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Abstract To understand the entry of the cool low-latitude mantle ions into the tail plasma sheet near the
flanks under persistent interplanetary magnetic field By, we evaluate the role of the cross-field diffusive
transport by kinetic Alfvén waves (KAWs) by investigating two events observed by multiscale (MMS)
spacecraft. Around the separatrix between the open and closed field-line regions, a two-component mixing of
hot plasma sheet ions of a few keV with cool mantle ions of a few hundred eV was observed, indicating transport
across the separatrix. The waves observed between 0.01 and 10 Hz around the separatrix had characteristics
consistent with those of KAWSs. The consistency allowed us to estimate the wave vectors as a function of
frequency by fitting KAW dispersion to the observations. Using the observed wave powers, plasma moments,
and the estimated wave vectors, we computed the cross-field diffusion rates associated with KAWs. The
diffusion rates were found to be comparable to or larger than the Bohm diffusion rates during the intervals when
the two-component mixing was observed, indicating that the KAW diffusive transport can play a role in the
entry of low-latitude mantle ions into the plasma sheet.

1. Introduction

Plasma from the solar wind and ionosphere are the two major particle sources for the Earth's magnetosphere.
Depending on the interplanetary magnetic field (IMF) orientation (Wing et al., 2014), solar wind particles can
enter the magnetosphere via different mechanisms and routes. During southward IMF, the solar wind plasma first
enters the high-latitude tail lobes through the cusp and forms high-latitude mantle plasma (e.g., Trainer
etal., 2021), then these high-latitude mantle particles E X B drift toward the current sheet and enter the tail plasma
sheet (e.g., Ashour-Abdalla et al., 1993). During northward IMF, plasma can enter into the plasma sheet from the
flanks through processes including Kelvin-Helmholtz instability (e.g., Nykyri & Otto, 2001; Otto & Fair-
field, 2000) or wave diffusion (e.g., Chaston et al., 2008; Johnson & Cheng, 1997; Johnson & Wing, 2009), or
enter through high-latitude double cusp reconnection (e.g., Crooker, 1992; Li et al., 2005, 2009; Raeder
etal., 1995). When the IMF B, component becomes more substantial relative to IMF B,, the solar wind particles
can enter the tail lobe at low latitudes through the open flank magnetopause and form the low-latitude mantle (e.g.,
Grzedzielski & Macek, 1988; Pilipp & Morfill, 1978; Sibeck & Lin, 2014; Siscoe & Sanchez, 1987). The
resulting low-latitude mantle plasma is magnetosheath-like plasma flowing tailward along the open magnetic
field lines but with reduced density and tailward speed than the adjacent magnetosheath. The location of low-
latitude mantle depends on the direction of IMF B,. It is formed in the southern (northern) lobe on the dusk-
side (dawnside) when IMF B, is positive and the asymmetry switches to the opposite sense when IMF B, is
negative (e.g., Gosling et al., 1984, 1985; Haerendel & Paschmann, 1975; Hardy et al., 1975, 1976, 1979;
Maezawa & Hori, 1998; Siscoe et al., 1994; Taguchi et al., 2001; Wang et al., 2014, 2022; Wang & Xing, 2021).
Previous simulation and observation studies have shown that the low-latitude mantle may come into direct contact
with the plasma sheet throughout a large portion of the tail from the near-Earth to the mid-tail (Wang &
Xing, 2021; Wang et al., 2022). Also, across this interface between the mantle and plasma sheet, the observation
studies have shown that a two-component mixture of the cooler and tailward flowing mantle ions and the hotter
and isotropic plasma sheet ions can sometimes exist, which is an indication of cross-field transport across the
separatrix between the open and closed field-line regions. In addition to tail reconnection, diffusive transport by
kinetic Alfvén waves (KAWSs) (Johnson & Cheng, 1997) has been suggested as a potential mechanism since
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intensive electromagnetic ultralow-frequency waves were observed around the separatrix (Wang & Xing, 2021).
Therefore, this study is to evaluate such diffusive transport by analyzing the plasma and waves around the
separatrix observed by Magnetospheric Multiscale (MMS) spacecraft and estimating the diffusion rates. For the
two events presented here, we found that the waves had the characteristics of KAWSs and the estimated diffusion
rates were sufficiently large to explain the two-component mixing. This paper is organized as follows. In Sec-
tion 2, we describe the MMS and IMF data. The first event and details of our analysis are presented in Section 3.
The analysis results for the sconed event are summarized in Section 4. Summary and discussion are given in
Section 5.

2. MMS and IMF Data

MMS is a four-spacecraft constellation (Tooley et al., 2016). The spacecraft is at a low inclination orbit (28.5°)
with an apogee of ~25 Rg and an orbital period of ~3 days in 2017-2018 (the apogee was later raised to ~29.3 Rg
with an orbital period of 3.5 days). Ions from 10 eV to 30 keV (sample per 4.5 s) are measured by Dual Ion
Spectrometers (DIS) of Fast Plasma Investigation (FPI; Pollock et al., 2016). The electric and magnetic fields are
measured by FIELDS instrument (Torbert et al., 2016) with the electric fields (32 samples/s) measured by Axial
and Spin-plane Double-Probe electric-field sensors (ADP and SDP) and the magnetic fields (16 samples/s)
measured by two flux-gate magnetometers (AFG and DFG). These data from the fast survey mode are used. For
the IMF conditions, we use the magnetic fields measured by from Acceleration Reconnection Turbulence and
Electrodynamics of Moon's Interaction with the Sun (ARTEMIS; Angelopoulos, 2011; Sibeck et al., 2011) when
the spacecraft was within the solar wind region. The ARTEMIS magnetic fields (~4 s resolutions) are measured
by the fluxgate magnetometer (FGM) instrument (Auster et al., 2008). The geocentric solar magnetic (GSM)
coordinates are used.

