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Abstract In collisionless space plasmas, the energy cascade from larger to smaller scales requires
effective interactions between ions and electrons. These interactions are organized by sub-ion scale plasma
structures in which strong electric fields connect demagnetized ions to magnetized electrons. We consider
one such structure, magnetic holes, observed by THEMIS spacecraft in the dipolarized hot plasma sheet.
Magnetic holes are localized depressions of the magnetic field with strong currents at their boundaries.
Taking advantage of slow plasma convection (~10-20 km/s), we reconstruct the electron velocity
distribution within magnetic holes and demonstrate that the current at their boundaries is predominantly
carried by magnetized thermal electrons. The motion of these electrons is the combination of diamagnetic
drift and E X B drift in a Hall electric field. Magnetic holes can effectively modulate the intensity of
electron cyclotron harmonic waves, and thus the spatial distribution of thermal electron precipitation.
They may also contain field-aligned currents with magnitudes of ~5 nA/m? (1 order of magnitude
smaller than the cross-field current density). Therefore, sub-ion scale magnetic holes can be important for
ionosphere-magnetosphere coupling.

1. Introduction

Electromagnetic and plasma energies in the hot magnetotail plasma are distributed in structures with a
wide range of spatial scales: from MHD wave scales, ~10% km [e.g., Zhang et al., 2005; Runov et al., 2009a], to
ion scales, ~100-1000 km (e.g., current sheets, dipolarization fronts, and kinetic Alfven waves [Petrukovich
etal., 2015; Runov et al., 2009b; Chaston et al., 2012]), and to electron scales, ~0.1-10 km (e.g., whistler mode
or cyclotron waves [e.g., Le Contel et al., 2009; Deng et al., 2010; Zhang et al., 2014] and electrostatic soli-
tons [e.g., Matsumoto et al., 1994; Khotyaintsev et al., 2010]). Corresponding timescales vary from millihertz
range to kilohertz range (see Bauer et al. [1995], Huang et al. [2012], Vérés [2011], Zelenyi et al. [2015], and
references therein for discussions about the contribution of various plasma waves/structures to different
frequency ranges).

Sub-ion scale (from ion gyroradius p; to electron scale) structures play an important role in the entire
electromagnetic energy spectrum. In this hybrid (or sub-ion) range are various plasma structures with elec-
tromagnetic field gradients strong enough to decouple ions (which are not responsive to E x B drift because
of their large gyroradii) from magnetized electrons. Hall effects (e.g., strong electric fields and field-aligned
currents) are known to exist within such plasma structures (see examples in Wygant et al. [2005], Teh et al.
[2011], Fu et al. [2012], and Norgren et al. [2012]). Spatial and temporal scales of sub-ion plasma structures
enable effective energy exchange between the thermal ion population (containing most of the plasma energy
in the magnetotail due to small electron temperature and weak plasma flows [see, e.g., Hoshino et al., 2000;
Artemyev et al., 2011; Wang et al., 2012]) and the electron population (responsible for transporting energy to
the aurora region via precipitations and field-aligned currents [see Thorne et al., 2010; Lysak and Song, 2011;
Ni et al., 2016]). Well-known sub-ion structures include very thin current sheets [e.g., Nakamura et al., 2006;
Artemyev et al., 2013], small-scale plasmoids [Teh et al., 2010; Wang et al., 2016], and intense dipolarization
fronts [e.g., Sergeev et al., 2009; Hwang et al., 2011; Angelopoulos et al., 2013]. Because they are extremely
dynamical (transient) structures with significant electromagnetic fluctuations, investigations of their kinetics
(e.g., particle distributions and relation to wave activity) are largely constrained by the resolution of spacecraft
measurements.
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Recent spacecraft observations have revealed a new type of sub-ion plasma structure in the quiet-time
(dipolarized) magnetotail: sub-ion magnetic holes (MHs), i.e., small-scale depressions of the background
magnetic field. Spacecraft observations [e.g., Soucek et al., 2008; Ge et al., 2011] and theoretical models
[e.g., Kuznetsov et al., 2007; Califano et al., 2008] suggest that such MHs represent a nonlinear stage of
the mirror-mode instability driven in the postsubstorm magnetotail by a hot anisotropic ion population.
However, there are also alternative interpretations of the MH: e.g, Balikhin et al. [2012] suggested that MHs can
be formed by an oblique tearing instability, whereas Li et al. [2016] and Yao et al. [2017] proposed that MHs
can be explained by the magnetosonic soliton model. Regardless of the source of MHs, they are sub-ion scale
kinetic structures in which Hall effects play an important role in the current generation [Gershman et al., 2016;
Goodrich et al., 2016b, 2016a; Yao et al., 20171.

