (Dfmc) as proposed by Verigin et al. (2006):

Fse — h

Dfrac =7mpv (2)
Tos — Tmp

where 7., 1, and 1y, are the radial distances of the spacecraft, the Earth's magnetopause and the bow shock away
from the Earth center. r,. is obtained from the MMS-1 orbital data, and r,, and r, are derived from the dynamical
bow shock and magnetopause empirical models (Chao et al., 2002; Shue et al., 1997) with upstream solar wind
parameters from OMNI data as input.

Figure 2b illustrates the spacecraft distance Dy, relative to the magnetopause for all data points in the R, — f,
parameter plane. The color represents the average Dy, within each bin. A value of Dy, close to 1 indicates
proximity to the bow shock, while a value close to 0 signifies proximity to the magnetopause. In Figure 2b, data in
the unstable regime to the oblique firehose and FM/W instability have a higher average Dy, ~ 1 than in other
parts of parameter space. In contrast, data points in proximity to the mirror-mode instability and the Alfvén/ion
cyclotron instability have smaller average Dy, values, indicating closer proximity to the magnetopause and a
higher likelihood of instability with R, > 1.

Figures 2c and 2d depict the spatial distribution of the percentage of unstable data points for the two non-
propagating ion kinetic instabilities (i.e., surpassing the thresholds of the mirror-mode and oblique-firehose in-
stabilities) in the equatorial GSE-XY plane. Data points are organized into a 20 X 40 grid of linearly spaced bins
that cover the ranges —10 < Xgsg/Rg < 15 and —30 < Ygsp/ Rg < 30, where Ry is the radius of Earth. The dotted
red and solid black lines denote the nominal positions of the bow shock and magnetopause. We observe distinct
spatial patterns for the mirror-mode instability and the oblique-firehose instability in the magnetosheath.
Consistent with the Dy, findings, the mirror-mode instability is more prevalent in the subsolar region compared
to the flank region (see Figure 2c). In contrast, the oblique-firehose instability exhibits a clear radial dependence
from the bow shock toward the magnetopause, with the percentage of unstable data points decreasing with radial
distance from Earth.

3.2. Dependence on Upstream Solar Wind Conditions

Given the direct impact of varying upstream solar wind parameters and interplanetary magnetic field configu-
rations on R, and S in the magnetosheath downstream of the bow shock, we perform a statistical analysis of the
correlation of ion kinetic instabilities with different upstream solar wind conditions. We use the interplanetary
magnetic field (IMF) and plasma data sourced from OMNI in the upstream solar wind. These data enable us to
evaluate factors such as the spacecraft's relative spatial position to the magnetopause, the geometry of the up-
stream bow shock (0g,,) , dynamic pressure (Pyyy 5w ) » magnetosonic Mach number (M) , and the Z-component
of the IMF (BZ) .

Figure 3 shows the real-time distribution of upstream parameters that correspond to the magnetosheath data points
inR, — p,
ometry (i.e., fg, > 60°) tends to favor the Alfvén/ion cyclotron and mirror-mode instabilities, while quasi-parallel

| parameter space. As depicted in Figure 3a, we observe that a quasi-perpendicular bow shock ge-

conditions (i.e., dg, < 30°) are conducive to the fast-magnetosonic/whistler-wave and oblique-firehose in-
stabilities. Elevated solar wind dynamic pressure increases the likelihood of triggering the Alfvén/ion-cyclotron
instability. Moreover, for relatively high values of M., both the mirror-mode instability and the oblique-
firehose instability are more likely to occur. Specifically, under conditions of high M, (>7.1), the magne-
tosheath plasma exhibits a higher susceptibility to mirror mode instability, which aligns with previous findings
(Soucek et al., 2015). However, we do not observe a clear statistical dependence on the IMF B, value.
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Figure 3. The statistical distributions of upstream conditions computed from OMNI data corresponding to each data point in
the R, — p, plane. (a) The bow shock normal angle 0, calculated using upstream interplanetary magnetic field. (b) The
upstream solar wind dynamic pressure Pyyy - (¢) The upstream solar wind magnetosonic Mach number My . (d) Z-
component of the upstream interplanetary magnetic field B,. The overplotted curves are defined as in Figure 2.