We investigate two events when IMF conditions were relatively steady and MMS stayed a considerable amount of
time around the separatrix between the low-latitude mantle and the plasma sheet. These conditions allowed for a
longer period of steady background magnetic fields for the wave analysis. In both events, the IMF B, remained
positive and MMS spacecraft were below the current sheet near the dusk flank where the low-latitude mantle was
expected to appear. The IMF B, remained negative during the first event while it was positive during the second
event.

3. MMS Event 1

We present in this section the analysis of event 1 on 3 October 2021 with detailed descriptions of the methodology
used.

3.1. Event 1 Overview

We first present in Figure 1 the overview of event 1 on 3 October 2021 from 04:17 to 04:42 UT. The IMF shown in
Figure 1a was measured by ARTEMIS P1 in the upstream solar wind at X ~ 42 and Y ~ 37 Rg with the yellow-
shaded area indicating the interval of event 1. Before the event, the IMF has become relatively steady after ~03:55
UT. Throughout the event, IMF B, remained positive at ~2 nT and IMF B, remained negative at ~ —3 nT.
Figures 1b—1j show fields and plasma observed by MMS-3 near the dusk flank at X ~ —9 Rg and ¥ ~ 17 Rg; (see
the locations at the bottom of Figure 1). MMS was below the current sheet as indicated by the negative B,
(Figure 1b) moving from the lobe/mantle with low ion plasma beta (f;, Figure 1h) to the plasma sheet with
relatively higher f; > 1. The intervals of the lobe/mantle and plasma sheet are indicated by the blue and red bars,
respectively, on the top of Figure 1b. The region of the plasma sheet in this study is defined by the appearance of
isotropic electrons above 1 keV (Figure le). This isotropic plasma sheet electrons are shown in detail later in
Figure 2f. The first separatrix between the lobe/mantle and the plasma sheet encountered by MMS was at ~04:26
UT. It can be seen in the ion omnidirectional energy spectrum (Figure 1d), MMS observed cool (a few hundreds of
eV) single-component low-latitude mantle ions in the lobe before ~04:24 UT and hot (a few keV) single-
component plasma sheet ions after ~04:39 UT, and, in between, two-component ions with the mixing of the
cool and hot populations. Details of the particle pitch-angle distributions are presented in Section 3.2. The cool
low-latitude mantle ion population had density (N;) of ~0.2-0.7 cm™ (Figure 1f) and temperature (T}) of ~0.1—
0.3 keV (Figure 1g), and its bulk flow was tailward with V, ~ —50 to —100 km/s and mainly in the field-aligned
direction (Figure 1i). In comparison, the hot plasma sheet ion population had N, of ~0.2 cm™>, T; of ~2 keV, and
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Overview of event 1 on 2021-10-03
ARTEMIS P1 in upstream solar wind (X = 42, Y =-37 Rg)

{C) IR S o s o

04:22

MMS-3 inside the magnetosphere near the dusk magnetopause
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Figure 1. Overview of event 1 on 3 October 2021. (a) Interplanetary magnetic field observed by ARTEMIS P1. The yellow-shaded duration indicates the interval of
event 1. (b—j) MMS-3 observations of panel (b) magnetic fields, (c) electric fields, energy spectrum of panel (d) ion and (e) electron omnidirectional energy fluxes,
(f) ion density, (g) ion and electron temperatures, (h) ion plasma beta, (i) ion bulk perpendicular and parallel velocities, and (j) Alfvén speed. The regions encountered by

MMS are indicated on the top by the blue (red) bars for lobe/mantle (plasma sheet).
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Figure 2. Particle distributions for event 1 on 3 October 2021. Energy spectrum of panels (a) ion and (d) electron omnidirectional energy fluxes. 1D omnidirectional
energy fluxes for panels (b) ions and (e) electrons, and 2D distributions of directional energy fluxes for panels (c) ions and (f) electrons at four different times ((1) 04:23,

(2) 04:25, (3) 04:27, and (4) 04:40 UT) indicated on the top of panel (a) and by the vertical dotted lines.
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slow bulk flow speed of <50 km/s. The electron temperature (7, Figure 1g) was about a factor of ~10 lower than
T, during the intervals of the lobe/mantle and the mixing and a factor of ~3 lower than 7; when there was only the
presence of the single-component hot plasma sheet ions. Note that both the ions and electrons immediately on the
plasma sheet side of the separatrix (the plasma sheet boundary layer) did not show any signatures, such as energy
dispersion and high-speed ion flows, indicating the magnetic field lines around the separatrix were connected to a
tail reconnection region as reported in other studies (e.g., Sergeev et al., 2021; Wellenzohn et al., 2021). The
Alfvén speed was several hundreds of km/s and was lower in the presence of the cool ions (Figure 1j). Substantial
fluctuations were observed in both the magnetic and electric fields around the mantle/plasma sheet interface from
~04:24 to 04:34 UT (Figures 1b and 1c). Wave analysis of these fluctuations presented in Section 3.3 shows that
KAW was the dominant wave mode. The wave vectors estimated using the four MMS spacecraft are shown in
Section 3.4 and the cross-field diffusion rates associated with KAWs are presented in Section 3.5.

