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Small-scale magnetic holes are common magnetic structures with a spatial scale always
smaller than one thermal proton gyroradius (p;) in the turbulent planetary magnetosheath.
However, the contribution of small-scale MHs to dissipating energy and transporting
particles in turbulent plasmas is still unclear. In this work, we investigate magnetic
fluctuations around small-scale MHs in the Martian magnetosheath and compute their
spectral indices in the kinetic frequency range. Our statistical results show that the spectral
index value gradually decreases from the bow shock to the induced magnetosphere
boundary at the nightside of Mars. Small-scale MHs have an obvious influence on the
spectral indices of the magnetic fluctuations by their high-frequency components. For
most events, these MHSs lead to a variation in the spectral index in the kinetic range, and
such avariation can be very significant in more than 20% of events. Our results indicate that
because of the existence of MHSs, using the spectral index alone as a diagnostic sometimes
is not enough convincing during the analysis of turbulence in planetary environments.

Keywords: small-scale magnetic holes, Mars, magnetic fluctuations, spectral indices, magnetosheath

INTRODUCTION

Unlike Earth, Mars is an unmagnetized planet without a global intrinsic magnetic field (Acuna et al.,
1998). Therefore, the shock supermagnetosonic solar wind can directly interact with the Martian
ionosphere and then both a bow shock and an induced magnetosphere boundary are formed as two
important boundaries which can divide the Martian space environment into three parts: the
upstream solar wind, the magnetosheath, and the induced magnetosphere (Zhang et al., 1991;
Bertucci et al., 2004). The Martian magnetosheath is full of magnetized plasma and strong magnetic
fluctuations (Ruhunusiri et al., 2017). Magnetic fluctuations and turbulence can play a key role in the
particle acceleration and heating of space plasma (Zimbardo et al., 2010; Bruno and Carbone, 2013),
which can deeply affect the interaction between the solar wind and Mars.

The spectral indices are widely used to analyze the properties of magnetic fluctuations and
turbulence in the various space plasma environments, such as the solar wind (Alexandrova et al.,
2008; Kiyani et al., 2009) and the magnetosphere of Mercury (Uritsky et al., 2011), Venus (Voros
et al., 2008; Xiao et al., 2018), Earth (Voros et al., 2004; Sahraoui et al., 2006), and Mars (Ruhunusiri
et al., 2017). These fluctuations have power-law relationships as P oc f*, where P is power spectral
density, f is frequency, and « is the spectral index. The spectral index provides the physical
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information in a certain frequency range, such as energy
injection, cascade, and dissipation (e.g., Bowen et al, 2021).
The values of the spectral index are different in the
magnetohydrodynamic (MHD) frequency range and kinetic
range. In the MHD range, the spectral index of turbulence has
the Kolmogorov scaling value of a ~ 5/3 classical Kolmogorov
spectrum (Goldstein et al., 1995; Alexandrova, 2008; Bruno and
Carbone, 2013). Energy cascades are considered to occur in this
range, where energy is transported from a lower frequency to a
higher frequency. The magnetic energy dissipates into plasma in
the kinetic range, where the turbulence spectral index is near 2.8
(e.g., Roberts et al., 2015). Ruhunusiri et al. (2017) have found
that the spectral index value is mainly between 2.4 and 2.9 for the
kinetic range in the Martian magnetosheath. The features of
magnetic turbulence can be affected by the geometry of the bow
shock, plasma beta, and some instabilities (e.g., Hollweg and
Markovskii, 2002; Chen et al., 2009; Xiao et al., 2018; V6r6s et al.,
2019; Bowen et al., 2021; Xiao et al., 2021). However, differences
in the kinetic range turbulence resulting from the sub-proton
scale coherent structures in the Martian magnetosheath are still
an open question.