Strong magnetic field gradients at MH boundaries result in decoupling of ion and electron motion. The elec-
tric field generated by charge separation, the Hall electric field, peaks at the hole boundary [Schindler et al.,
2012; Goodrich et al., 2016a]. In a cylindrical geometry, such electrostatic fields drive electron vortexes cen-
tered in the hole’s symmetry axis [Roytershteyn et al., 2015; Haynes et al., 2015], supporting electric currents at
its boundary [Gershman et al., 2016; Goodrich et al., 2016al. The corresponding electron velocity distribution
is highly anisotropic [Sun et al., 2012; Sundberg et al., 2015; Gershman et al., 2016; Yao et al., 2017]. Therefore,
sub-ion magnetic holes can significantly change local plasma properties responsible for excitation and damp-
ing of electron-scale waves [e.g., Tenerani et al., 2013]. To investigate the kinetics of sub-ion MHs and their
role in modifying electron properties in the postsubstorm magnetotail, a statistical study of well-resolved
magnetic holes is needed.

In this study, we present Time History of Events and Macroscale Interactions during Substorms (THEMIS)
spacecraft observations of a series of sub-ion scale MHs generated in the dipolarized magnetotail. Taking
advantage of the slow MH convection measured at the time, we resolve the internal kinetic structure of
these holes and study the electron population trapped within them. We demonstrate that sub-ion scale holes
can significantly modify the properties of the plasma sheet electron population, resulting in modulations of
electron cyclotron harmonic (ECH) waves in the magnetotail.

2. Data and Methodology

THEMIS observations are used in this study. We utilize background magnetic field data (with a cadence of
0.25 s) from the Flux-Gate Magnetometer (FGM) [Auster et al., 2008], electron and ion measurements from
Electrostatic Analyzer (ESA; energy range from few eV to ~25 keV) [McFadden et al., 2008] and Solid State
Telescope (SST; energy range from ~40 keV to ~700 keV) [Angelopoulos, 2008], and wave electric field spectra
(mean amplitude of the electric field in six logarithmically spaced frequency bands from 0.1 Hz to 6 kHz) from
Filter Bank (FBK) data [Cully et al., 2008] at a cadence of 4 s. We also use spin resolution (~3 s) measurements
of the DC electric field from the Electric Field Instrument (EFI) [Bonnell et al., 2008].

Figure 1 shows an overview of the background magnetic field and plasma measurements during this event
on 17 February 2010 (04:40-05:40 UT). The spacecraft, THEMIS D, which was located near the equatorial plane
(magnetic field magnitude B is dominated by B,; GSM coordinates used unless otherwise stated), observed
slow ion convection (cross-field) motion with a velocity less than 30 km/s. The velocity v, does not contribute
to cross-field convection (because the background magnetic field is dominated by B,). This component is
small during the entire interval of this event, so we assume v, ~ 0. This assumption is supported by obser-
vations of very small and almost constant B, magnetic field, which would otherwise vary significantly in the
magnetotail configuration with a finite v, [e.g., Sergeev et al., 2006]. During this interval, more than 20 mag-
netic holes were captured as localized magnetic field depressions (see Figure 1). In this paper, we analyze the
configuration and kinetic structure of these holes. To estimate the electric current density, which supports
magnetic field gradients, we reconstruct the MH geometry using minimum variance (MVA) analysis [Sonnerup
and Cahill, 1968]. Knowing the direction of the spacecraft traversing MH boundaries, we use the averaged ion
convection velocity to estimate the boundary spatial scale and corresponding currents [Ge et al., 2011].

Figure 1 shows that the ion velocity is fluctuating significantly and there are no clear variations of ion
characteristics across MHs (similar fluctuations and absence of systematic variations are shown in the ion tem-
perature and density, see below). Therefore, we assume that ion velocity (as well as temperature and density) is
uniform across MHs and average ion measurements even further in order to suppress the effect of fluctuations.
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Figure 1. Overview of the event when a series of magnetic holes were captured by THEMIS D on 17 February 2010.
(a) The magnetic field magnitude and the B, component. (b) Two ion velocity components.