3.2. Ion and Electron Particle Distributions

We compare in Figure 2 the particle distributions in different regions (the lobe, the region of ion mixing, and the
plasma sheet). The time series of energy spectrum of omnidirectional energy fluxes are shown in Figures 2a and
2d for ion and electron, respectively. The 1D distributions of omnidirectional ion energy fluxes and the 2D
distributions of directional ion energy fluxes are shown in Figures 2b and 2c, respectively, at four different times/
regions (indicated by the numbers on the top of Figure 2a): (1) the single-component ions within the lobe/mantle
at 04:23 UT, (2) the two-component ions in the mixing region on the lobe side at 04:25 UT, (3) the two-
component ions in the mixing region on the plasma sheet side at 04:27 UT, and (4) the single-component ions
within the plasma sheet at 04:40 UT. The particle's kinetic energy is W, = 1/2mVp2, where m is the particle mass
and V, is the particle's velocity. Note that the 2D distributions are shown in W,,,~W,, , and we assign positive
(negative) values to W, to indicate the corresponding positive (negative) direction of V,,; (the same direction
notation for W,, |). The 1D and 2D distributions of electron energy fluxes for these times are shown in Figures 2e
and 2f, respectively. In the 04:23 UT plots, the cool field-aligned tailward flowing mantle ions are indicated by the
single-component ion fluxes peaking at ~0.2 keV and around the +V, , direction (note that the parallel direction
was tailward because MMS was in the southern lobe at the time). In comparison, in the 04:40 UT plots, the hot
isotropic plasma sheet ions are indicated by the single-component ions peaking at ~7 keV at all pitch angles.
Similarly, Figure 2f shows that isotropic electrons of ~2 keV were seen in the plasma sheet but not in the lobe. For
the two-component ions in the 04:25 and 04:27 UT plots, the cool component at ~0.2 keV in the +V,,, direction
was similar to the single-component low-latitude mantle ions seen in the 04:23 UT plot, while the hot component
ions peaking at a few keV was similar to the single-component plasma sheet ions seen in the 04:40 UT plot.
However, the hot component ions were highly isotropic in the 04:27 UT plot but highly anisotropic in the 04:25
UT plot. Isotropic keV electrons were only seen in the 04:27 UT plot but not in the 04:25 plot. These indicate that
the ion two-component mixing shown in Figure 2a occurred across the separatrix from the lobe/mantle side (open
field-line region) to the plasma sheet side (closed field-line region).

3.3. Kinetic Alfvén Waves and Wave Vector Estimation

We show in Figure 3 that the electric and magnetic fluctuations around the separatrix observed by MMS 3 had the
characteristics of KAWs and we estimate the wave vectors by fitting KAWSs to the observed waves in Figure 4.
The ion omnidirectional energy spectrum across the separatrix is shown in Figure 4a (note that the separatrix was
at ~04:26 UT). The magnetic and electric field components in the mean field-aligned (MFA) coordinates are
shown in Figure 3 for B, in the mean-field direction, and Figures 3d and 3f for B, and E, in the perpendicular
direction, respectively. The mean magnetic field B, is defined in this study as the 2-min running averages of the
magnetic fields. The first perpendicular direction (L1) is defined as the cross product of the parallel direction and
the azimuthal direction (A = (Y, X, 0)/ry,, where X, and Y

sc

are the spacecraft's location and
rxy2 =X.>+ Y2, and the second perpendicular direction (12) completes the orthogonal right-hand system. The
power spectrum densities (PSDs) of B, B, and E, within the spacecraft frequency (f,.) range of 0.01-8 Hz are
shown in Figures 3c, 3e, and 3g, respectively, with proton cyclotron frequency (f;,) indicated by the black curve.
We show in Figures 3i-30 the comparisons between the PSDs of By, B, and E for three selected 10-s intervals,
as indicated on the top of Figure 3a: (1) 04:25:05-04:25:15 UT on the lobe/mantle side, (2) 04:25:55-04:26:05
UT at the separatrix, and (3) 04:27:05-04:27:15 UT on the plasma sheet side. As shown in Figures 3i, 3k, and 3n,
for all three intervals, the PSDs of B, (blue) were relatively larger than that of B, (green). There appeared to be
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Event 1: 2021-10-03, MMS-3
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a change in the frequency spectrum of the PSD of B, with the spectrum approximately following the power law of
f =B f ~3y (indicated by the brown dashed line) at frequencies lower (higher) than f, (indicated by the vertical
dotted line). The changes in the power law index value indicated the magnetic turbulence cascade from the
magnetohydrodynamic scale to the sub-ion scale. The PSDs of E, (red) were comparable to that of B, (blue) at
frequencies lower than f,. But at frequencies higher than f.,, E, became increasingly larger than B, with
increasing frequency. As a result, as can be seen in Figures 3j, 3m, and 30, the ratio of E,/B,/V, was closer to 1 at
smaller f,. near 0.01 Hz and the ratio increased with increasing f,, to ~100 at 8 Hz. This dispersion feature
indicated that the waves were dominantly KAWs.

We can estimate the wave vectors by fitting the KAW dispersion to the observed E, /B, /V 4 ratio. For KAWs with
wave vector k£ and wave normal angle @y, the dispersion is given by the solution of,

V2
ViR p? = <w2 A A>.
Xi

where k, = sin(fy), k; = cos(@y), V4 is the Alfvén speed, p, is the ion acoustic gyro-radius, Vj is the acoustic
speed, y; = [1 = Iy(a;) e™%1/a;, a; = k,*p;%, and I is the zero-order modified Bessel function and p; is the ion
gyro-radius (Chaston et al., 2005, 2008). The ratio of E,/B, from KAW is

k

IO( l)e—a ]

-1

ﬂ = _2 1+ %
22
Bl k” - I() (ai)e_ai%

Note that, different from the classical KAW dispersion, the above KAW dispersion includes ion motion along the
magnetic field, thus, the ion parallel current for finite plasma beta introduces the dependency of the £, /B ratio on
k, and w. We show in Figure 4 how we conduct a grid search in the [k, k, ] space to find the optimal (k, k,)
combinations that give a reasonably good fit of the KAW dispersion to the observations. This technique has been
used in Chaston et al. (2014). We assume that k, is independent of f,. and search the k; range from 5 X 107° to
5% 107 km™', as shown in Figure 4a. On the other hand, we assume that k, increases with increasing f,, by
utilizing the Taylor hypothesis, kt = 2af, /V;,, where V;, is the perpendicular ion bulk flow speed. We use the
observed V;, speeds. Thus, we assume k, = R kr, where R, is a constant. As shown in Figure 4g, we search the k|
range from R, = 1 to 10. To provide a better picture of how the KAW wave parameters depend on k; and k |, we
show the grid search results in two groups: Figures 4a—4e show how the wave parameters vary with different &
values at fixed k, = kr, and Figures 4f—4j show the variations with different k, values at fixed k, = 5 x 10~ km™"