Recently, a sub-proton scale coherent magnetic structure,
called small-scale magnetic holes (MHs), has been widely
reported in the solar wind and plasma sheet (Ge et al, 2011;
Sun et al,, 2012; Sundberg et al., 2015; Gershman et al., 2016;
Wang et al., 2020a). Meanwhile, these structures are reported in
highly turbulent environments like the terrestrial magnetosheath
(Huang et al,, 2017a; Huang et al., 2017b; Yao et al.,, 2017; Yao
et al., 2020), Venusian magnetosheath (Goodrich et al., 2021),
and Martian magnetosheath (Wu et al., 2021). The small-scale
MH manifests itself as a depletion in magnetic field strength with
a spatial scale less than one thermal proton gyroradius (p;) or on
the order of p,. The observational features of small-scale MHs
suggest that such a structure could be an electron current loop or
an electron-scale vortex (Wang et al, 2020b). The large-scale
magnetic holes with a spatial scale from tens to hundreds of p; are
suggested to be formed by the proton mirror mode (Tsurutani
et al., 2010; Tsurutani et al., 2011). However, due to the size of
small-scale MHs, such MHD range cannot be worked during
their formation. Now, the generation mechanism of small-scale
MHs is an open question. Although there are several suggested
mechanisms like the electron mirror instability (Ge et al., 2011)
and the tearing instability (Balikhin et al., 2012), they have not
been observationally confirmed until now. Additionally, the
particle-in-cell (PIC) simulations performed by Haynes et al.
(2015) and Roytershteyn et al. (2015) have suggested that small-
scale MHs can arise as a coherent structure in turbulence. The
differences in the turbulence caused by wave activity like small-
scale magnetic holes in the Martian magnetosheath are not
still clear.

Based on the measurements from the Mars Atmosphere and
Volatile Evolution (MAVEN) mission, we investigate the
kinetic scale magnetic fluctuations in the Martian
magnetosheath and focus on the events containing the
small-scale magnetic holes. We analyze the effect of the
small-scale magnetic holes on the kinetic scale magnetic
fluctuations in this study.

Magnetic Fluctuations Affected by SSMHs

Data Set and Methods
MAVEN (Jakosky et al., 2015) was launched in November 2013

and was designed to explore the Martian upper atmosphere,
ionosphere, and interactions between Mars and the solar wind.
MAVEN has a tilted elliptical orbit with a perigee of 150 km and
an apogee of 6,220 km. The orbital period of MAVEN around
Mars is about 4.5 h. MAVEN spends much time in the Martian
magnetosheath and collects a vast amount of data to study small-
scale MHs in the Martian magnetosheath. In this study, we use
32-Hz magnetic field data from the magnetometer (Connerney
et al,, 2015). The Mars Solar Orbital (MSO) coordinate system is
used unless otherwise specified. The MSO is a right-handed
system whose X axis points toward the Sun from Mars, Z axis
is perpendicular to the Martian ecliptic plane and points toward
the north pole of Mars, and Y axis completes the coordinate
system.

We identified small-scale MHs by a similar criterion used in
Wu et al. (2021). The magnetic field amplitude depression Bjy,,/B
is smaller than 0.75, and the boundaries of the MHs are defined by
a magnitude larger than B -6, where B,,;,, B, and & are the
minimum, the average, and the deviation of the magnetic field
magnitude within 5-s windows surrounding the center of the
hole, respectively. The rotation angle A¢ is calculated by the
magnetic field vectors at the two boundaries of the MHs. We
select MH events with the rotation angles smaller than 15°. If the
time interval between two small-scale MHs is shorter 2 s, they are
merged into one event. Similar criteria are also used in the
selection of MHs in the Venusian space environment and
terrestrial magnetosheath (Zhang et al., 2008; Zhang et al,
2009). Due to the high occurrence rate of small-scale MHs in
the magnetosheath, even in 1 month, there are plenty of events
(Wu et al., 2021). Therefore, we used February 2016 events and
totally found 137 small-scale magnetic hole events from this
month by our selection criteria. The size of these MHs in this
month has already been analyzed before (Wu et al,, 2021). As
shown in Figure 5 of Wu et al. (2021), the spatial scale of all 137
events used in this article is less than or on the order of the proton
gyroradius.

