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Abstract Kineticsize magnetic holes (KSMHs) in the turbulent magnetosheath are statistically
investigated using high time resolution data from the Magnetospheric Multiscale mission. The KSMHs with
short duration (i.e., <0.5 s) have their cross section smaller than the ion gyroradius. Superposed epoch
analysis of all events reveals that an increase in the electron density and total temperature significantly
increases (resp. decrease) the electron perpendicular (resp. parallel) temperature and an electron vortex
inside KSMHs. Electron fluxes at ~90° pitch angles with selective energies increase in the KSMHs are trapped
inside KSMHs and form the electron vortex due to their collective motion. All these features are consistent
with the electron vortex magnetic holes obtained in 2-D and 3-D particle-in-cell simulations, indicating that
the observed KSMHs seem to be best explained as electron vortex magnetic holes. It is furthermore shown
that KSMHs are likely to heat and accelerate the electrons.

Plain Language Summary A nonlinear energy cascade in magnetized turbulent plasmas leads to
the formation of different coherent structures which are thought to play an important role in dissipating
energy and transporting particles. This study statistically investigate one new type of coherent structure,
named electron vortex magnetic hole, used by Magnetospheric Multiscale data. It reveals the common
features of this structure, including an increase in the electron density and total temperature, significantly
increase (resp. decrease) the electron perpendicular (resp. parallel) temperature and an electron vortex inside
these holes. The increase of electron temperature inside the holes indicates that these holes are likely to heat
and accelerate the electrons. This gives new clue for energy dissipation in turbulent plasmas.

1. Introduction

Magnetic holes, characterized by significant magnetic depression, are widely observed in space including the
solar wind [e.g., Turner et al., 1977; Zhang et al., 2009], planetary magnetosheaths [e.g., Violante et al., 1995;
Tsurutani et al., 2011], cusp region [e.g., Shi et al, 2009], and plasma sheet [e.g., Ge et al, 2011; Balikhin
et al.,, 2012]. The spatial scales of the magnetic holes can vary from several p; (ion gyroradius) to thousands
of p;. There are various mechanisms for the generation of such large-scale magnetic holes: mirror instabilities
[Tsurutani et al., 1982; Fazakerley and Southwood, 1994; Chisham et al., 1999; Horbury et al., 2004; Zhang et al.,
2008, 2009; Shi et al., 2009], sheet-like equilibrium structures [Burlaga and Lemaire, 1978], solitons derived
within the Hall MHD theory [e.g., Baumgdirtel, 1999; Stasiewicz, 2004], and theories associated with Alfvén
waves [e.g., Tsurutani et al., 2005].

Recently, small-scale magnetic holes (less than ion gyroradius) have been detected in the plasma sheet [Sun
et al, 2012; Sundberg et al., 2015; Gershman et al., 2016; Goodrich et al., 2016]. These small-scale magnetic
holes cannot be explained by the aforementioned mechanisms. Based on the electron
magnetohydrodynamic (EMHD) theory with Biermann battery effect, electron magnetosonic solitons are
used to explain those small-scale magnetic holes [Ji et al., 2014; Li et al., 2016; Yao et al., 2016]. Recent 2-D
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and 3-D particle in-cell (PIC) simulations have revealed a new type of subproton-scale magnetic hole with
trapped electrons that form the electron vortex during the evolution of turbulence, also named “electron
vortex magnetic hole,” which can explain the observed properties of small-scale magnetic holes in the
magnetotail plasma sheet [Haynes et al., 2015; Roytershteyn et al., 2015]. More recently, using in situ high time
resolution data from the Magnetospheric Multiscale (MMS) mission, electron vortex magnetic holes were
identified in the turbulent magnetosheath [Huang et al., 2017a; Yao et al., 2017]. In this paper we refer to
those small-scale magnetic holes by kinetic-size magnetic holes (KSMHs).

The magnetosheath, the region bounded by the bow shock and the magnetopause, is highly dynamical and
exhibits a variety of dynamical features such as heating and compression of the plasma, kinetic instabilities,
particle beams, and kinetic structures [Sahraoui et al., 2003, 2004, 2006; Karimabadi et al., 2014; He et al., 2011;
Huang et al., 2012, 2014, 2017b; Yordanova et al., 2008; Tsurutani et al., 2011; Breuillard et al., 2016]. It provides
a natural environment to study kinetic structures, such as reconnecting current sheet [Retino et al., 2007], ion
and electron scale magnetic structures [Huang et al., 2016, 2017a; Yao et al., 2017]. In this paper, we investi-
gate the statistical properties of KSMHs in the magnetosheath based on the unprecedented high-resolution
measurements from MMS mission [Burch et al., 2015].