Each light blue curve corresponds to a (k, k,) combination. We also plot two curves in green and magenta to
indicate those with the lowest and highest k values (the values are indicated on the plots), respectively, and a red
curve to indicate that with the median k values (k, = 5 X 107> and R, = 1). Note that for V,, V,, p;, and p, we
compute them using the observed values averaged within a 10-s window (e.g., 04:25:05-04:25:15 UT in
Figures 4a—40). Figures 4c and 4h show that 0y, increases with increasing f,. and approaches 90°, and larger k; or
smaller R, corresponds to lower fy,. Figures 4d and 4i show that @ increases with increasing f;. and approaches
o, = 27f, (the horizontal dashed line), and larger k;, or larger Ry corresponds to larger w. Figure 4e shows that the
k value only affects the E,/B,/V, ratio at fi. > f, (the vertical dashed line) while Figure 4j shows that the k,
value affects the ratio at all £, with the largest effect around £, ,. To determine which (k, k) combinations give an
optimal fit to the observation, we evaluate the difference between the observed E,/B,/V, ratio, R, and the
KAW ratio, Ry aw, using NRMSE (normalized root-mean-square error) defined as Y (R Riaw)/<Rops>s
for 04:25:10 UT (the same as
that shown in Figure 3j) and the green, red, and magenta curves show the Ry ,w corresponding to the three

where <R, > is the average of R,,. The blue curve in Figures 4e and 4j shows R,

Figure 3. Wave analysis for MMS3 field fluctuation for event 1 on 3 October 2021. (a) Energy spectrum of ion omnidirectional energy fluxes. (b) B, (d) B, and (f) E, in
the mean field-aligned coordinates. Power spectrum density (PSD) of (c) B”2 (e)B LZ, (2 E Lz, and (h) the E, /B, /V , ratio as a function of f.. The black curvesin (c, e, g,
h) indicate the proton cyclotron frequency (f, ) The three 10-s intervals (1)—(3) are mdlcated in the top of (a) and the Wave spectrum are shown in panels (i—j) for interval
(1), in panels (k—m) for interval (2), and in (n o) for interval (3). (i, k, and n) The PSD of B > |~ (blue), BH (green) and E’ |~ (red). The brown dashed line below (above) f,,,
(indicated by vertical dashed line) indicates f~ 3By 'a 973y, (j, m, and o) The ratio of E /B /V,.
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Event 1: 2021-10-03, MMS-3
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selected (ky, k) combinations with their NRMSE values indicated. Visual inspection of these curves shows that
the combination with lower NRMSE has a better fit to the observation. Figure 4k shows the NRMSE values in
comparison with the R, at 04:25:10 UT for all (Rt k) combinations with the red triangle indicating the min-
imum of NRMSE (NRMSE_ ), the red horizontal (vertical) dotted line indicating the corresponding R, and k;,
respectively, and the light blue contour indicating 1.25 X NRMSE, ;.. Figures 4m—4o show the &, k,, and Rg s w»
respectively, for the combination with NRMSE, ;, (the red curve) and the combinations with
NRMSE < 1.25 X NRMSE_;, (the light blue curves). As shown in Figure 4o, these (k;, k, ) combinations give fits
reasonably close to the R, values (blue). Hence, we use the (k, k) combination corresponding to NRMSE,_ ;. as
the estimated optimal wave vectors for KAWs and choose the (k;, k;) values with NRMSE within
<1.25 X NRMSE_;, to indicate the uncertainty of the estimation. We conduct the grid search to find the optical
wave vectors for all other intervals around the separatrix from 04:23 to 04:30 UT (see Figure S1 in Supporting
Information S1 for the comparison between R, and Rg 5w for other intervals) and the estimated Ry, k;, and their
NRMSE are shown in Figure 4p—4r, respectively. The estimated k, values were found to be in the vicinity of &,
indicating that the Taylor hypothesis was a good approximation. The majority of the estimated &, values were
within 1~5 X 107> km™". This k, range corresponds to the parallel wave lengths of ~3-15 Rg, which is com-
parable to the spatial scale of the separatrix in the X direction. These estimated wave vectors are used in
computing the diffusion coefficients in Section 3.5.

3.4. Evaluation of the Taylor Hypothesis Using Four Spacecraft

In this section, we show that the Taylor Hypothesis was a good approximation by evaluating it with wave vectors
estimated using the multi-spacecraft timing method (Russell et al., 1983; Schwartz, 1998; Zhang et al., 2022). For
a propagating wave with a single-frequency (f) observed by the four spacecraft at different locations (r) and
times, its average phase velocity over time taken during the time delay and the space between the spacecraft, v,,(f,
1), can be estimated with

Arlz ny At12
1
A — At
P ol T
Ar14 n, At14

where (n,, ny, n,) = n is the wave propagation direction and Ary,, Arys, Aryy, Atyy, Aty;, and Aty are the
separations in space and time between a spacecraft pair with the subscript 1, 2, 3, and 4 indicating MMS-1, 2, 3,
and 4, respectively. We can solve this for (1/v,,)n.

-1
Arlz A[]z
1
<—)n = Ar13 A[13
Vi
Aryy Aty

The wave vector can then be obtained from Kk(f, )-v,,(f, ) = 2=f.