For the analysis of the magnetic fluctuation and turbulence
associated with small-scale MHs in the Martian magnetosheath,
the power spectral densities (PSDs) of magnetic fluctuations are
first calculated with a continuous magnetic field data series, and
then the values of spectral indices in the frequency between 1 and
16 Hz are determined by linear fitting. In the Martian
magnetosheath, the median local proton gyrofrequency is
lower than 0.6 Hz (Ruhunusiri et al., 2017). So, the frequency
range of 1-16 Hz is always above the proton gyrofrequency,
which indicates that it is a kinetic frequency range.

Observation Results

Among the 137 small-scale MH events, we first show an example
observed in the Martian magnetosheath by MAVEN on 05
February 2016. Figure 1(Al-A2) the measured
magnitude and three components of the magnetic field vector.
The observed MH is located at 16:37:48.600 UT, which has an
obvious dip in magnetic field magnitude. The two boundaries of
this MH, which are determined by the nearest points with a

shows
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FIGURE 1 | Small-scale magnetic hole observed in the Martian magnetosheath by MAVEN on 05 February 2016. (A1) Magnetic field magnitude. (A2) Three
components of the magnetic field (red, cyan, and blue are the x, y, and z components of the magnetic field, respectively) in MSO coordinates. The time interval of the
small-scale magnetic hole is marked by two vertical gray dashed lines in (A1) and (A2). (B) Time series of the total magnetic field. The dark gray region is the 1-min
window before the MH, the gray region is the 1-minute window containing the MH, and the light gray region is the 1-min window after the MH. (C1-C3) PSDs
computed by the 1-min window before, containing, and after the MH, respectively.

magnetic field magnitude greater than B — §, are marked by two
vertical gray dashed lines. The time interval of this MH is 0.34 s.
The rotation angle A of this event is 4°. The background solar
wind speed is 277 km/s, the duration of this MH is t = 0.34 s, and
the proton thermal gyroradius p; is 188 km. Based on these
parameters, along the direction of the solar wind flow, this MH
has a scale of 102 km which is about 0.54 p,. So, this event is a
small-scale MH event. In this small-scale MH event, the magnetic
field magnitude depression B,;,/B is 0.39. Figure 1B shows the
magnetic field magnitude in a 4-min window. Three 1-min
windows, which, respectively, are before, contain, and are after
this small-scale MH, are marked by three different depths of gray
shaded areas in Figure 1B. In each 1-min window, the fast
Fourier transform is performed on 32-Hz magnetic field data,
and then the PSDs of magnetic fluctuations are obtained. We
have also calculated the spectral indices in the kinetic range of
1-16 Hz by using a linear fitting method. The results are shown in
Figure 1(C1-C3). We denote a, as the spectral index value o, of
the 1-min window containing the MH. o, and a, are denoted as
the spectral index value a; of the 1-min window before and after
the one containing the MH, respectively. In this event, a, is 2.5,

and ap and a, are both 2.0. The spectral index value of the
magnetic fluctuations with a small-scale MH can increase by 0.5
than the value of the ambient plasma environment. It indicates
that the small-scale MH can significantly influence the spectral
indices of magnetic fluctuations.

