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Abstract

Magnetic reconnection at the subsolar magnetopause is persistently accompanied by
strong fluctuations of the magnetic field (B), plasma density (n), and all components of the
electric field (E) and current (J). The strongest fluctuations are at frequencies below the
lower hybrid frequency and observed in a thin, intense current sheet adjacent to the electron
diffusion region. In this current sheet, the background magnitudes of B and n are changing
considerably, creating an inhomogeneous plasma environment. We show that the fluctuations
in B and n are consistent with an oscillatory displacement of the current sheet in the surface
normal direction. The displacement is propagating parallel to the magnetic reconnection X-
line. Wavelengths are on the order of or longer than the thickness of the current sheet to
which they are confined, so we label these waves electromagnetic drift waves. E and J
fluctuations are more complex than a simple displacement. They have significant variations
in the component along B, which suggest that the drift waves also may be confined along B.
The current sheet is supported by an electron drift driven by normal electric field, which, in
turn, is balanced by an ion pressure gradient. We suggest that wave growth comes from an
instability related to the drift between the electrons and ions. We discuss the possibility that
drift waves can displace or penetrate into the electron diffusion region giving magnetic
reconnection three-dimensional structure. Drift waves may corrugate the X-line, possibly

breaking the X-line and generating turbulence.



1. Introduction

The current sheet at the Earth’s magnetopause separates shocked solar wind plasma
(magnetosheath plasma) from the plasma environment of the Earth’s closed magnetic field
lines (magnetosphere plasma). Magnetosheath plasma often has a higher density (n ~ tens of
cm®) than does the magnetosphere plasma (n ~ 1 cm™), but has lower electron temperatures
(Te is roughly 50 eV) and ion temperatures (T; is roughly 300 eV). In the magnetosphere, Te
and T; are often two to five times higher. Despite the higher plasma temperatures in the
magnetosphere, the magnetosheath has higher particle pressure (P) and some ram pressure,
which is balanced by magnetosphere’s stronger magnetic field (B). These different plasma
properties cause magnetic reconnection at the magnetopause to have an asymmetric structure
(e.g. Cassak and Shay, 2007; Hesse et al., 2014; 2016; Burch et al., 2016b) in which the
stagnation point of the magnetic reconnection is shifted toward the magnetosphere.

A thin current sheet is observed on the magnetosphere side of near the electron diffusion
region (EDR) of magnetic reconnection. (Burch et al., 2016b; Chen et al., 2017; Ergun et al.,
2017). The thickness of this current sheet (Ln) is is roughly two to five electron skin depths
(de), which is small fraction of the ion gyroradius (o). Simulations show a similar thin current
sheet (Daughton et al., 2003; 2004; Cassak and Shay, 2007; Price et al., 2016; 2017). These
thin current sheets, in turn, develop a normal electric field (En, where N is normal to the
current sheet) that acts to locally balance the ion pressure and, at the same time, creates a
strong electron E x B drift that generates the primary current (J) of the current sheet (e.g.
Pritchett et al., 2012). This E x B drift dominates other drifts including those from the
electron pressure (VP,) and V, B. In the current sheets where the Ly < g, the generalized
Ohm’s law reduces to E = J X B/en (e is the fundamental charge), so E is dominated by the

“Hall” term in. We label these current sheets as “Hall” current sheets.



The focus of this article is to detail fluctuations below the lower hybrid frequency (fin) in
Hall current sheets near magnetic reconnection regions that are observed by the
Magnetospheric Multiscale (MMS) mission (Burch et al., 2016a; Chen et al., 2017; Ergun et
al. 2017) and also seen in 3D simulations (Daughton et al., 2003; Lapenta et al., 2006;
Roytershteyn et al., 2012; Price et al., 2016; 2017; Le et al., 2017; 2018). These observations
appear to be related to electromagnetic fluctuations observed in laboratory magnetic
reconnection experiments (Ji et al., 2004; 2005; Roytershteyn et al., 2013). The Hall current
sheet is immediately adjacent to the electron diffusion region, so electromagnetic fluctuations
may influence magnetic reconnection by displacing or corrugating the X-line, possibly
breaking up the magnetic reconnection process by introducing turbulence. This article
follows a letter (Ergun et al. 2017), which reported drift waves.