3. Magnetic Hole Configuration

We first investigate the general properties of MHs, pressure balance, and local geometry. Figure 2 shows
details within a fragment of the interval from Figure 1, 04:50-05:05 UT. The main magnetic field compo-
nent B, is modulated by quasiperiodical MHs with amplitudes up to 50% of the background field. The ion
velocity is very low, ~10-20 km/s, and thus the spatial scale of magnetic gradients at the hole boundaries
is ~200-400 km (this estimate is based on the assumption that MHs convect with plasma flow, following
Ge et al. [2011]. Fluctuations (i.e., uncertainties) in the ion temperature measurements (~5%) are stronger
than the possible temperature variation across MHs. These fluctuations also mask the possible level of
ion anisotropy. Therefore, we assume that the ion temperature is isotropic and does not vary across MHs,
ie, T ~ Ty ~46-48 keV. The associated ion thermal gyroradius p; varies from ~600 km outside MHs
to ~1800 km inside them. Therefore, we deal with sub-ion scale structures in which the spatial scale of the
magnetic field gradient is smaller than p;.

In the absence of ion temperature variations across MHs, the main contribution to the cross-hole pressure
balance comes from plasma density and electron temperature gradients: A(B2/2u,) ~ kyg(T;, + T, )An, +
kgn,AT,, (where we assume plasma quasi-neutrality, n, = n;). During this event, we found rather hot elec-
trons T,; ~ 3.0-3.1 keV with T;, /T,, ~ 1.5(T;, /T, in the magnetotail typically varies between 3.5 and 7
[see Artemyev et al., 2011, and references therein]). The electron density (and ion density) can be obtained
from ESA measurements or can be reconstructed from the spacecraft potential. However, the appreciable vari-
ation of electron temperature across MHs makes the electron density estimate from the spacecraft potential
inaccurate. Therefore, in following estimates we only use the plasma density from ESA measurements, which
shows almost uniform density profiles across the hole.

The characteristic magnetic field pressure drop in observed MHs is ~A(B§) ~ 25-75 nT?, whereas the con-
tribution from the electron temperature variation is 2pkgn,AT,; ~ 50 nT? (we convert thermal pressure to
magnetic field pressure) forn, ~ 0.6cm=3, AT, ~0.1-0.15 keV. Therefore, the electron temperature variation
can establish the pressure balance. The density derived from ESA measurements does not vary systematically
across MHs. However, due to the presence of hot ions, even a small density variation can provide some contri-
bution to the pressure balance 2,kg(T;, + T,, )An,. We first estimate possible effects of density and electron
temperature variations on the current density generation within MHs.

With the small (sub-ion) spatial scale of these MHs, the motion of demagnetized ions is not controlled by the
magnetic field, and ions can be distributed within the hole following Boltzmann’s law, n; ~ exp(—eg/T;, ). This
is governed by the scalar potential ¢ generated by decoupling of ion motions from electron motions (because
the electron gyroradius is less than 30 km, electrons can be assumed to be magnetized). Thus, any density
variation across MHs would indicate a potential drop of Ag/eT,, ~ (T, /T,,)In(1 + An;/n;), corresponding
to an electric field of E = —V . If we assume that demagnetized ions do not contribute to the current density
at MH boundaries, then all current ~AB, /200kmy, ~ 15 nA/m? should be carried by electrons. There are two
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Figure 3. (a, b) Distributions of 1, /4, and 4,/ 43 [4 , 5 are eigenvalues of the MVA matrix Sonnerup and Cabhill, 1968].
(¢, d) Distributions of dominant components of the MVA vectors I,, m,, and n,, (I is along the maximum variation, n is
along the normal (minimum variation) direction, and m = I x n).
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20p possible mechanisms to generate
\€f72~5.70 these electron currents: the electric
ARG field drift ~E/B, [Goodrich et al., 2016b,

2016a] and diamagnetic drift ~Vn,T,
[Gershman et al., 2016]. Measured den-
sity variations across MHs are very
small, and hence the diamagnetic drift
should be the dominant source for
the electron current density, whereas
polarization electric fields are expected
to be weak. To confirm this estimate of
the relative contributions of E x B drift
and diamagnetic drift to the current
density within observed MHs, we com-
pare the estimated electric field with
electric field measurements in the next
section.