The presence of small-scale MHs can influence the spectral
index because they have high-frequency spectral components.
We try to check whether this transient structure can influence
turbulence cascade and play an important role in the dissipation
of magnetic energy. The wavelet analysis of the magnetic field
fluctuation is employed to confirm the effect of this MH. The
results of the wavelet analysis are shown in Figure 2A. The color
contour shows the wavelet spectrograph of the magnetic field
data, and the red line is the time series of the magnetic field
magnitude. It can be found that the magnetic field fluctuation
with frequencies ranging from 1 to 4Hz has an obvious
enhancement inside this MH, while there is no such
enhancement outside this transient structure. If we just
exclude this magnetic structure, the spectral index has a
value of 2.0 during the 1-min interval before the MH, and
2.1 during the 1-min interval after the MH, which are shown in
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FIGURE 2 | (A)Wavelet spectrograph of the magnetic field data, and the red curve is the time series of the magnetic field magnitude; (B1) the PSDs computed by
the 1-min window marked by the left blue bar in (A); (B2) the PSDs computed by the 1-min window marked by the right blue line in (A).
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FIGURE 3 | Distribution of the orbit coverage shown in a cylindrical
coordinate system. The bin size is 0.1 Ry. The black solid and dashed curves
indicate the induced magnetopause boundary and bow shock adopted from
Vignes et al. (2000), respectively.

Figure 2(B1) and (B2), respectively. These values are almost the
same as those in Figure 1(C1) and (C3). Thus, the small-scale
MHs seem to not affect the properties of the ambient magnetic
fluctuation at least in this event, but the MHs can indeed
influence the spectral index by their high-frequency spectral
components.

To obtain the statistical features of spectral indices in the
kinetic range 1-16 Hz of magnetic fluctuations in the Martian
magnetosheath, a 3-min window used in our example event is
employed in this study. The orbit coverage of the Martian
magnetosheath during February 2016 is shown in Figure 3.
Cells in a cylindrical coordinate system with a size
0.1 x 0.1 Ry are used. The black solid and dashed curves
indicate the empirical locations of the induced magnetosphere
boundary (IMB) and bow shock, respectively (Vignes et al., 2000).
The color represents the counts of 3-min windows in each cell.

There are more counts at the nightside than that at the dayside. It
could be caused by slower speed near the apogee.

The spectral indices in the kinetic range 1-16 Hz for each
event are calculated with this 3-min magnetic field data series. To
determine whether small-scale MHs influence the spectral index
value around the magnetosheath environment, we calculated
power spectra at the 1-16 Hz frequency range in three 1-min
windows like the example shown in Figure 1: a time interval
containing the MH, a time interval before the one containing the
MH, and a time interval after the one containing the MH. Then,
the spectral index values ap, a;, and a, in each 1-min window
can be obtained by the linear fitting, respectively. Cells with a size
0.1 x 0.1 Ry and the median value of spectral indices in each cell
are used to obtain the spectral index value distribution of all
137 small-scale MHs corresponding to these three different 1-min
windows. Figure 4 displays the distributions of the median values
of (A) oy, (B) a.,and (C) ag, respectively. The spectral indices of
magnetic fluctuations of these three cases have different values in
some cells.

Figures 4A,C give the magnetic fluctuations without small-
scale MHs. The distributions of spectral indices at the dayside and
the nightside of the Marian magnetosheath are different. At the
nightside, the occurrence rate (number of events per hour) is
mainly in the range from 2.3 to 2.6, while at the dayside, the
occurrence rate mainly ranges from 1.7 to 3.2. Ruhunusiri et al.
(2017) have found that the spectral index value can vary from 1.9
to 3.2 for the kinetic range in the Martian magnetosheath. Our
results are consistent with theirs. In addition, as shown in Figures
4A,C, it can be found that the spectral index near bow shock is
smaller than that near the IMB at the nightside. The value of
spectral indices in the kinetic range gradually decreases from the
region near the bow shock to the region near the IMB. Since there
are not enough data at the dayside, this trend is not obvious. In
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FIGURE 4 | Spectral index value distributions: (A) the median value of
the spectral indices computed by 1-min data before each small-scale
magnetic hole; (B) the median value of the spectral indices computed by 1-
min date containing a small-scale magnetic hole; (C) the median value of
the spectral indices computed by 1-min date after each small-scale
magnetic hole.

the future, we would like to use more events to analyze the
features at the dayside.