Instabilities in current sheets near magnetic reconnection sites have been the subject of
intense investigation since fluctuations have been reported in 3D simulations (Daughton et
al., 2003) and in laboratory experiments (Ji et al., 2004; 2005). Most of these studies have
been focused on the Lower Hybrid Drift Instability (LHDI, Krall and Liewer, 1971;
Davidson and Gladd, 1975; Davidson et al., 1977). A “classic” LHDI excites the lower
hybrid mode through an electron drift driven by a finite electron pressure gradient (VF,).
Subsequent studies have shown that the LHDI can be excited via differing ion and electron
drifts in current sheets (e. g., Yoon et al., 2002; Guo et al., 2008).

The observed low-frequency (< fin) electromagnetic waves in this article are in a region in
which background values of B and n are considerably changing. The wavelengths (1) of the
observed waves are on the order of or sometimes larger than Ln which implies that any

treatment must incorporate an inhomogeneous plasma (Huba et al., 1980) such as done by

Daughton, (2003), who detailed the LHDI for current sheets whose thickness is roughly _i. In

the study by Daughton, (2003), waves embedded in the current sheet are kinetically modeled



as a type of eigenmode confined in the direction normal to the current sheet. The waves are
identified as a branch of the lower hybrid wave that could be electromagnetic and could have
frequencies between ion cyclotron frequency (fci) and fin. The wave emissions are excited by

VP,. The caveat in applying this work directly to the MMS observations is that the observed

current sheets are roughly ten times thinner, ~1/10 _;, the waves require 3D treatment, and

MMS observations indicate that VP, is small (Ergun et al., 2017). However, this seminal

work is relevant in that it demonstrates that the LHDI can be confined to a thin current sheet.

Another study that is relevant to this article is the work done by Ji et al. (2005), who
analytically modeled a 3D electromagnetic instability relevant to laboratory observations. In
that study, the waves were assumed to have a finite wave number parallel to B. MMS
observations indicate the electromagnetic drift waves may also have variation parallel to B.
Importantly, the work by Ji et al. (2005) demonstrates that current sheet instabilities can

occur with variation along B.

We begin this article with a detailed re-analysis of fluctuations in the current sheet
adjacent to the electron diffusion region (EDR) of a magnetic reconnection event on Dec. 14,
2015 (Chen et al., 2017; Ergun et al., 2017). This event involves asymmetric magnetic
reconnection at the Earth’s magnetopause in which there are clearly visible oscillations in B,
n, E, and J on the magnetosphere side of magnetic reconnection. There are also indications of
turbulence adjacent to the magnetic reconnection event. One of the interesting features of this
event is that the oscillations in B and n are 180° out of phase and are consistent with a
displacement of the current sheet normal to its surface (corrugation) that propagates in the
direction of the X-line (Ergun et al., 2017).

The Dec. 14, 2015 event displays coherent oscillations, which make analysis tractable.
However, anti-phased fluctuations in B and n are pervasive in current sheets near magnetic

reconnection events at the magnetopause. Visible, anti-phased fluctuations in B and n are



found in an examination by eye in almost all of about two dozen magnetic reconnection
events at the magnetopause (see Webster et al., 2018 for a list of events; see Ergun et al.,
2017 for additional discussion). In this article, we detail three other such events to highlight
the common properties of the electromagnetic waves with frequencies (f) below fi. We select
events on both the dawn and dusk magnetopause and with varying spacecraft separations.

One event displays unusually large-amplitude density fluctuations (oh/n ~ 1).

A primary conclusion of this article is that the inhomogeneous plasma conditions in a Hall
current sheet dramatically alter the properties of a classic LHDI, which prompts us to
investigate an eigenmode of the current sheet. We verify that the B and n fluctuations can be
reproduced by a displacement or oscillation of the current sheet in the surface normal
direction that propagates along the X-line. The fluctuations in E and J are far more complex
and require a 3D treatment. The oscillations emerge as a mode in an inhomogeneous plasma;
the steep gradients in B and n and the confinement of E and J to a narrow region of the thin
current sheet must be included in studying the instability that drives the oscillations and

turbulence that are observed by MMS.