Figures 4al and 4a2 illustrate the statistical distributions of Dy, for data points downstream of a bow shock
configuration with 6, > 60° (quasi-perpendicular) and 6g, < 30° (quasi-parallel). In the case of quasi-parallel
shock configurations, a significant number of data near the bow shock are biased toward R, < 1. Downstream
of quasi-perpendicular shock geometries, there is a similar but weak pattern in the data distribution regarding the
Dy, dependence. As shown in Figure 4a3, we find a similar pattern when quantifying the occurrence rates of
plasma conditions unstable to the mirror-mode and the oblique-firehose instabilities as a function of Dy, using
divided data sets according to different upstream parameters. However, when using thresholds with a smaller
growth rate y = 10‘3Qp, the unstable plasma conditions also significantly dependent on Dy,.

To ensure robust statistical analysis, we partition the dataset based on the median values of each parameter,
including the upstream solar wind dynamic pressure, fast magnetosonic Mach number, and IMF B,. Figures 4b1
and 4b2 compare the statistical distribution of Dy, conditioned for low and high solar wind dynamic pressures.
The observed trend aligns closely with that in Figure 4a2. However, in the presence of high dynamic pressure, we
find that the oblique firehose instability more likely to occur near the bow shock, as illustrated in Figure 4f. This
feature persists when using thresholds with a smaller maximum growth rate y = 10‘39p as shown in Figure 4b3.
Figures 4cl and 4c2 reveal a notable disparity when the data set is conditioned for high or low M, ,,. When
M, w > 6, the location dependence is pronounced, and regions near the bow shock predominantly show data
above the thresholds for the R, < 1 instabilities (Figure 4f). Conversely, for My, < 6, the location dependence
weakens, and the average Dy,. converges toward 0.5. This locational dependence is weakened when using
thresholds with a smaller maximum growth rate as shown in Figure 4c3.
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Figure 4. Statistical distributions of the spacecraft fractional distance Dy, to the magnetopause under different upstream
conditions in the R, — f, plane. The statistical distributions of Dy, under quasi-parallel (al) and quasi-perpendicular (a2)
bow shock geometries and, under small (b1) and great (b2) solar wind dynamic pressures, under small (c1) and large (c2) solar
wind magnetosonic Mach numbers, and under south (d1) and north (d2) IMF conditions. (a3—d3) Occurrence rates of unstable
plasma conditions for the mirror-mode (red) and the oblique-firehose (blue) instabilities as a function of Dy,.. Light-colored
lines represent results of different thresholds with the growth rate y = 10‘3Qp. The average Dy, of categorized datasets for
mirror-mode unstable conditions (e) and oblique-firehose unstable conditions (f). The error bars represent the standard error of
mean values.

Figures 4d1 and 4d2 present the statistical distributions of Dy,. in the magnetosheath under conditions of
southward IMF (B, < 0) and northward IMF (B, > 0). For B,> 0, the data points above the mirror-mode
threshold exhibit smaller Dy, (<0.5). In contrast, under B, < 0, those firehose-unstable intervals have a
slightly higher Dy, (>0.8), suggesting that they are more likely to be observed near the shock. In regions near the
bow shock (Dfrac > 0.8), the proportion of unstable firehose data points approaches 30%, exceeding the values
observed in other regions, as indicated by Figure 4f. For results with a smaller growth rate as shown in Figure 4d3,
we find a similar and more significant dependence during the southward IMF condition.

Figure 5 shows the distribution of the local time of data points in the R, — f, plane. The local time is defined as
12(z + arctan(Ygsp/Xgse))/7. Alocal time close to 12 means that the measurement position is close to the dayside
subsolar region of the magnetosheath. A local time of about 6 or 18 indicates that the data points in the magne-
tosheath are recorded close to the dawnside or duskside of the flank region. When 0y, < 30° (quasi-parallel), a
notable portion of data points unstable to the Alfvén/ion cyclotron instability with ,; ~ 1 are observed at the dusk

side. In contrast, for the 6, > 60° (quasi-perpendicular) scenario, the dawn-dusk asymmetry is less pronounced,
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Figure 5. Statistical distributions of the spacecraft local time under different upstream conditions in the R, — f,; plane. The
statistical distributions of the local time under quasi-parallel (al) and quasi-perpendicular (a2) bow shock geometries and,
under small (b1) and great (b2) solar wind dynamic pressures, under small (c1) and large (c2) solar wind magnetosonic Mach
numbers, and under south (d1) and north (d2) IMF conditions. (a3-d3) Occurrence rates of unstable plasma conditions for the
mirror-mode (red) and the oblique-firehose (blue) instabilities as a function of the local time. Light-colored lines represent
results of different thresholds with the growth rate y = 10’3Qp. The average local time of categorized datasets for mirror-
mode unstable conditions (e) and oblique-firehose unstable conditions (f). The error bars represent the standard error of mean
values.

with a slight intensification near the Alfvén/ion cyclotron instability contour on the duskside. For the oblique-
firehose instability, the local-time dependence of unstable conditions shows opposite trends in Figure 5a3.