The layout of this paper is as follows: the procedure we used to select the data related to KSMHs are given in
section 2, the case and statistical results are shown in section 3, the generation mechanisms are discussed in
section 4, and finally, a summary of the study is presented in section 5.

2. MMS and Data Procedure
2.1. MMS

The MMS mission was launched on 12 March 2015 and consists of four identical spacecraft [Burch et al., 2015].
Science operations began in September 2015. The four spacecraft form a tetrahedron with separation
distance of about 10 km in the science phase 1. MMS provides very high time resolution measurements of
fields and particles [Burch et al., 2015]. In the present study, we used magnetic field data measured by the
Fluxgate Magnetometer instruments with the sampling frequency of 128 Hz in the burst mode [Russell et al.,
2016], the 3-D particle velocity distribution functions, and the plasma moments from the Fast Plasma
Instrument sampled at 30 ms for electrons and 150 ms for ions in burst mode [Pollock et al., 2016].

2.2. Data Procedure

We surveyed MMS burst mode data in the magnetosheath from September 2015 to January 2016 (5 month
period). Following Zhang et al. [2008], the criterion used to identify magnetic holes is that the amplitude
depression (Bmin/B) is smaller than 0.75, where B, is the minimum magnetic field magnitude inside a
magnetic hole and B is the average magnetic field magnitude in a given time interval. To avoid selecting
current sheets that can fulfill this criterion, we chosed only time intervals when the magnetic field vectors
at the two boundaries of a magnetic hole change by less than 15°. We used a window of 2 s short time interval
to survey kinetic-size magnetic holes because the magnetic field in the magnetosheath can exhibit large
fluctuations and target magnetic holes that have durations less than 0.5 s. Our data selection resulted in a
total of 66 KSMH events.

3. MMS Observations of KSMHs in the Magnetosheath
3.1. Case Study

An overview plot of an example of the identified KSMH on 14 September 2015 is shown in Figure 1. Magnetic
amplitude depression Bp,in/B of the hole is about 0.48. The hole is observed around 12:28:49.08 UT with a
duration of 0.164 s. Only electron measurements are shown in Figure 1 considering the short duration of
the hole and low time resolution of ion data. We can see that electron density (Figure 1c), total temperature
(Figure 1d), and perpendicular temperature (Figure 1f) increase in KSMH, while electron parallel temperature
decreases. The magnetic field data and electron velocity are presented in LMN coordinates (Figures 1b and
1h-1j), which is determined by minimum variance analysis of the magnetic field [Sonnerup and Scheible,
1998]. In this coordinate system, the maximum variation direction L can be considered as the axis of the
magnetic hole and the intermediate variation direction M and the minimum variation direction N are in
the cross section of the magnetic hole. During the crossing of KSMH, Ve, and V,,, components of electron

HUANG ET AL.

KINETIC-SIZE MAGNETIC HOLES 8578



@AG U Journal of Geophysical Research: Space Physics 10.1002/2017JA024415

15:28:49.0 S 15:28:50.0 S
14-Sep-2015

Figure 1. Detailed observations of a case study of KSMH in the magnetosheath (vector data are given in LMN coordinates).
(a and b) Magnitude and three components of the magnetic field. (c) Electron density, (d) total temperature, (e) parallel
temperature, and (f) perpendicular temperature. (g—j) Magnitude and three components of the electron velocity, and

(k) current density. The black dashed line marks the minimum of magnetic field.

velocities (Figures 1i and 1j) exhibited a bipolar variation on the comoving frame of the background flow,
implying the possible existence of an electron vortex structure in the M-N plane inside the magnetic hole
similar to the one simulated in Haynes et al. [2015] and observed by Huang et al. [2017a]. The current is
estimated using the plasma measurements (i.e.,, J = ne(V; — V,), where n is the plasma density, e is the
electric charge, V; is the ion flow, and V, is the electron flow). The current is also presented in LMN
coordinates in Figure 1k. Currents are intense in the KSMH. Bipolar signature in the J,, and J, components
is similar but with opposite sign than the electron velocity component Ve, and Ve,. Thus, one can deduce
that electrons carry most of the electric current inside KSMH. MMS observed a dip in the total current in
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Figure 2. Electron observations of KSMH in the magnetosheath. (a) Magnitude of the magnetic field. (b) Omni-directional
electron fluxes, (c-t) Electron pitch angle distributions. The black dashed line marks the minimum of the magnetic field.