0%
/77<9

Balikhin et al. [2012] noted that mag-
netic field polarization within magnetic
holes in the magnetotail is far from lin-
ear (see also multispacecraft analysis
by Sundberg et al. [2015]). We use MVA
analysis of 23 MHs to define the ratios
of main (4,) to intermediate (4,) eigenvalues and intermediate (4,) to minimum (4;) eigenvalues. Figures 3a
and 3b show that on average we have 4, /4, > 100 and 4,/4; < 10 (similar results were obtained by Li et al.
[2016]). The main component of the | vector (maximum variance direction) is /,, and the main component of
the m vector (intermediate variance direction) is m,. Thus, in the plane transverse to the main magnetic field
component, B, (the minimum variance direction is along y), MHs have a noncircular cross section with y scales
much smaller than x scales. The n, component of the normal vector (gradient direction) is about one for 55%
of the 23 MHs, whereas n, is about one for only 10% of the events. This indicates that the y scale of MHs is
about 5 times smaller than the x scale, which is still much smaller than the inhomogeneity scale along z; i.e.,
MHs are in 2-D configurations, but without axial symmetry.

Figure 4. Scheme of magnetic hole configuration in the equatorial plane.

In the absence of multispacecraft measurements, one cannot determine how far from the MH center a space-
craft crosses the hole (see examples of 2-D hole structure reconstructed from multispacecraft observations
in Sundberg et al. [2015] and Gershman et al. [2016]). Therefore, we cannot determine spatial scales between
two hole boundaries. However, the dominance of MHs with n, > n, and the absence of MHs with significant
n, allow us to generalize our results from Figures 2 and 3 in a schematic of the MH configuration (Figure 4).
Magnetic holes are stretched in the equatorial plane with a gradient along y much stronger than that along x.
Thus, currents generated by the electron cross-field drift flow predominantly along x. This drift results from
pressure gradients (diamagnetic drift) and the potential drop toward the center of the hole, which is gener-
ated by the decoupling of ion and electron motions. Such a stretched configuration can be caused by strong,
accelerating, earthward plasma flows in the magnetotail during the formation of holes, e.g., the observed
holes could be formed within the reconnection outflow region. This scenario is also supported by the fact that
ion thermal anisotropies (which can serve as the free-energy source for MHs [e.g., Kuznetsov et al., 2007; Soucek
et al.,, 2008]) in the Earth’s magnetotail have only been found within such outflow regions [e.g., Hietala et al.,
2015]. This schematic view of MH configuration can be investigated and further tested using measurements
of plasma (electron) distribution functions.

4, Magnetic Hole Kinetics

We select six examples of deep magnetic holes from Figure 2 and examine their kinetic structures. Figure 5
shows the main parameters within each hole. Taking MH geometry (as shown by Figure 4) into account,
we use plasma flows along the x axis to estimate the current density. The electron bulk velocity, v,,,
obtained from direct ESA measurements significantly exceeds the ion bulk velocity (v,, reaches 400 km/s,
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Figure 5. Six examples of deep MHs. For each event: (a) magnetic field B, (blue), By (green), and B, (red); (b) electron (blue) and ion (red) bulk velocities vy, Viy;

(c) electron current density j, = —en, Ve, (black), and two current density estimates j, = po(dB,/dt){Vign) ™" With (vign) = (viy) (red) and (vig,) = ( vii + V§:>

(blue) (velocities are averaged over the hole crossing interval); (d) electric field £, = v, B, calculated for 6 = dInn,/dIn(T, ; +T; ) = 100 (black, left axis),
foré =dlInn,/dIn(T, +T; )~ 0.05 (dashed blue, right axis), and Ey from direct measurements (solid blue, right axis); (e) ratio of the electron phase space
density f,, - o/f, <o (sliced atv, = 0, v, » 0) as a function of energy (see text for details).

comparable with previous observations [Gershman et al., 2016]). Electrons flow in opposite directions at two
hole boundaries, generating current density j,, = —en,V,, that supports the magnetic field gradients. This
current density reaches j,, ~ 50 nA/m?. We compare j,, with the current density estimated from the mag-
netic field gradient, j, = —u;"dB,/dy = —u,(dB,/dt)(v;,,)~", where the hole is assumed to convect with the

ion velocity, (v;,,) is calculated both for y component and for v, = 4 /vﬁ( + vizy and averaged over the interval

of the hole crossing (following a similar approach in Ge et al. [2011]. Figure 5c show that j, and j, profiles are
very close to each other. For some cases, there is a factor of < 1.5 for the ratio j, /j.,, likely caused by under-
estimation of the very weak ion velocity v, ,,. Such good agreement of current densities derived using two

independent techniques (j,, from direct measurements of the electron distribution function and j, from the
magnetic field measurements) implies a robust estimate of j,,.