Figure 5 shows how we obtain K(f, ) for ffrom 0.2 to 2 Hz and # = 04:27:09 UT. The formation of the four MMS
spacecraft at 04:27:09 UT is shown in Figure 5a. The formation quality factor (Fuselier et al., 2016) was 0.76—
0.83 during this event, indicating a good tetrahedron configuration. Figures 5b and 5c show (AX, AY) and (AX,
A7), respectively, of Ar,,, Ar 3, Ary,, the separations were ~10-60 km. Figure 5d shows unfiltered profiles of
one of the perpendicular component, B | ;, observed by the four spacecraft and it is clear that they observed the

Figure 4. Wave vector estimation for kinetic Alfvén waves (KAWs) observed by MMS3 for event 1. Wave parameters for panels (a—e) different k; and fixed k| and (f—j)
different k, and fixed k, (a and f) k;, (b and g) k, (c and h) 0, (d and i) », and (e and j) E /B /V, ratio as a function of f .. Each light blue curve in panels (a—j)
corresponds to a (k, k| ) combination, and the green, red, and magenta curves correspond to the lowest, median, and highest k values. The blue curve in (e, j, and o) is the
ratio observed at 04:25:10 UT. The vertical dashed line indicates f,. (k) NRMSE contours as a function of Ry and k;. The red triangle indicates NRMSE, ;, and the red
vertical (horizontal) dotted line indicates the corresponding R, and k, respectively. The light blue contour indicates 1.25 X NRMSE_; .. (m) k;, (n)k,, and (0) E,/B,/V
ratio as a function of f . for KAWs with NRMSE ; (red) and <1.25 X NRMSE _; (light blue). Temporal variation of the estimated (p) Ry and (q) k, and (r) their
NRMSE for KAWs with NRMSE (light blue).

(red) and <1.25 X NRMSE

‘min min

WANG ET AL. 9 of 19

0d ‘01 ‘#20T ‘TOP6691T

:sdpy wouy papeoy!

ASUDIT suowwo)) asnear) ajqeorjdde ayy £q pauroAos are sajonIe YO asn Jo sa[n 1oy AIeiqi auruQ L3I\ UO (SUONIPUOI-PUB-SULIA) WO KA[1m’ KIRIqI[auI[uo//:sd1y) SUonIpuoy) pue swia ], ayl 33 *[+z0z/01/81] uo Areiqry autjuQ L3[1p ‘S0 ‘Brulojie)) JO ANSIAIUN £q 61 LTEOVIFT0T/6T01 01/10p/wod Kafim: .



MID
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics

10.1029/2024JA032719

Event 1: 2021-10-03, wave vector estimation
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same wave structure with slight time differences. We use a band-pass filter to obtain the time series of waves at
different frequency bands using a bandwidth of 0.1 Hz. Figures 4h—5e show band-passed profiles of B ; for four
selected frequency bands. For each frequency, we choose the band-passed data within a 6 s window centered at
04:27:09 UT and examine the cross-correlations of the data with different time shifts between two spacecraft to
estimate Aty,, At3, and Aty and the corresponding (k,, ky, k,) (with the values indicated on the plots).

To evaluate the quality of the wave vector estimation shown in Figures Se-5h, we adapt the three measure pa-
rameters and their thresholds used in Zhang et al. (2022): (a) Match of amplitude (MOA) is the ratio of the
smallest spectral wave amplitude to the largest spectral wave amplitude among the four spacecraft. This is a
measure for all four spacecraft detecting the same wave. (b) The correlation coefficient (CC) is the minimum
value of the “Pearson” cross-correlation coefficients after the time shifts. This is used to eliminate the phase
difference during the time-shifting processes. (c) Parameter //(2Rgc), where 1/2 is the half-wavelength and Ry is
the average separation among the four spacecraft. This is used to ensure that the “time delay” is obtained by
monitoring the same wavefront and that there is no uncertainty of several wave periods during the time-shift
process. The thresholds for good quality are MOA > 0.5, CC > 0.8, and A/(2Rgc) > 1. As shown in
Figures 5i-5k for MOA, CC, and A/(2Rgc), respectively, as a function of f,., the thresholds (indicated by the
magenta horizontal dotted lines) were satisfied at < ~1 Hz. As shown in Figure Sm for the estimated k; (green), k;
(blue curve), and k. (red curve) as a function of f,, k, was >> k;;, and k; did not change substantially with f, . while
k, increased with increasing f,.. The k profile was close to that of k, , indicating that the Taylor hypothesis was a
good approximation at least for the ~0.1-1 Hz range.

As shown in Figure 5, the wave vectors we can estimate using the multi-spacecraft method for this event were
within a rather limited frequency range, which is not sufficient for evaluating diffusion rates by the waves over the
observed frequency range. Thus, for the diffusion rates presented in the next section, we use the wave vectors
estimated by the fitting method shown in Figure 4.

3.5. Evaluating Cross-Field Diffusion Rates

In this section, we show that the cross-field diffusion rates associated with the observed KAWs are sufficiently
large across the separatrix. We use the wave vectors estimated by fitting KAW dispersion to the observations
presented in Section 3.3. From the gyrokinetic equations, the density evolution due to diffusion along the cross-
field direction, x, is approximately % = iDW% ,
efficient (e.g., Hasegawa & Mima, 1978; Johnson & Cheng, 1997). Using a quasilinear treatment of the gyrokinetic
equation (Chaston et al., 2009; Johnson & Cheng, 1997), the diffusion coefficient for KAWs including magnetic

where N is density and Dy is the drift-kinetic diffusion co-

drift effects and full Larmor radius effects assuming a Maxwellian distribution is

L1 (ELON
Do~ T TP =T g () 4= T T

where B, is the background magnetic field strength and V, is the ion thermal speed. Here d; = anOOO,
dy = (1 + Ry, dy = 2K PR, dy = 2an(1 + MRy, ds = 27Xk pR,,',
and dg = —=2*26an(1 +n)/(k p)R,,’, where a = wy/w, wy = kV,-[B/IBl X p;VB/B] is the magnetic drift frequency,
n =k, E\/k,E,, o = Eyrp/E,, Where Eyrp = —ilm;Vi2/(2By) kB, (k)/q; is the effective E, due to the wave ion mirror
force (“TD” stands for transient time damping), where m; is the ion mass and g; is the ion charge. The ratio of E to
E, is

Ey _ kykupsx:

E kv
L l_lo(ai)e “ Lz

Figure 5. Examine the Taylor hypothesis using four MMS spacecraft for event 1 on 3 October 2021. (a) 3D plot of the MMS formation and the projections of spacecraft
in the X-Y plane at 04:50 UT. The space separations between two MMS spacecraft (r;,, 13, ;) in the (b) X and Y and (c) X and Z directions. (d) Time series of
unfiltered B | | component observed by the four MMS spacecraft. (e-h) Time series of band-passed fluctuations of the B, ; component for four selected frequency bands
observed by the four MMS. For each band, the values of the frequency band (f,), the time separation At between each MMS pair (t,,, t;3, t;4), and the estimated wave
vector, k, are indicated on each plot. (i) Match of amplitude, (j) correlation coefficient (CC), (k) A/(2Rsc), and (e) the k, k, and k as a function of f_.
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Also

R,, =2 f wdxx”lfn(bx) Ju(bx) exp [—x2 (e gdx2)2]
0

where b = \/iklp,-, {=w/ (\/5 K V,-), Cy=wy/ (\/5 k V,-) , and J,, are Bessel functions of order n. The term Dy,

is due to Landau damping (LD), Dyy , is due to magnetic field gradient drift (GD), Dyy 3 is due to TD, Dy, 4 is due
to coupling between GD and LD, Dy 5 is due to coupling between TD and LD, and Dy 4 is due to coupling
between GD and TD. Note that the Dy 5, Dy 4 and Dy ¢ associated with the magnetic drift includes only the effect
of the GD, not the curvature drift. As discussed in Section 5, including the curvature drift might potentially
weaken the effect of the GD. Considering this uncertainty in the contribution by the magnetic
drift, we also compute the total diffusion rate without the effect of magnetic drift, that is, the rate due to LD and
TD, Dywap + 10) = Dw.i + Dws + Dy s

Figure 6a shows the PSD of observed B, By, and E, as well as computed E; and E;rp, as a function of k from
MMS3 for the interval of 04:27:05-04:27-15 UT (the same as interval (3) shown in Figure 3n) and Figure 6b
shows the corresponding IDyy | ¢l (note that the values of Dy, 4 and Dy ¢ were negative). The E; and Ejrp, and Dy,
are computed using the (k;, k,) values corresponding to NRMSE, ;. (red curves in Figures 4p—4q) during that
interval, as well as the 10-s averages of the observed magnetic fields and plasma moments. The magnetic gradient
scale By/V B estimated using the four MMS spacecraft with the linear gradient estimator technique (Chan-
teur, 1998; Chanteur & Harvey, 1998) is shown in Figure 6¢. The values of Dy, ;¢ summing up over k, the total
Dy, summing over j = 1-6, and Dy, p 4 Tp), summing over j = 1, 3, and 5 are indicated on the right of Figure 6b.
The largest effect was from the magnetic GD term (Dyy ,) of ~10"" m%/s and the smallest effect was from the LD
term (Dyy, ;) of ~6 X 10® m?/s. The total Dy, for this interval was ~10'" m*/s, which is about an order of magnitude
higher than Dy, p 4 1p) of ~10" m?s.

Figure 6d shows the temporal variation of the total Dy, (red curve) and Dy p + Tpy (blue curve) across the
separatrix using the (k, k) values corresponding to NRMSE_;,, as well as those with <1.25 X NRMSE_; for
uncertainty estimates. The importance of a diffusion process in the formation of a boundary layer has been
evaluated by comparing it with the Bohm diffusion (Bohm, 1949; Treumann et al., 1995). The green curve in
Figure 6d indicates the Bohm diffusion coefficient Dy, = (1/16)kgT./q.By, Where kg is Boltzmann's constant
and g, is the electron charge. The ion omnidirectional energy fluxes are plotted in Figure 6e for reference. Despite
the diffusion rates being relatively lower without the effect of magnetic drift, both Dy, and Dy p + Tp) became
higher than Dy, after ~04:24 UT, which approximately coincided with the start of two-component ions. The
diffusion rates remained well above Dy, across the separatrix, thus indicating that cross-field diffusion can
contribute to the observed mixing of cold low-latitude mantle ions and hot plasma sheet ions. Additionally, the
density gradient in the Z direction, dn/dz, around the separatrix is estimated to be ~1-2 x 1 m™* using the density
differences between two MMS spacecraft that were separated mainly in the Z direction. Thus, the estimated

particle flux across the separatrix due to diffusion, Dy(dn/dz), is ~10'°-10"" m=s~".

4. MMS Event 2

We present in this section the summary results for event 2 on 19 August 2017. Figures 7a—7j give an overview of
the event observed by MMS-3. During this event, as measured by ARTEMIS in the solar wind, IMF B, remained
positive at > 4 nT and IMF B, was slightly positive (Figure 7a). MMS-3 was near the dusk flank at X ~ —17 Rg
and Y ~ 16 Rg (see the locations at the bottom of Figure 7j). MMS was below the current sheet as indicated by the
negative B, in Figure 7b and crossed the separatrix at approximately 12:55-12:57 UT from the plasma sheet side
to the lobe/mantle side (indicated on the top of Figure 7b). The same as event 1, the plasma sheet is defined by the
appearance of isotropic electrons above 1 keV (Figure 7e). Strong fluctuations were seen in the electric field
across the separatrix (Figure 7c). As seen in the ion omnidirectional energy spectrum shown in Figure 7d and the
1D distributions of omnidirectional ion energy fluxes and the 2D distributions of directional ion energy fluxes
shown in Figures 7k—7n for three selected times (indicated by the vertical dotted lines in Figure 7d), MMS
observed the two-component ions around the separatrix before ~13:07 UT (see Figures 7k and 7m) and single-
component cold low-latitude mantle ions afterward (see Figure 7n). The cool low-latitude mantle ion population
had large N, variations from ~0.5 to up to 2 cm ™ (Figure 7f), T; ~ 0.1 keV and T, ~ 0.02 keV (Figure 7g),

WANG ET AL.

12 of 19

0d ‘01 ‘#20T ‘TOP6691T

:sdpy wouy papeoy!