2. Observations — Event A

Figure 1 displays a low-frequency, electromagnetic wave adjacent to and possibly
influencing the electron diffusion region. The observations are from the MMS mission
(Burch et al., 2016a). We label this ‘Event A’ from Dec. 14, 2015. This event has been
studied previously (Chen et al., 2016; Ergun et al., 2017; Graham et al., 2017), so our initial
description is brief. The top panel (Figure 1a) displays the magnetic field (B) from the
fluxgate magnetometer (Russell et al., 2016) at a cadence of 128 samples per second. The
data are plotted in ‘LMN’ coordinates in which L is along the reversing magnetic field

(highest variance in B), N is the direction normal to the reconnecting current sheet (least



variance in B), and M completes the system. If done properly, the reconnecting X-line is
along M. The coordinate transformation is taken from Chen et al., (2017) and is written in the
figure in the lower right. The general plasma conditions, the location of the MMS satellites,
and relative positions of the MMS satellites are also in the lower right.

The electron diffusion region is marked on Figure 1a (Chen et al., 2017). A noticeable
feature in Figure 1a is the oscillation in By, starting at ~01:17:39.6 UT and lasting for roughly
one second. The frequency is ~7.5 Hz, which is below fin (~15 Hz). A similar oscillation is
seen in the electron density (ne) in Panel (b) that is 180° out of phase with the By oscillation.
The electron and ion densities are derived from the Fast Plasma Instrument (FPI, Pollock et
al., 2016). The electron density is sampled every 30 ms whereas the ion density (ni) is
sampled every 150 ms, so the oscillations cannot be seen in n;. The electric field (E), plotted
in Panel (c) at 32 samples per second (see Torbert et al., 2016; Lindqvist et al., 2016; Ergun
et al., 2016), displays a positive normal (En) component of the Hall current sheet on the
magnetosphere side of the EDR. The Ex and Em components show strong oscillations at
roughly the same frequency. Interestingly, large-amplitude bursts in E_ are seen in the high-
cadence data (8196 samples per second (Panel d) coincident with and appear to be related to

the lower-frequency oscillations in BL and ne.

Panels (e), (f), and (g) display, in order, the electron velocity (ve), the ion velocity (vi), and
J. These quantities are derived from the FPI instrument. In this event, J derived from the FPI
instrument is considered more accurate than J derived using curl B from the four spacecraft
(Dunlop et al., 2002) since the current sheets are thin. None-the-less, the two methods of
deriving J are consistent. During the period of the oscillations, Ju (Figure 1g) has a strong
negative value consistent with the build-up of B given that the spacecraft has a normal

velocity relative to current sheet of ~ -40 km/s (Ergun et al., 2017). In the spacecraft frame, J



is primarily from the electron flow (Figure 1e), which exceeds 1000 km/s. To the contrary,
the ion velocity is mostly less than ~100 km/s.

A simple linear model was constructed from smoothed versions of the B. and ne to show
that the observed low-frequency (~7.5 Hz) oscillations are consistent with a corrugated
current sheet, which is a displacement of the current sheet in the N direction that propagates
in the M direction (Ergun et al., 2017). Since the oscillations are strongly localized and
significant oscillations are seen in En, EL, and Ji, and Jw, it was concluded that the
oscillations are not well described as “classical” LHDI but appeared to be a drift wave
associated with the thin current sheet. On the other hand, higher frequency waves (not visible
in the Figures 1a and 1b), in particular those with f > fi, are consistent with the LHDI
(Graham et al., 2017). A 3D numerical simulation of the magnetic reconnection region based
on this observed event (Price et al., 2016) cautiously concluded that the lower-frequency
waves are from the LHDI, but noted a number of deviations from the classical LHDI theory.
Articles on this event and others (Chen et al., 2016, Ergun et al., 2016; Price et al., 2017)
noted that the lowest frequency oscillations are important since they can possibly influence

the EDR.