When the dynamic pressure Pyyp g, > 2.3 nPa, data points unstable to the Alfvén/ion cyclotron instability and
firehose instabilities are observed at the dusk side, as depicted in Figure 5b2. When Pyy,, o, < 2.3 nPa, the duskside
and regions near the subsolar area are slightly prone to firehose instabilities as shown in Figures 5b1 and 5b3. For
M5 > 6, the data points unstable to firehose instabilities are slightly more likely to be present at the dusk flank
side with B, > 10. Regardless of the sign of B,, the plasma conditions unstable to the oblique-firechose instability
show no significant dependence on the local time. For all data points, as depicted in Figures 5a3-5d3, the mirror-
mode instability exhibits a distinct dawn-dusk asymmetry, with a higher percentage of unstable data points
observed on the dusk side. For results with a smaller maximum growth rate, we find a very similar dawn-dusk
asymmetry for the mirror-mode instability regardless of the upstream conditions.
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4. Discussion and Conclusions

Utilizing the high time-resolution ion data obtained from the Magnetospheric Multiscale (MMS) Mission, we
conduct an extensive statistical analysis of the spatial distribution of ion kinetic instabilities in the Earth's
magnetosheath. This study is based on a comprehensive list of burst-mode events that cover the dayside mag-
netosheath between September 2015 and June 2019 (Li et al., 2020). By combining predictions for the thresholds
of four anisotropy-driven instabilities from linear Vlasov—Maxwell theory with sub-ion scale measurements of
ion parameters, we evaluate the stability of plasma in different regions of the magnetosheath and depending on
upstream plasma conditions. The four instabilities are the mirror-mode instability, Alfvén/ion cyclotron insta-
bility, oblique firehose instability, and fast magnetosonic/whistler instability.

Our findings reveal a notable spatial dependence in the occurrence rates of data that exceed the thresholds for the
four kinetic instabilities. Among the total 1,631,861 data points analyzed, around 25% of the whole data exceed
the instability thresholds; that is, are located in the unstable region of parameter space. The occurrence rate of the
mirror-mode instability exhibits its maximum (>20%) in spatial bins in the subsolar region of the magnetosheath,
with a gradual decrease as the plasma flows toward the flank regions. In contrast, the occurrence rate of the
oblique-firehose instability shows its maximum (>10%) in spatial bins near the bow shock, decreasing signifi-
cantly with radial distance to the magnetopause.

To quantify the radial dependence, we apply a dimensionless fractional distance Dy, to the magnetopause based
on dynamic bow shock and magnetopause models that use real-time solar wind parameters from OMNI data. Our
analysis confirms that the distribution of Dy, near the firehose instability threshold is >0.8 (proximity to the bow
shock), gradually decreasing with increasing R,,. Near the mirror-mode instability threshold, the average Dy,
decreases to values indicating vicinity to the magnetopause on average. The occurrence rate of the mirror-mode
instability is greatest near the bow shock (25%), which is consistent with previous study (Soucek et al., 2015).
However, we show that the occurrence rate of the mirror-mode instability are higher near the magnetopause (18%)
than in the central magnetosheath (10%).

The occurrence of unstable conditions for ion kinetic instabilities shows distinct dependencies on the upstream
solar wind conditions in terms of its location and local time in the magnetosheath. Quasi-perpendicular bow shock
geometry favors the Alfvén/ion cyclotron and mirror-mode instabilities, while the fast-magnetosonic/whistler
and oblique-firehose instabilities are more prevalent under quasi-parallel shock conditions. High solar wind
dynamic pressure (Pgyn,sw >5 nPa) promotes the occurrence of Alfvén/ion cyclotron instability in the dusk
magnetosheath, with a dawn-dusk asymmetry in fast-magnetosonic/whistler and oblique-firehose instabilities
based on the sign of the IMF B,. The radial dependence of the oblique-firehose instability is more pronounced
when the upstream fast magnetosonic Mach number and dynamic pressure are large. In contrast, the mirror-mode
instability does not show significant dependence on the radial distance or local time across our conditioned
subsets of data using upstream parameters.