For each MH event, we have computed Aay, = a. — o, and
Aa, = . — a4, and then use the distributions of Aa, and A, to
estimate the effect of small-scale MHs on the spectral index value
of magnetic fluctuations in the kinetic range. The histograms of
(A) Aagp and (B) Aa, are shown in Figure 5. It can be found that
distributions of Aay and Aa., have similar features. There are
events with negative Aa more than that with positive Aa. For most
of the events, both Aay, and A, are mainly in the region with
—0.3 < Aa < 0.3. It indicates that small-scale MHs mainly lead to a
variation of the spectral index value, but such a variation is not
very significant. However, there are also 44 events (32% of total
events) with the absolute value of Aag, larger than 0.3, and 38
events (27% of total events) with the absolute value of Aa, larger
than 0.3. In these events, the spectral index is not a credible
indicator for the estimation of magnetic energy dissipation in the

Magnetic Fluctuations Affected by SSMHs

kinetic range. Table 1 has shown the minimum, maximum,
median, and mean values and the standard deviation of a and
Aa at the dayside and nightside.

DISCUSSIONS

The Martian magnetosheath is a turbulent plasma environment
(Mazelle et al., 2004; Ruhunusiri et al., 2017). Ruhunusiri et al.
(2017) have first investigated the global features of magnetic
fluctuations in the Martian space environment and found that
magnetic fluctuations in the Martian magnetosheath are
dominated by some local structures and processes. In our
study, we have studied magnetic fluctuations associated with
small-scale MHs in the Martian magnetosheath and aimed to
find the effect of these MHs on the spectral indices in the kinetic
frequency range 1-16 Hz. The spectral index value is mainly from
2.3 to 2.6 at the nightside of the Martian magnetosheath. At the
dayside of the Martian magnetosheath, the spectral indices are
around 2.8 and 1.8 for most events. Ruhunusiri et al. (2017) have
found that for the kinetic range, the spectral indices of sheath
fluctuations are around 2.9 in the central part of the Martian
magnetosheath, while the indices have a flatter distribution from
2.0 to 2.9 near the induced magnetosphere boundary. In our
study, the value of the spectral index is in a similar range.

In our study, the value of spectral indices has a decreasing
tendency from the region near the bow shock to the region near
the IMB at the nightside. However, the spectral index values at the
dayside have no obvious trend. In Ruhunusiri et al. (2017), the
plasma processes near the IMB have an obvious effect on the
value of spectral indices. It can be found that the size of the
magnetosheath at the dayside is very great. So, magnetic
fluctuations at the dayside can be more strongly affected by
the plasma processes than those at the IMB. It may lead to the
difference in the index value at the dayside and nightside.
Additionally, the interplanetary magnetic field mainly is along
Y direction near the orbit of Mars. So, the data points at the
dayside are mainly downstream of the quasi-perpendicular bow
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FIGURE 5 | (A) Histograms of the difference of the spectral index value
between the time interval containing the MH and the time interval before the
one containing the MH; (B) histograms of the difference of the spectral index
value between the time interval containing the MH and the time interval

after the one containing the MH.
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TABLE 1 | Minimum, maximum, median, and mean values and the standard deviation of a and Aa at the dayside and the nightside.

a and Aa Minimum Maximum
Dayside ac 1.84 3.29
Aagp -1.12 0.97
Adca -0.72 1.01
Nightside ac 1.60 3.31
Aagp -0.62 0.89
Aaca -0.74 0.60

shock, while the data points at the nightside are downstream of
the quasi-parallel bow shock in our study. Xiao et al. (2021) found
that the geometry of the Venusian bow shock influences the
spectral index value of magnetic fluctuations. Like Venus, the
difference in the spectral index value of magnetic fluctuations at
the dayside and nightside could be partly due to the geometry of
the Martian bow shock.