Since the lower-frequency (f < fin) waves displace the current sheet in the N direction and
propagate in the M direction, they may influence or perhaps dominate the 3D structure of
magnetic reconnection (the M direction is often considered constant). For this reason, we re-
examine this event in detail. Figure 1h displays the power spectral density of E. The lower
hybrid frequency (fin), ion plasma frequency (fpi), and the electron cyclotron frequency (fce)
are marked on the plot. The ion cyclotron frequency (fci) is at ~0.1 Hz. The plot displays a
large range of f with pseudo-logarithmic spacing (~15%), each frequency at the
corresponding time resolution (~1/f). Figure 1i displays the power spectral density of B from

the search coil magnetometer (SCM, Le Contel et al., 2016) in the same fashion. E (Figure



1h) often shows wave activity with f > fi, and no corresponding increase in the power spectral
density of B, indicating electrostatic waves. The black ovals in both of the figures (1h and 1i)
highlight the electromagnetic emission at ~01:17:40 UT that are visible in the line plots of BL
(Figure 1a), ne (Figure 1b), and all components of E (Figure 1c). This electromagnetic
activity is adjacent to the EDR.

By assuming that the background current sheet is planar, one can reconstruct an
approximate smoothed model of B, ne, Ju, and En. The first step is to estimate the relative

velocity of the spacecraft with respect to the current sheet (vis) in the N direction based on B

and Jm:
0B, 0B, 0B, /ot
at ~ vrB aN = vrB.uo]M = vrB ~ H ]M (1)
0.
The relative position of the spacecraft with respect to the current sheet normal is then:
t
60 = [ v ar @

to
& is the blue trace in Figure 1j. In this event, the relative position can be separated into that
due to an average velocity, (v,), and that due to a perturbation Aég = &5 — (v,p)t. (v, ) IS
represented by the black trace in Figure 1j and Adg is the blue trace in the panel below
(Figure 1Kk).
By reconstructing a smoothed model of the electron density (neo) using the same constant
relative velocity (v,y) = (v,5), one can also reconstruct the position of the spacecraft with

respect to the current sheet normal (&) based on ne:

f ~ne — Ngo
" Ong/0t

(Vrn) 3)
& and A&, are the orange traces in Figures 1j and 1k. One can see that the perturbations, A&

and A&, which are the blue and orange traces in Figure 1k, are similar (except at the

beginning and end where both 0B, /dt and dn,,/dt are small). This agreement implies that



the oscillations in BL and ne are consistent with a displacement of the current sheet in the N
direction.

The above method for reproducing current sheet motion differs from the model fitting
method done earlier (Ergun et al., 2017). Comparing the two methods, By, ne, En, and Jw are
reproduced in Figures 1(I-0) by propagating a spacecraft through the smoothed model current

sheet using a common relative displacement, &= (&(t) + &(t))/2.0.

There are two important conclusions from this exercise. We verify that it is possible to
reproduce B and ne fairly accurately using a common relative displacement between the
spacecraft and the current sheet (Figures 11 and 1m) whereas Jv and En are not well
reproduced (Figures 1n and 10). The poor agreement between the measured and modeled Ju
and En is not unexpected. Juand En are sharply peaked in the N direction and not only
displace in N but oscillate in amplitude, which creates very complex signatures (Ergun et al.,
2017). Furthermore, the contributions of the other components (including the parallel
components) of E and J are significant.

The wavelength of the electromagnetic wave and direction of travel is critical for
analyzing the properties of the emission. In one study, the wavelength (1) is estimated using
delays between the three of the MMS spacecraft (Ergun et al., 2017) and by assuming no
propagation in the N direction. The three-spacecraft delays over several intervals suggested
travel in the —Y GSE direction (+M direction) with phase velocities between ~300 km/s and
~900 km/s, suggesting that A is between 40 km and 130 km (f ~ 7.5 Hz). The classical LHDI
calls for mostly longitudinal waves. Using the method of Graham et al., (2017) and Norgren
et al. (2012), which are appropriate for the LHDI, we arrive at A = 15 km which implies a
speed of ~100 km/s, so it is important to observationally improve this measurement.

Fortunately, the rotational position of MMS 1 was such that the electric field sensors 3 and

4 were aligned within ~20° with the M direction (Figure 2, bottom) during the wave event



(see Lindqgvist et al., 2016 for sensor description). The voltage signals from sensor 3 (V3) and
sensor 4 (V4) are treated separately using (V1+V2)/2 as a proxy for the spacecraft potential
(Vsc). A delay between the signals, calculated with Fourier analysis and by correlation lag, is
used to derive the phase speed of the signal.