ASUDIT suowwo)) asnear) ajqeorjdde ayy £q pauroAoS are safonIe YO asn Jo sa[n 1oy AIeiqi auruQ K3[IA\ UO (SUONIPUOI-PUB-SULI) WO KA[1m’ KIRIqI[aul[uo//:sd)y) suonipuo)) pue swia ], ayl 33 *[+z0z/01/81] uo Areiqr autjuQ L3[1py ‘S0 ‘Brulojie)) JO ANsIAIUN £q 61 LZE0VIHZ0T/6T01 01/10p/wod Kafim’ Kreiqrjauly



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics

10.1029/2024JA032719

PSD

—_
o
~
N
.

Event 1: 2021-10-03, Diffusion rates
PSD and Dw for 04:27:05-04:27:15 UT

I,IIIIII

I IIIHIl

T TTTT]

LU

| L1 11]

kpi: 1 0 kpS

10
k (km™)

10°

B, (nT¥Hz)

B, (nNT?/Hz)

E, (mV/m)*/Hz)
E.o ((MV/m)?/Hz)
E, ((mV/m)2/Hz)

Zka,z =1.2x10"" m?/s
%Dy = 1.1x10"° m?/s
%Dy, =-1.2x10"" m?/s
%Dy s = 1.1x10% m?/s
2Dy =-2.1x10" m*/s
Dy = 9.5x10"° m*/s

| 1T] Dw wosro) = 1.2x10"° m?/s

o
TTTT

04: 23

04:24

04:25

04:26 04:27
UT (hh:mn)

04:28

04:29

10°
(]
<
10° Z
s
3
10* g
04:30

Figure 6. Diffusion rate estimation for Event 1 on 3 October 2021. (a) Power spectrum densitie of B}, By, E, , E; and E;p,, and (b) ID,, ; ¢l as a function of k for the 10-s
interval of 04:27:05-04:27:15 UT. The blue and red vertical dashed lines indicate kp; = 1 and kp, = 1, respectively. Temporal variations from 04:23 to 04:30 UT for
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Figure 7. Overview of event 2 on 29 August 2017. (a) Interplanetary magnetic field observed by ARTEMIS P1. The yellow-shaded duration indicates the interval of
event 2. (b—j) MMS-3 observations of panel (b) magnetic fields, (c) electric fields, energy spectrum of panel (d) ion and (e) electron omnidirectional energy fluxes,
(f) ion density, (g) ion and electron temperatures, (h) ion plasma beta, (i) ion bulk perpendicular and parallel velocities, and (j) Alfvén speed. The regions encountered by
MMS are indicated on the top by the blue (red) bars for lobe/mantle (plasma sheet). Ion energy flux distributions for three selected times (indicated by the three vertical
dotted lines in panel (d)) at (k) 12:52:00, (m) 12:54:30, and (n) 13:10:00 UT shown as 1D distribution of omnidirectional energy fluxes (top) and 2D distribution of
directional energy fluxes (bottom).

Bi < ~0.3 (Figure 7h), tailward field-aligned speed of >60 km/s (black line in Figure 7i), and large Alfvén speed
varied from ~250 to 500 km/s (Figure 7j) corresponding to the density variations. In comparison, temperatures
and p; were relatively larger on the plasma sheet side due to the larger dominance of the hot-component popu-
lation. Like event 1, the ions and electrons in the plasma sheet boundary during event 2 did not show the sig-
natures indicating a magnetic field connection to a tail reconnection region.

Figure 8 summarizes the wave spectrum, estimated wave vectors, and diffusion rates for event 2 using the MMS-3
measurements. The temporal variations of the PSD of B, E |, and E /B /V, ratio are shown in Figures 8a—8c,
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respectively. The PSDs of B, and E | are compared in Figures 8j, 8m, and 8o for three selected 10-s intervals (1-3)
(as indicated on the top of Figure 8a), respectively. Both the magnetic and electric field wave powers during
intervals (1) and (2) on the plasma sheet side were relatively higher than those during interval (3) on the lobe/
mantle side, but £, power remained higher than B, power at higher f;_ across the separatrix. The increasing E |/
B,/V, ratio with increasing f; for the three intervals are shown in blue in Figures 8k, 8n, and 8p, respectively,
which were close to the KAW dispersion shown in red with the estimated wave vectors and NRMSE values
indicated (see Figure S2 in Supporting Information S1 for the comparison between R, and Rgw for other
intervals). The temporal variations of the estimated R, k;, and NRMSE values corresponding to NRMSE_;, (red)
and their uncertainties (blue) are shown in Figures 8d—8f, respectively. Figure 8d shows that the Taylor hypothesis
(R ~1) served as a good approximation for most of the time of this event. The magnetic gradient scale By/V | B
used in computing diffusion rates associated with GD is shown in Figure 8g. The temporal variations of the total
Dyy (red curve) and Dy p + p) (blue curve) across the separatrix using the (k, k;) values corresponding to
NRMSE, .., as well as those with <1.25 X NRMSE,;, (uncertainty), are shown in Figure 8h, together with the
Dgonm variation (green). The magnitudes of Dy, p 4 tpy Were smaller than those of Dy,. Compared to the rates for
event 1 shown in Figure 6, in event 2 the Dy, rates were similar but the magnitudes of Dy, and Dy p 4 ) Were
smaller. Nevertheless, the Dy, and Dy p 4 Tp) rates were still comparable to the Dy, rates across the separatrix
until ~13:09 UT, during which the mixing of the plasma sheet ions and the mantle ions was evident as shown in
Figure 8i. Thus, the diffusion by KAWs plausibly played an important role in the cross-field transport.

5. Summary and Discussion

To understand the entry of the cool low-latitude mantle ions into the plasma sheet near the flanks under substantial
IMF B,, we investigated two MMS events around the separatrix (the interface between the plasma sheet and the
lobe/mantle), to evaluate the role of the cross-field diffusive transport by KAWSs. The key conclusions are the
following.

1. Across the separatrix, the two-component mixing of hot plasma sheet ions with cool mantle ions was observed,
indicating cross-field transport.