Currents of magnetized electrons are generated by diamagnetic and E X B drifts. Therefore, to estimate the
electric field responsible for E x B drift, we calculate the difference between the measured v,, and the esti-
mated diamagnetic drift velocity v, 4« ~ —(dp,, /dy)/en,B,. The latter depends on dn,/dy and d(T, ; +
T,.1)/dy. Both gradients contribute to the pressure balance across MHs: kgn (T, + T; ) + B2/2u, ~ const.
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Figure 6. (a) B, magnetic field and electron pitch-angle distributions in the (b) 0.02-0.1 keV, (c) 0.1 — 1 keV, and
(d) 1-10 keV energy ranges. Data are shown for the same interval as in Figure 2.

Uncertainties of n, and T, measurements do not allow a direct estimate of v, 4 from the gradients, we thus
use the pressure balance condition and introduce the parameter 6 = dlInn,/dIn(T,; + T, ;). When§ <« 1,
the diamagnetic drift is controlled by the electron temperature variation, whereas ions with uniform temper-
ature T; do not contribute to the pressure balance. When § > 1, the electron diamagnetic drift is controlled
by the density variation, whereas the ratio of ion and electron contributions to the pressure balance equals to
T.1/T.,. Therefore, we estimate the diamagnetic drift for two 6 values (0.05 and 100) and calculate the elec-
tricfield £, = (Vo — Ve rife)B, required to compensate the remainder of the current through cross-MH potential
variation. This estimation is compared with direct electric field measurements.

Figure 5d shows that for large § the electric field E, reached a few mV/m, whereas E, ~ 0.1 mV/m for small 5.
The latter estimates coincide with the direct electric field measurements (compare solid and dashed blue
curves); i.e,, the pressure balance and electron diamagnetic drifts are dominated by electron temperature
gradients, whereas the density variation is not important.

Gershman et al. [2016] and Yao et al. [2017] showed that electron distributions within MHs exhibit significant
anisotropies with increased transverse fluxes in the 0.2-4 keV energy range. We checked that the electron
population below 500 eV does not contribute to the observed electron bulk velocity v,,, and thus only
suprathermal particles are responsible for current generation. To examine the electron velocity distribution in
the most anisotropic direction (the current density direction), we consider a slice of the 3-D distribution f(v,)
atv, = 0,v, = 0. Then, we compare the left and right flanks of this slice: f, . o/f, , (as shown in Figure 5e).
This ratio is above one for intervals with v,, > 0, and below one for intervals with v, < 0. The ratio falls into
the [0.9, 1.1] range and maximizes at intermediate energies: f, . ,/f, .o ~ 1 (on average) for electrons with
energies <1 keV or > 6 keV. The asymmetry of left/right flanks of the distribution function results from the
diamagnetic and ~ E, /B, drifts, which shift the phase space density to negative/positive v, at two different
hole boundaries. Absence of a significant drift in hot (>6 keV) particles can be explained if we consider that
the gyroradius (p,) of ~6 keV electrons is ~50 km, comparable with the magnetic field gradient scale (hole
boundary scale), ~150 km. Therefore, hot electrons become demagnetized and do not follow E x B drift or
gradient drifts constituting the diamagnetic currents at hole boundaries.

The situation is more complicated for lower-energy electrons (<1 keV), which are well magnetized and should
follow the E x B drift (but should not contribute to the diamagnetic drift due to their low temperature). For the
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observed electron temperature T,; ~ 3 keV, the lower-energy electron population corresponds to subther-
mal particles. The isotropization (systematic drifts along x) of this particle population cannot be explained by
scattering due to magnetic field gradients. To examine the electron distribution at low energies, we plot pitch
angle distributions for three energy ranges: below 100 eV, 0.1-1 keV, and 1-10 keV. As shown by Figure 6,
fluxes of low-energy electrons (<1 keV) are predominantly field aligned, whereas thermal and suprathermal
electron populations (1-10 keV) are mostly transverse anisotropic. Moreover, within MHs the low-energy
electron flux significantly reduces, whereas thermal and suprathermal electron fluxes are enhanced with
stronger transverse anisotropy. Therefore, we conclude that the low-energy electron population is dominated
by field-aligned flows (of possible ionospheric origin) and the phase space density of transverse (v, ~ 0), cold
electrons is rather small. This introduces large uncertainties in f, . ,/f, ., and leads to an isotropic distribu-
tion with f, _,/f, .o ~ 1. Does this field-aligned cold electron population contribute to the magnetic hole
structure? Integration of the electron distribution up to 0.5 keV produces only ~10% of the total electron den-
sity, with almost no contribution to the bulk velocity or the thermal pressure. Thus, we can assume that these
cold (at energies <1 keV) electrons do not contribute to MH structure. Similar conclusions, but for energies
<0.2 keV, were drawn by Gershman et al. [2016].