For visual reference, Figure 2a and Figure 2b duplicate Figure 1a and Figure 1b. Figures
2c and 2d shows the two voltage signals which are Vs — (V1+V2)/2 and —V4 + (V1+V2)/2. In
Figure 2c, the signals are band-pass filtered to 12 Hz < f < 50 Hz (see Cully et al., 2008 for
details of 5-pole digital filters). In Figure 2d, the signals are band-pass filtered to 1.6 Hz <f <
12 Hz. Since fin is roughly 12 Hz, the signals in Figure 2c represent oscillations above fin
whereas those in Figure 2d include the waves that we are studying. The delays in Figure 2c
(~0.12 ms +/- 0.06 ms) suggest phase speeds between ~300 km/s and ~800 km/s that imply
wavelengths between ~7.5 km and 20 km at ~40 Hz (peak signal). Short wavelengths (A < 20

km) are consistent with lower hybrid waves.

The signals in Figure 2d indicate a similar delay (0.14 ms +/- 0.08 ms). Figure 2e shows
an expanded view of the sensor 3 (green) and sensor 4 (blue) signals, which show sensor 4
marginally delayed from sensor 3, implying motion in the +M direction. The differences in
amplitude between the signals are less than 0.1 mV (2 mV/m electric field), which are within
the uncertainty of a single-probe measurement. The best fit between the two signals indicates
a phase speed of ~350 km/s, which yields a & ~ 45 km. However, the uncertainty in the time
delay is over 50% due to the short time delays and small differences in the two signals, so the
speed may lie between 225 km/s and 1000 km/s and the wavelength may be from ~30 km to
~125 km.

Given the uncertainties, it is difficult to derive a concrete wavelengths and speed.
However, the analysis does not support A = 15 km (a negative result). A 100 km/s phase

speed would lead to a persistent 0.5 ms lag, which is not seen in the signal. A detailed



derivation of A in a companion article (Ergun et al., this issue) constrains the wave speed
using Faraday’s law and confirms that the wavelengths of the lower-frequency
electromagnetic oscillations are on the order of several tens of kilometers and traveling in the
+M direction. Since the ion velocity in the M direction is ~50 km/s, a Doppler shift in

frequency is small.

Another central conclusion (or verification) is that the current sheet thickness (Lx roughly
20 km, Figure 1I) is on the order of or less than the wavelength of the drift waves propagating
along the current sheet. Since the waves are confined to a region of strong electron drift, we
call these “drift” waves (Krall and Liewer, 1971). An analytical treatment requires
implementation of eigenmodes in a strongly inhomogeneous background of B and ne (e. g.
Huba et al., 1980; Yoon et al., 2002; Daughton, 2003).

Interestingly, the observed drift waves (Event A and the three other events displayed
below), have magnetic energy (W = (8B?/2u,)) that exceeds the electrostatic energy
(W = (e,6E?/2)) and/or particle kinetic energy by three or four orders of magnitude. For
example, with |6B| ~ 2 nT, Wg~ 1 pPa whereas with |6E| ~ 10 mV/m, We < 1 fPa. Low-
frequency emissions attributed to the LHDI (e. g. Daughton, 2003) also can have magnetic

energy domination albeit to a lesser degree.

3. Observations — Event B

Almost all magnetic reconnection regions identified by MMS (Webster et al., 2018) at the
magnetopause display strong fluctuations in B and ne (for example, see Burch et al., 2016a).
Unlike Event A, most events have incoherent fluctuations that make examination difficult.
However, several features persevere. The strongest electromagnetic fluctuations have f < fj.
There are strong gradients in the background B and ne. BL and ne fluctuations are almost

always 180° out of phase. All components of E and J show very strong fluctuations (|oE| ~



|E| and |8J| ~ |J]) including fluctuations parallel to B. The high-frequency E shows large-
amplitude Ej events that are coincident with the lower-frequency fluctuations in B, ne, E, and
J. The magnetic energy dominates the total wave energy.

Figure 3 displays Event B, which occurred on December 6, 2015, which was selected
primarily to retest the hypothesis of the current sheet corrugation given less coherent
fluctuations. The format of Figure 3 is identical to that of Figure 1 so, for the sake of brevity,
we do not include a detailed description. The lower right diagrams the positions of the MMS
spacecraft during this event, specifies the plasma conditions, and reports the values of L, M,
and N.