the middle of the hole, which is similar to previous simulations results that showed a dip in the core region of
magnetic hole [Haynes et al., 2015]. This suggests that MMS was close to the center of the KSMH. The
assumption that the magnetic hole moves with the ambient plasma flow is used to estimate the scale of
the magnetic hole in the M-N plane. The width of the magnetic hole is about 60 km, which was estimated
using the equation Dy = |V,| X dt, where |V | ~ 362 km/s is the averaged electron velocity in M-N plane,
and dt ~ 0.164 s is the duration of the crossing of the hole. The estimated size is about 0.21 p; (~37 pe),
where p; and p,, are the proton and electron gyroradii (p; ~ 289 km and p, ~ 1.59 km based on |B| ~ 12 nT,
n~9cm 3 T,~624eVand T, ~ 34 eV).

Figure 2 shows the electron omni-directional fluxes and pitch angle distributions. The electron fluxes are
slightly enhanced inside KSMH (Figure 2b). The perpendicular electron phase space densities significantly
increase in the energy range from 55 eV to 850 eV inside KSMH (Figures 2h-2r), while they show no clear
enhancements or are stable for energies <55 eV or >850 eV. This implies that electrons having energy
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Figure 3. (a—d) Comparisons between electron fluxes inside KSMH and outside KSMH as function of the energy, and (e-h) their ratios as function of the electron
gyroradius normalized by the width of KSMH. Minimum and maximum values of the energy and gyroradius of the trapped electrons are indicated by the vertical

dashed lines.

from 55 to 850 eV are trapped inside the KSMH. To clearly demonstrate this phenomenon, we show in
Figure 3 the electron parallel, perpendicular, antiparallel, and omni-directional fluxes inside and outside
KSMH. One can see that parallel and antiparallel fluxes are more or less located both inside and outside of
the KSMH (Figures 3a and 3c), while perpendicular fluxes inside of KSMH are higher than those outside of
KSMH in the energy range of 55-805 eV (marked by two dashed lines). The ratios of electron fluxes inside
and outside of KSMH are shown in Figures 3e-3h as function of the electron gyroradius normalized to the
width of KSMH. It clearly demonstrates a similar feature that the perpendicular fluxes increase inside of
KSMH compared with those outside of KSMH, which lead the enhancement of electron omni-directional
fluxes inside of KSMH. It is interesting to note that the increased electron perpendicular fluxes have limited
energies, implying that only part of electrons can be trapped in the KSMH as revealed by the simulations
of Haynes et al. [2015].

3.2. Statistical Results

In this section we analyze all the 66 KSMH events that resulted from our data selection. Figure 4 displays the
width of KSMHs normalized by ion gyroradius p; and electron gyroradius p.. One can see that the scales of all
magnetic holes are less than one ion gyroradius (Figure 4a), or tens of the electron gyroradius (Figure 4b),
thus demonstrating that these holes are kinetic-size structures.

To obtain some common features of the KSMHs, we performed superposed epoch analysis of all KSMH events
during the interval from 1 s before to 1 s after the time when the minimum magnetic field magnitude is
observed. From top to bottom in Figure 5, By, N, Te, Te||, Ter, and Ver, (or V) are plotted. For all parameters,
averaged value has been subtracted. If V., or Ve, has one positive-negative bipolar variation, the variation of
Vem or Ve, will be changed to negative-positive bipolar in order to conveniently display the results. The red
solid lines are the averaged values of the magnetic field and electron parameters. The magnetic field
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Figure 4. Histograms of the ratios of KSMH scale sizes to (a) ion gyroradius and (b) electron gyroradius.

magnitude B, has a dip with the duration less than 0.2 s. Electron density has a slight enhancement, and
electron temperature has a clear increase in the KSMHs. However, the electron parallel temperature T
always decreases, but the electron perpendicular temperature T,, significantly increases, similar to the
case study. All electron velocity components Ve, or Ve, have a bipolar signature, implying the existence of
an electron vortex inside KSMHs. These statistical results are consistent with the previous case study and
with the results of Huang et al. [2017a] and Yao et al. [2017]. In addition, we also quantitatively calculate
the values of the increase or decrease ratios of electron parameters (for example 0N /N,). The averaged
results reveal a moderate enhancement (~9.5%) of N, and T, a strong enhancement (~33%) of T, and a
moderate decrease (~9.8%) of T.