5. ECH Waves and Field-Aligned Currents Within Magnetic Holes

Magnetic holes significantly modulate ambient electron distributions and the plasma frequency to electron
gyrofrequency ratio (. /@) in the system. Figures 7a and 7b show variations of w,, /@, Within magnetic
holes: @, /@, increases from the background value ~20 to ~30-40 within the holes. The electron dis-
tribution consists of several components and cannot be characterized by the average thermal anisotropy.
Therefore, to investigate electron anisotropies at different energies, we show the ratio of electron phase space
densities collected for transverse (f,) and field-aligned (fH) particles. As demonstrated by Figure 7¢, MHs are
populated by hot, transversely anisotropic electrons. Electrons within the energy range of [0.3, 3] keV res-
onate well with ECH waves, and this anisotropic population (f, /f, > 1) can thus significantly influence ECH
wave generation/damping. Such significant variations in plasma parameters and the electron distribution
should influence generation (and propagation) of electron-scale waves. Generally, increased B, in a dipo-
larized plasma sheet makes the loss cone wider and favors electron loss-cone instability, resulting in ECH
wave generation [Karpman et al., 1975; Ashour-Abdalla and Kennel, 1978; Ashour-Abdalla et al., 1979]. These
waves play a crucial role in electron scattering and diffuse aurora formation [e.g., Ni et al., 2012; Zhang et al.,
2015; Ni et al., 2016]. Figure 7d shows that observed ECH wave amplitudes (outside MHs) reach T mV/m, i.e.,
we observe rather intense ECH emissions with amplitudes exceeding average values for this region [Zhang
etal., 2013]. Interestingly, these ECH emissions are only present outside magnetic holes and almost disappear
within them.

To study modulation of ECH emissions by MHs, we use HOTRAY code [Horne, 1989] to calculate the linear wave
growth rate for electron distributions and plasma/magnetic field parameters outside and inside the holes.
We approximate electron distributions inside/outside the hole by a sum of two bi-Maxwellian distributions
(see parameters in Table 1) with an imposed loss cone. The loss cone represents a decrease of electron fluxes
around the field-aligned (both parallel and antiparallel) direction and is defined by two parameters: the loss
cone depth regulates the amplitude of flux depression, and the loss cone width regulates the pitch angle
range [Ashour-Abdalla and Kennel, 1978]. Both parameters cannot be determined from direct spacecraft mea-
surements, and we use values from a model self-consistently describing the ECH wave intensity in the plasma
sheet [Zhang et al., 2013]. We use observed wp, /w. = 50.4 and 21.6 for the calculation inside and outside
MHs. Then we parameterize both w,,/®. and electron distributions by magnetic field magnitude 8 ~ B,,
assuming that parameters inside the holes transit to parameters outside them linearly with B (running from
the minimum to maximum value). Using this parametrization, we calculate the ECH growth rate y for differ-
ent B values and overplot it along the B(t) profile, as shown in Figure 7e. We use the wave frequency at the
peak intensity (w/w, = 1.2) and a wave normal angle of 6 = 88° derived from ECH waveforms collected by
THEMIS around 03:30:26 UT, when burst-mode electric field measurements were available. We see that ECH
waves damp within the hole and grow outside the holes. Wave damping within the holes come from the fol-
lowing effect: the significantly increased w,, /@, shifts waves to the long wavelength regime (wavelength is
about thermal electron gyroradius p, inside the hole and about a fraction of p, outside the hole), where they
are damped by hot electrons. Therefore, modulation of the ECH waves is observed during this event.
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Figure 7. (a) B, component of magnetic field; (b) ratio of plasma frequency to electron gyrofrequency, wpe /@ce;

(c) ratio of transverse to parallel electron fluxes plotted versus energy, i.e., for each energy, the color denotes the ratio of
electron fluxes measured in transverse direction to those in field-aligned direction; (d) FBK spectrum of the wave electric
field (white color indicates frequency bins where the wave intensity is below the detection level of the instrument);

(e) magnetic field magnitude color coded by the sign of ECH wave growth rate y, in red (y > 0) or blue (y < 0). Maximum/
minimum y values (normalized to w.e) in our calculation (see text for details) are 0.0439 and —0.0276, respectively.
Horizontal lines overplotted in panel (d) are multiples of the equatorial electron gyrofrequency f., and 2f.