The features that we examine are the fluctuations in B, (Figure 3a) and ne (Figure 3b)
between 23:38:31 UT and 23:38:33 UT. The fluctuations in ne overlap the B reversal,
providing evidence that drift waves may displace or influence magnetic reconnection. Even
though the fluctuations are not coherent, the deviations in B and ne are 180° out of phase
after 23:38:31.4 UT. Fluctuations are seen in all components of E (Figure 3c) and J (Figure
30). Strong fluctuations are seen in En, that is, |0En| ~ |En|. High-frequency E (Figure 3d) has
a very large-amplitude parallel signal that is coincident with a peak in Ju. As in Event 1, the
electron velocities (Figure 3e) far exceed ion velocities (Figure 3f), so the electrons are
carrying the current in the spacecraft frame. An increase in power at f ~ 6 Hz can be seen in
the power spectral density of E (Figure 3h) and B (Figure 3i) while fi, ~ 20 Hz.

Following the procedure described in Equations (1-3), the position of the spacecraft
relative to the current sheet (&) as well as the current sheet thickness is derived from B and
Jm by assuming a planar structure (blue trace, Figure 3j). An average relative velocity is
roughly 55 km/s in this event (black trace, Figure 3j). The relative position of the spacecraft

and current sheet (&, orange trace in Figure 3j) is then derived from combining the constant

velocity and a smoothed model of ne, which is far more complex than in Event 1. A& and



A&, which are the blue and orange traces in Figure 3k, are in agreement. By propagating a
spacecraft through the smoothed model current sheet using a common relative displacement,
E=(&(t) + &(1))/2.0, one can reproduce By (Figure 3l) and ne (Figure 3m). Ju (Figure 3n)
and En (Figure 30) are, again, poorly reproduced.

This detailed examination of Event B reinforces many of the observed characteristics of
Event A. However, in this event and many others, we are unable to determine a phase speed
or wavelength of the fluctuations, which are needed to model the waves in more detail. None-
the-less, this and other examples suggest that these low-frequency fluctuations are common
near sub-solar magnetic reconnection regions and reinforces that the in coherent drift waves

can be characterized as a corrugation of the current sheet.

4. Four Spacecraft Observations — Event C

Figure 4 displays low-frequency, electromagnetic waves near an EDR on Oct. 22, 2016.
The EDR and the magnetic fluctuations in the magnetosheath (right side of Figure 4a) are
detailed in a concurrent publication (Holijoki et al., submitted). We examine the low-
frequency oscillations seen in the magnetosphere just prior to the EDR. This event is chosen
because the current sheet is broad (Ln ~ 50 km) whereas the spacing of the MMS spacecraft
are at their closest in the mission (~ 7 km). Thus, all four of the MMS spacecraft observed the

low-frequency oscillations allowing for a more detailed analysis.

The layout of Figure 4 is the similar to that of Figure 1 but the right side is changed. The
horizontal axis is four seconds. The bottom right corner has a cartoon of the MMS positions
and reports the plasma conditions and the LMN transformation. We point out that this event is
on the dusk side of the magnetosphere whereas Events A and B are the dawn side. The top

Panel (a) displays B in LMN coordinates. Immediately below, Panel (b) plots the ne and ni.



Panel (c) plots the E at low cadence and Panel (d) displays high-cadence E. Panels (e), (f),
and (g) display, in order, Ve, vi, and J. The electron diffusion region is marked on the plot.
Again, a noticeable feature in Figure 4 is the oscillations in B and ne (Figure 4a, b) starting
at ~12:58:38.7 UT and lasting for roughly two seconds. Similar oscillations are in almost all
components of E (Figure 4c), Ve (Figure 4e), and J (Figure 4g). These oscillations are less
coherent than those in Figure 1 and separated from the EDR. Positive En, positive Vewm, and

negative Ju are observed during the period of the oscillations.

Figure 4h displays the E frequency spectra including all three components. The
oscillations appear to be at several frequencies between f¢ and fi. Bands of higher spectral
power density appear at ~2.5 Hz and ~6.5 Hz. The high-frequency bursts of power (vertical
features above fin) are from the bursts of large-amplitude E. (Figure 4d), which appear to be

related to the lower-frequency oscillations.