Figure 6 displays the ratios of the electron fluxes inside and outside KSMHs at different pitch angles and
different energies (color code reflects the number of events). One can clearly see that the electron fluxes
inside KSMHs at low energy (<55 eV; Figures 6a-6e) are stable; the electron fluxes at intermediate energy
level (71-850 eV; Figures 6f-6p) significantly enhance at ~90° pitch angles for most of events; electron fluxes
at high energy level (>1089 eV) have large fluctuations, but most of events have decreasing electron fluxes
inside KSMHs. Figure 7 displays the superposed epoch analysis of the ratios of the electron parallel,
perpendicular, antiparallel, and omni-directional fluxes inside and outside KSMHs as function of the energy.
The red solid lines present the averaged values, and the cyan lines label standard deviations. One can see that
there are large fluctuations of the ratios at high energies. Electron parallel and antiparallel fluxes show no
clear enhancements and have their ratio close to 1 inside and outside KSMHs (Figures 7a and 7c¢), while
perpendicular fluxes inside of KSMHs are significantly higher than those outside of KSMHs in the intermediate
energy range (Figure 7b) which leads to the similar enhancements in the electron omni-directional fluxes.
This result clearly demonstrates that only a fraction of electrons with appropriate energy can be trapped
and form electron vortices in the KSMHs.

4. Generation Mechanisms

Several generation mechanisms of KSMHs have been proposed that include electron mirror mode instabil-
ities, field-swelling instabilities, electron magnetosonic solitons, and self-generations of electron vortex mag-
netic hole [e.g., Gary and Karimabadl, 2006; Pokhotelov et al., 2013, Baumgdirtel, 1999; Stasiewicz et al., 2003; Li
et al.,, 2016; Haynes et al., 2015; Roytershteyn et al., 2015].

The instability threshold of the linear mirror mode is given by R = (T./T))/(1 + 1/8,) > 1.In Figure 8, we present
the distributions of ion and electron 5, and temperature anisotropy T,/T), for all events to test the stability
condition of ion and electron mirror modes. First, one can see in Figure 8b that all events lie near the
isotropy condition of electrons (T, ~ Tg) and below the magenta curve of the threshold of electron mirror
instability (R = 1), which would rule out the possibility that the observed KSMHs be generated by electron
mirror instability. Figure 8a shows that about 45% of the observed KSMHs lie near (or above) the ion mirror
instability curve. However, previous studies showed that the scale of magnetic depressions (or dips)
generated by ion mirror instability is of the order of ion gyroradius [e.g., Hasegawa, 1969], while the scale
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Figure 5. Superposed epoch analysis of all KSMH events during the interval from 1 s before tg to 1 s after ty, where tg is the
time when the minimum of magnetic field magnitude is observed: (a) By, (b) N, (c) T, (d) Te”, (e) Tey, and (f) Ve (or Vep).
The red lines represent the average values of the corresponding data.

of the identified KSMHs is clearly below the ion gyroradius. Therefore, the role of ion mirror instability in
generating the observed KSMHs is highly questionable [e.g., Gary and Karimabadi, 2006].

The field-swelling instability requires that the electron temperature be much larger than that of the ions [e.g.,
Pokhotelov et al., 2013]. Figure 9 displays the ratio between the ion and temperature both inside and outside
KSMHs. It can be clearly seen that the ion temperature is twice the electron temperature. Only one event
shows comparable values of the two temperatures. The field-swelling instability conditions are not met in
the present data sets, and therefore, it could not have generated the observed KSMHs.

Regarding electron magnetosonic solitons obtained from a quasi-2-D EMHD model, the amplitude of the
magnetic hole dB/B, has a linear dependence on the parameter characterizing the size of the magnetic
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hole v [Li et al., 2016; Yao et al., 2016]. Testing this condition requires estimating the velocity of the KSMHs.
However, the timing method cannot be used here to estimate the velocity of the KSMHs because the four
MMS spacecraft did not observe the same KSMHs (their size being smaller than the spacecraft separation).
Instead, we can use the width L of the magnetic hole which is proportional to (—v)"? according to the
results from Li et al. [2016], and therefore v < 1/L2. Thus, the relation to test becomes dB/By = 1/L2. The
results are displayed in Figure 10 and show no significant correlation (~0.18) between dB/B, and 1/L°.
Based on the prediction from quasi-2-D EMHD model that showed that the magnetosonic solitons have
size of ~10 p,, we show in Figure 10 (in red color) the KSMHs with the scale size 10-20 p... Here too, the
correlation (~0.3) is rather weak. In addition, the solitons are planar waves, implying that multispacecraft
should detect the identical magnetic structures when they cross the holes. However, MMS spacecraft
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standard deviations.

observed different magnetic structures for most of KSMHs in present study. Thus, these clues indicate that
the observed KSMHs may not be explained by the presented soliton theory.