This study focuses on plasma conditions for ion kinetic instabilities that generate electromagnetic fluctuations at
ion kinetic scales, for example, mirror-mode waves, proton cyclotron waves and low-frequency whistler waves.
These waves exhibit distinct frequencies and polarizations in their magnetic-field fluctuations. To investigate
potential unstable plasma conditions predicted by the linear Vlasov-Maxwell theory and their relationship with
observable wave activity in the magnetosheath, we conduct a statistical analysis on the polarization properties of
magnetic-field fluctuations. By applying the singular value decomposition method (Santolik et al., 2003), we
present an example with strong wave activity and the polarization properties such as the ellipticity, the planarity,
and the degree of polarization (DOP) of the magnetic-field fluctuations in Figures 6a—6g. Concurrent with plasma
conditions unstable to mirror-mode instability, this example shows strong signatures of coherent wave activity at
frequencies near 0.2 Hz in the spacecraft frame. For each time stamp, the polarization parameters (with DOP >0.7
and planarity >0.7) near ion cyclotron frequencies with the strongest power spectral density (PSD) of the
magnetic-field fluctuations are shown in Figure 6g and used in our statistical analysis in Figures 6h—6k.

The wave characteristics depicted in Figures 6a—6g align with mirror-mode waves, which are linearly polarized
(with minimal ellipticity near 0) in the magnetic-field fluctuations and obliquely propagating relative to the
background magnetic field direction (usually between 70 and 80°, not shown here). By mapping the polarization
parameters, including ellipticity and power spectral density (PSD) of magnetic-field fluctuations at the corre-
sponding frequency in the R, — f plane for both the example case and the statistical dataset, Figures 6h and 6i
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Figure 6. Polarization analysis of an example with strong mirror-mode wave activity observed by the MMS satellite on 07
October 2018. (a) Magnetic field. (b) Ion temperature anisotropy and instability thresholds (indicated by dotted lines).

(c) Power spectral density (PSD) of the magnetic-field fluctuations. (d) Ellipticity. (e) Planarity. (f) Degree of polarization
(DOP). (g) Polarization parameters at the frequency with the maximum PSD. Statistical results of the polarization parameters

in the magnetosheath. (h) and (i) Ellipticity and PSD of the magnetic-field fluctuations mapped in the R, — /| plane. The
colored circles represent the data points of the wave example. The format is the same as Figures. (j) and (k) Occurrence rates of
plasma conditions unstable to four different instabilities as a function of the ellipticity. Light-colored lines represent results of
different thresholds with the growth rate y = 10‘39,,.

show the statistical distributions of the polarization parameters. For parameters close to the mirror-mode insta-
bility contour, the average ellipticity of magnetic-field fluctuations is small and close to zero, particularly around
Pp ~ 10, consistent with mirror-mode instability predictions. We also find left-handed circularly polarized
waves in regions with low §, values (ﬂpH < 1) and significant temperature anisotropy (R, > 1.4) near the Alfvén/
ion cyclotron instability threshold. These left-handed polarized waves exhibit enhanced wave power in the
parameter space near or below the thresholds of the fast magnetosonic/whistler instability or oblique firehose
instability. Additionally, right-handed polarized waves are present in regions with relatively high j, (>20).
However, this statistical mapping method limits further interpretation by not providing a point-wise correlation
between different wave modes and the prediction of growth rates for corresponding instabilities based on local
plasma conditions (McManus et al., 2024). Dividing the ellipticity dataset into 7 bins, we calculate the occurrence
rates of plasma conditions unstable to the four types of instabilities with growth rates y = IO‘ZQp and
y = 10‘39P in each subset. We observe higher occurrence rates of plasma conditions unstable to mirror-mode
instability in regions with low ellipticity, especially at y = 10‘3Qp. The occurrence ratio of mirror-mode
instability slightly increases as ellipticity approaches = 0.8.

For left-handed polarizations, the occurrence rate of conditions unstable to Alfvén/ion cyclotron instability in
Figure 6k increases from 10% to ~30% (compared to = 25% for mirror-mode instability) when transitioning
growth rate thresholds fromy = 10‘29p toy = 10‘39p at ellipticity < —0.5. Higher occurrence rates of unstable
plasma conditions with more circular polarizations (greater absolute values of ellipticity) in magnetic-field
fluctuations are observed for both parallel and oblique firehose instabilities. This finding is partially consistent
with previous observations and predictions regarding the fast magnetosonic/whistler instability driving right-
handed circularly polarized waves (Gary et al., 2016; Klein et al., 2019, 2021; McManus et al., 2024; Ver-
scharen et al., 2019). However, the Doppler effect may alter the sign of ellipticity of these circularly polarized
waves observed in the spacecraft frame (Jian et al., 2010). A comprehensive statistical analysis of the Doppler
shift effect in the magnetosheath is required for future investigations.
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