2. For the waves within f,. = 0.01-10 Hz, the E,/B,/V , ratios were observed to increase with increasing f;. and
the ratios were quantitatively consistent with the KAW dispersion. This consistency allowed us to estimate
wave vectors.

3. Our estimation of wave vectors, using either the fitting of the observed dispersion with KAWs or using the
four-spacecraft timing method, shows that the Taylor hypothesis was a good approximation.

4. We estimate the cross-field diffusion rates for KAWs. The diffusion term due to magnetic field gradient drift
was larger than others due to Landau damping associated with E| and transient time damping associated
with B,,.

5. The estimated KAW diffusion rates were comparable to or higher than the Bohm diffusion rates during the
intervals when the two-component mixing was observed, indicating plausibly that diffusive transport plays a
role in the entry of low-latitude mantle ions into the plasma sheet.

In the evaluation of the KAW diffusion coefficients presented in this study, we only evaluate the effect of
magnetic gradient drift since the theoretical predictions reported in previous studies did not include the curvature
drift. For the two events presented here, around the tail separatrix the curvature scale was found to be comparable
to the gradient scale and their directions were opposite to each other. Here we discuss qualitatively the likely
contribution of the curvature drift. The curvature drift depends on the square of the parallel velocity, so the
resonance condition no longer involves a simple Doppler shift of the magnetic drift of particles. When the
curvature and gradient are in opposite directions, the resonant region of velocity space for the gradient and
curvature drifts can be separated and distinct. It is expected that there will be two groups of resonant particles

Figure 8. Waves and diffusion rates based on MMS3 field fluctuations for event 2 on 29 August 2017. Power spectrum density (PSD) of panel (a) B J_Z, (b) E lz’ and
(c) the E, /B /V  ratio as a function of f .. The black curves in (a—) indicate the proton cyclotron frequency (). The three 10-s intervals (1)—(3) are indicated in the top
of panel (a) and the wave spectrum are shown in panels (j—k) for interval (1), in panels (m—n) for interval (2), and in panels (o—p) for interval (3). (j, m, and o) The PSD of

B f (blue) and E f (red). (k, n, and p) (k, n, and p) The E /B, /V , ratio from observation (blue) and kinetic Alfvén wave (KAW) corresponding to NRMSE
the k, R, and NRMSE values indicated. Temporal variation of the estimated (d) Rk and (e) k;, and (f) their NRMSE for KAWs with NRMSE

<1.25 Xx NRMSE ;.
omnidirectional energy fluxes.

min(red) with
(red) and

‘min

(blue). Temporal variations of panel (g) By/V B and (h) Dy (red), Dy p 4 1) (blue), and Dy, (green). (i) Energy spectrum of ion
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corresponding to positive and negative wave numbers (e.g., the gradient drift corresponds to the positive mode
while the curvature drift corresponds to the negative mode). While there may be some reduction in the diffusion
coefficient of modes in a particular direction, the diffusion generally expands to include wave modes propagating
in both directions, so again the overall contribution to diffusion is likely to remain similar. Still, it awaits the effect
of the curvature drift to be theoretically predicted in the future so that it can be quantitatively evaluated with
observations.

In this study, for the two-component ion mixing in the tail separatrix boundary we found that the Bohm diffusion
rate was ~10® m?/s while the observed KAWs can result in diffusion rates ranging from 10® to 10'> m?%s. In
comparison, for the two-component ion mixing in the low-latitude boundary layer along the flank magnetopause,
the required diffusion rate is ~10° m%/s (e.g., Sonnerup, 1980) and previous studies showed that the diffusion rates
of ~10°-10"°m?/s can be generated by either KAWSs (Chaston et al., 2008; Johnson & Cheng, 1997; Johnson &
Wing, 2009) or the reconnection and diffusion associated with the Kevin-Helmholtz instability (Ma et al., 2017;
Nykyri & Otto, 2001, 2004).

This study shows the effectiveness of diffusive transport primarily depends on the wave power of KAWs. The two
events presented in this study only provide local observation, thus, we do not know whether the KAW diffusive
transport was patchy or occurred across a large tail section. Even though we expect from the global simulation
results (e.g., Wang et al., 2022) that the mantle plasma can be come into contact with the separatrix over a spatial
scale of several Rg; in the Y direction and even larger in the X direction, we need the spatial distributions of KAW
power across the separatrix (cf. a similar study by Yao etal. (2011) at the magnetopause) in the future to evaluate the
importance of KAW diffusion transport throughout the tail. Such spatial distributions will also help better un-
derstand the generation mechanisms and energy sources for KAWSs around the separatrix. Other effects of KAWs,
such as ion heating and resulting anisotropies (Johnson & Cheng, 2001) should also be considered in future studies.

In this study, the estimation of the diffusion rates relies on the wave vectors estimated by fitting KAW dispersion
with the observed profiles. Despite that the MMS four-spacecraft configuration provides measurements that allow
for direct estimation of wave vectors as a function of frequency, as has been conducted in several studies in the
region of the magnetosheath with different multiple-spacecraft methods (e.g., Gershman et al., 2018; Hasegawa
et al., 2020; Narita et al., 2016; Zhang et al., 2022), for our two events in the region of the magnetotail separatrix,
we were only able to obtain such an estimation with good reliability within a limited frequency range for a few
brief intervals with relatively larger field fluctuations. It is likely that the field fluctuations in the magnetosheath
are stronger and more turbulent and broadband, thus more suitable for the application of these multiple-spacecraft
methods. Nevertheless, in this study, we are still able to take advantage of it to conduct an independent evaluation
of the Taylor hypothesis.

Data Availability Statement

The MMS data in CDF format for the four MMS spacecraft are available publicly online (https://lasp.colorado.
edu/mms/sdc/public/data/). The ARTEMIS FGM data in CDF format for the two ARTEMIS spacecraft are
available publicly online (http://themis.ssl.berkeley.edu/data/themis/thb/12/fgm/ and https://themis.ssl.berkeley.
edu/data/themis/thc/12/fgm/).
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