Recently Haynes et al. [2015] and Roytershteyn et al. [2015] have shown using numerical simulations the
existence of electron vortex magnetic holes as a new type of nonlinear coherent structure in turbulent
magnetized plasmas. They reported several features of the electron vortex magnetic hole in agreement with
our observations: size of the order of the electron scale (~0.18 p; or ~12 p,), trapped electrons to form the
electron vortex, and an increase in electron density, temperature, and perpendicular temperature. Haynes
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Figure 8. The distributions of 8, and temperature anisotropy T,/ for all KSMH events detected by MMS for (a) the ions
and (b) the electrons. The magenta curves represent the threshold of the linear mirror instability (R = 1); the green and
blue curves show the values of R = 0.9 and R = 0.8, respectively.

et al. [2015] have traced the electron trajectories in their particle-in-cell and test particle simulations and
found that the electron vortex magnetic holes have a preferred energy range of the trapped electrons
with their gyroradius smaller than the hole’s radius. It was suggested that the electron vortex is due to
the collective motion of mean azimuthal trapped electron flow. It is interesting to note that in our study
the electron perpendicular fluxes enhance only at selective energy band (~71-850 eV), in qualitative
agreement with the simulations of Haynes et al. [2015]. Thus, our case and statistical study reveals the
similar features as shown in the simulations, indicating that the observed KSMHs in the magnetosheath
belong to electron vortex magnetic hole and can be explained by the simulations of Haynes et al. [2015]
and Roytershteyn et al. [2015].

5. Summary

We have analyzed a series of 66 kinetic-size magnetic holes in the turbulent magnetosheath detected by the
MMS spacecraft. The main features of the KSMHs are as follows:

1. Their scales are smaller than one ion gyroradius (or tens of electron gyroradius).
2. A moderately increase in electron density and temperature, a significantly increase in the electron per-
pendicular temperature, and a moderately decrease in the electron parallel temperature inside KSMHs.
3. Electron vortices, characterized by bipolar signature in one electron velocity component (Ve or Vep) in
the cross section, are embedded in

14 . ' . . the KSMHs.
. . 4. Electrons with selective energies are
12+ . E trapped and form the electron
. vortex inside KSMHs, which leads to
w 107 . L 1 an increase in the electron fluxes at
z L. ’ ~90° pitch angles.
8 8 p ) 1 5. KSMHs seem to be best explained as
£ 6l i : | electron vortex magnetic holes
e el reported in earlier PIC simulations
A Py | of the turbulent plasma.
. ) Using the data from Ulysses spacecraft,
2r < | Tsurutani et al. [2002] have found an
0 ‘ ) ) ‘ ‘ ) ) increase in ion perpendicular
0 2 4 6 8 10 12 14

temperature inside magnetic holes
having scales as high as tens of ion

Figure 9. The distributions of T; /T, inside and outside KSMHs. The dashed ~ gyroradius. They proposed that the ions
line represents the linear relation (y = x). were energized in the magnetic holes

Ti/Te outside MHs
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- addition, Russell et al. [2008]

06, - ' .l . /:’/ 1 proposed that the the magnetic
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05« : ‘ . ////// : : 1 heating and acceleration of the solar
0 47°. ' e ) /‘/.::,/ . ) . | wind particles from the solar corona.
o) . v .. Our present results indicate that the
© 03f - . ' ‘ N 1 electron temperature and
cTee Wt ’/ ) perpendicular temperature increase

0.2 P 1 (up to 33%) inside KSMHs. This may
/,’//’/ indicate that electrons can be heated

o1y p 2 1 and accelerated in the KSMHs.

0 s ‘ ‘ 10 Numerical modeling and simulations

0 25 50 75 are needed to elucidate those

12 physical processes of heating and
acceleration of electrons within the
KSMHs. We will investigate the
electron acceleration/heating
mechanisms within KHMSs in future.

Figure 10. The distributions of dB/By and 1/L% for all KSMH events. The events
with the scale size 10 ~ 20 p, are marked by red points. The corresponding
linear fits of all events (including both black and red points) and red point
events are displayed by black dashed and red dashed lines, respectively.
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