Figure 8 shows that in addition to B,, magnetic holes are characterized by small B, variations. Moreover, there
is a finite (negative) average B, across the holes (i.e., we observe them slightly below the neutral plane).
Thus, both j, and j, = —dB, /dy can contribute to the field-aligned current. The full expression for j can be
written as
oB,B, 0B,B
X Z) (1)

.. B

Ji =g iy # ( oyB B
Equation (1) describes the field-aligned current flowing along the quasi-1-D MH boundary, i.e., we assume
that only gradient along y is significant and neglect the current density component j,. This assumption is
supported by MVA results indicating that the normal direction is along y axis (Figure 3d). The first term within
the brackets in equation (1) is neg-
ative at the leading MH edge and
positive at the trailing MH edge,
whereas the second term has oppo-

Table 1. Electron Distribution Parameters Inside the Hole (Right Column)
and Outside the Hole (Left Column)

Parameter Outside Inside  site polarity, i.e, the two gradients

ny (cm=3) 0.113 0.131  defining the direction of field-aligned

T (eV) 310 550 currents compete. Figure 8 shows that

Tj1 (V) 320 540 for some magnetic holes, these two

n, (cm=3) 0.55 0.58 gradients can cancel each other, lead-

TL, (V) 3000 2900 ing to j; ® 0. Some magr?etic holes

Ty (@) el o have Well-resolve;i field-aligned cur-

rents j, < 5 nA/m? however. Because

@pe/®ce 216 >04 of the relatively small magnitude
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Figure 8. Estimates of current density components contributing to the field-aligned current for the same six MHs shown in Figure 5. For each MH: (a) magnetic
field B, (blue) and B, (red); (b) j. j, components projected to the background magnetic field direction (shown in blue and red traces), and their summation
representing estimates of the field-aligned current density j; (black trace, shaded in red for positive values and blue for negative values).

of jj < j,., determination of the field-aligned current density requires accurate calculation of spatial gra-
dients. Such calculations are not always possible because of very slow ion motions used in converting the
timescale to spatial scale, which explains why for some MHs, the field-aligned currents are not well resolved.
Moreover, as demonstrated by equation (1), calculation of ji requires estimations of both j, (strong) and j,
(much weaker) currents. The latter component cannot be accurately derived from electron measurements,
and thus we cannot compare ji obtained from magnetic field gradients with the directly measured electron
field-aligned current.

Although j; seems to be significant (a few nA/m?), the associated uncertainty level is actually large. While
Jx s calculated with an accuracy of ~10-30% (see Figure 5), j is 1 order of magnitude smaller than j,.
Therefore, j, is within the accuracy range of the current density calculations and further investigations are
needed to determine whether these MHs can serve as a local source of field-aligned currents. Spatial scales of
observed sub-ion MHs are sufficiently small to justify our assumption of a decoupling of ion/electron motions
and the generation of a Hall electric field. In Hall plasma systems, the transverse Hall currents are usually
closed by field-aligned currents (such as in magnetic reconnection regions, as demonstrated by e.g., Yamada
et al. [2010], Paschmann et al. [2013, and references therein). To support the MH configuration, field-aligned
currents should maximize below and
above the magnetotail equatorial
(B,=0) plane, where the system inho-
mogeneity in the main magnetic
field direction results in divergence
of the transverse current supported
by electron vortexes (e.g., see the cur-
rent continuity equation in Vasyliunas
[1970]). Magnetic hole currents sup-
port B, variations without changing its
direction (without B, reversal). There-
fore, magnetic field lines in the (y,z2)
plane (or the (x,z) plane) cannot be
closed and should connect to field
lines of the magnetotail current sheet.
Field-aligned currents along such

equatorial plane

Figure 9. Schematic of MHs connecting the plasma sheet to the
ionosphere.
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magnetic field lines could be closed in the ionosphere, if not further diverted to transverse currents at some
distance from the equatorial plane.