Small-scale MHs are typical sub-proton-scale magnetic
structures that are always detected in the turbulent Martian,
terrestrial, and Venusian magnetosheaths (e.g., Huang et al,
2017a; Yao et al., 2017; Goodrich et al., 2021; Wu et al., 2021).
The PIC simulation results have shown that small-scale MHs can
arise during the turbulent evolution of the plasma (Haynes et al.,
2015; Roytershteyn et al., 2015). Whether small-scale MHs can
contribute to the properties of magnetic fluctuations is still an
open question. Based on the statistical analysis of 137 small-scale
MHs, we have calculated the spectral indices of magnetic
fluctuations in the kinetic range (1-16 Hz) for three time
intervals associated with an identified MH: a time interval
containing the MH, a time interval before the one containing
the MH, and a time interval after the one containing the MH. Our
results have shown that small-scale MHs have high-frequency
spectral components and thus can influence the spectral index
in the high-frequency range. For most events, the small-scale MHs
lead to a variation in the spectral index. In more than 20% of the
events, such a variation can exceed 0.3.

Small-scale MHs could affect the spectral index value in the
kinetic range by the following mechanism. The small-scale MH is
an isolated magnetic dip always with a duration from 0.1 to 1's
(Wuetal., 2021). It can lead an extra power enhancement around
several hertz. When we calculated the spectral index in the range
[1,16] Hz, the extra power enhancement can lead to the change of
the spectral index value. For example, as shown in Figure 1(C2),
the MH is an isolated peak with a duration of 0.34 s, which can
lead to an extra power enhancement around 3 Hz. The
enhancement of power spectral density at the low-frequency
part and the unchanged power spectral density at the high-
frequency part would lead to an increase in the spectral index
value. As a quasi-stable structure, the small-scale MH only
enhances the power spectral density at a specific frequency,
instead of changing the broadband spectrum. So during the
calculation of the spectral index in the kinetic range, these
MHs seem to cause some calculation errors. Therefore, during
the analysis of the cascade of magnetic turbulence, using the
spectral index alone as a diagnostic may not be convincing,
especially in the presence of some transient structures.

Median value Mean value Standard deviation
2.55 2.60 0.37
0.00 -0.07 0.46
0.00 0.00 0.37
2.38 2.35 0.37
0.10 0.09 0.29
0.03 0.02 0.28

Until now, it is unclear how small-scale MHs affect their
plasma environment. Recently, Franco et al. (2019) have
estimated correlation lengths of ultralow-frequency (ULF)
waves around Mars and pointed out that wave fluctuations
at the Martian magnetosheath may be correlated with the
upper ionosphere. Their work renders a new way to
understand the microphysical processes that occur within
the Martian environment. We will work on the topic of the
importance of small-scale MHs to Martian microphysics in the
future.

SUMMARY AND CONCLUSION

In this study, we have analyzed magnetic fluctuations in the
Martian magnetosheath using the MAVEN magnetic field data in
February 2016. We have calculated the spectral indices in kinetic
regimes for the 1-min window before and after the small-scale
MHs and the 1-min window containing the small-scale MH. By
the comparisons of the three intervals, we try to investigate
whether small-scale MHs can influence the features of
magnetic fluctuations and turbulence in the Martian
magnetosheath. The main results are as follows:

1) The small-scale MHs can influence the spectral indices in the
kinetic range of magnetic fluctuations by their high-frequency
spectral components.

2) The small-scale MH lead to a variation in the spectral index in
the kinetic range for most events.

3) For more than 20% of events, the value of the spectral index in
the kinetic range can change by 0.3 due to the effect of small-
scale MHs.

Our results have already confirmed that small-scale MHs can
lead to a change in the spectral index in this kinetic range by the
enhancement of the power spectral density at the frequency range
[1, 16] Hz. Therefore, using the spectral index alone as a
diagnostic sometimes is not enough convincing during the
analysis of turbulence in planetary environments.
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