To illustrate results shown in Figures 7 and 8, we plot a schematic view of MHs in Figure 9 connecting the
plasma sheet to the ionosphere. The equatorial plane has many sub-ion scale magnetic holes that generate
local enhancements of field-aligned currents. Absence of ECH waves within holes results in patchy electron
precipitation: scattering into the loss cone is only possible in regions located between MHs. The spatial scales
of magnetic holes (~1000 km between closest boundaries) correspond to so-called mesoscale structures in
the polar cap, which are usually studied in the context of plasma dynamics (e.g., plasma flows [see Pritchett
etal.,2014; Lyons et al., 2016]). We show that modulation of both field-aligned currents and electron precipita-
tion by such mesoscale structures can occur in the quiet dipolarized magnetotail due to electron interactions
with MHs.

6. Discussion and Conclusion

The observed magnetic holes are quasi-stationary, captured during quiet geomagnetic conditions after dipo-
larizations (even though they could have formed originally during dynamic conditions, such as accelerating
flows of anisotropic plasma). Therefore, it is reasonable to consider them as self-consistent plasma equilibria
embedded into the plasma sheet. At least two theoretical approaches have been used to describe MH con-
figurations and kinetics. The first approach considers a magnetic hole as a plasma equilibrium described by
a distribution function from local integrals of motion (the so-called Vlasov approach [see Schindler, 2006)).
In this approach, a 1-D (plane) magnetic hole can be constructed using distribution functions proposed
by Nicholson [1963] and Mottez [2003]; using the Vlasov approach, a generalized cylindrical geometry was
proposed by Shustov et al. [2016]. In this approach, the same magnetic field profile can be constructed for sig-
nificantly different particle distributions (see discussions in Grad [1961]). The second approach, which is more
physical, includes consideration of MH formation (the system starts with a linearly unstable plasma mode).
The growth and saturation of this mode results in formation of quasi-stationary MHs, e.g., such holes can be
represented as soliton-like solutions. Ji et al. [2014] proposed magnetosonic solitons with Hall electron effects
for plane MHs; Li et al. [2016] generalized this solution for MHs with cylindrical geometry. An important predic-
tion of this approach is the dependence of MH amplitude and spatial scale on the velocity of MH propagation.
Kuznetsov et al. [2007] proposed a mirror-mode soliton solution to describe the MH configuration (see more
details in Kuznetsov et al. [2015]), which depicts the expected relation between MH amplitude and spatial
scale. Moreover, the electron vortex within an MH can be described by a model of a potential vortex in hot
plasmas [e.g., Petviashvili and Pokhotelov, 1992]. Which model is more appropriate to describe observed MHs
relies on the comparison between the model and observed kinetics (electron distributions).

The main conclusions of our investigation of magnetic hole kinetics can be summarized as follows:

1. Sub-ion scale magnetic holes are sustained by electron vortexes, in which diamagnetic drifts and electro-
static fields (generated by the ion-electron decoupling) drive electron currents. Although this explanation
has already been proposed from observations [Gershman et al., 2016; Goodrich et al., 2016b, 2016a] and sim-
ulations [e.g., Haynes et al., 2015], our study has directly demonstrated that the observed electron currents
coincide with those derived from magnetic field gradients.

2. Electron currents are generated by electrons of energy range ~[T,, /3, 2T,, ]. Hotter electrons are likely
scattered at magnetic field gradients and do not follow diamagnetic and E x B drifts, whereas colder elec-
trons are characterized by a rarified field-aligned population and do not contribute significantly to electron
moments (consistent with Gershman et al. [2016]).

3. Observed magnetic holes are 3-D structures with two smaller spatial scales in the equatorial plane (trans-
verse to the background magnetic field) and a larger-scale along the background magnetic field. In the
equatorial plane, magnetic holes are stretched in the earthward direction. This configuration is not unique
(both quasi-1-D and cylindrical magnetic holes were reported by Balikhin et al. [2012], Sundberg et al. [2015],
and Li et al. [2016]), but it implies significant spatial anisotropy of the initial plasma configuration where
MHs were formed.

4. Within the holes, electron scattering to the loss cone is significantly reduced because of the suppression of
ECH waves. The holes, on the other hand, may generate field-aligned currents and thus couple the magne-
tosphere to the ionosphere on a kinetic (sub-ion gyroradius) scale. Further investigations on the magnetic
field gradients and electron kinetics are necessary to verify this conclusion.
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