Due to the mixture of frequencies, the low-frequency oscillations are examined by
isolating a specific frequency range with a pass-band filter. The right side of Figure 4 plots
band pass filtered values of B. and ne. The top panel (Figure 4j) replots B for visual
reference. Figures 4k and 41 plot B, and ne isolating the ~2.5 Hz waves. Figures 4m and 4n
isolate the ~6.5 Hz waves. The colors of the signals represent the MMS spacecraft. The
signals from MMS1 are plotted with no delay. The signals from MMS2, MMS3, and MMS4
are plotted with delays (or advances) to create the best correlation between the signals from
the four spacecraft during the time interval from 12:58:38.7 UT to 12:58:40.0, marked with

an arrowed line between Figure 4k and 4l. The delays are written below Figure 4n.

The time delays derived from ne are nearly identical to those calculated using By indicating
that the time delays are robustly determined. Interestingly, the time delays for the ~6.5 Hz
waves are nearly the same as those from the ~2.5 Hz waves. One can clearly see that B and

ne are 180° out of phase for both waves. The time delays indicate that, in the MMS frame, the



component of the wave phase velocity (v4) in the M direction is -135 km/s, which implies a
wavelength of ~54 km for the 2.5 Hz waves and a wavelength of ~20 km for the 6.5 Hz
waves. The time delays in the L and N directions (and the derived velocities, see Figure 4) are
consistent with the general motion of the current sheet with respect to the spacecraft and with
the measured ion velocity.

At first glance, these waves appear to be traveling in the opposite direction than those in
Events A and B in which the waves propagated in the +M direction. However, the ions in
Event C have an average flow, <viw>, of -185 km/s in the M direction (Figure 4f), which, in
magnitude, exceeds the wave phase speed. As a result, the waves are propagating in the +M
direction in the ion frame, in agreement with Events A and B.

To properly analyze these observations, all quantities are transferred to the ion frame
(Figure 5). In the ion frame, the waves are propagating ~50 km/s in the +M direction. The
frequency of the observed ~2.5 Hz waves (km ~ -0.12 km') in the ion frame is ~ -1 Hz, which
is properly represented as f = 1 Hz with kw ~ 0.12 km™. The wave frequency of the ~6.5 Hz
waves (kw ~ -0.30 km™) as measured by the spacecraft are f = 2.4 Hz with km ~ 0.30 km™ in
the ion frame. The average electron velocity, <vem>, is very roughly 250 km/s in the ion
frame (strongly varying). The density gradient scale length is calculated using the speed in
the N direction ~20 km/s, which appears to vary from the beginning of the event to the end of
the event.

Event C has many of the same features as in Events A and B. The strongest
electromagnetic fluctuations have f < fin. In the ion frame, the waves propagate in the
direction of the electron flow. B and ne fluctuations are almost always 180° out of phase. E
and J show very strong fluctuations and high-frequency E has E; events that are coincident
with the lower-frequency fluctuations. The waves appear to be confined to the current sheet

where there are gradients in the background B and ne.



In this event, the LMN coordinate system is nearly field-aligned. Yet, fluctuations in B are
in all three components (Figure 4a) including Bm, which is not expected in the classical LHDI
or in lower hybrid waves. For lower hybrid waves, Ampére’s law is expected to be dominated
by the fluctuations of B in the M direction (Graham et al., 2018), so:

0B,
a_M = _/'lo]N = leaBLl ~ .uo|6]N|

The measured values of 6B, &/, and km (Figures 4g and 4k), however, indicate that
ky|6B,| is five times less than u, |5/ y|, so the neglected term in Ampére’s law, dB,,/dL,

must make up the difference. As such, Ampére’s law strongly suggests variation in L.

Variation in L is discussed in a companion paper (Ergun et al., this issue).

5. Large-Amplitude Drift Waves — Event D

Figure 6 displays unusually large-amplitude, low-frequency, electromagnetic waves that
appear to penetrate and possibly displace the current sheet near an EDR. The near-EDR
encounter is discussed in a previous publication (Hwang et al., 2017). This event is chosen

because the density oscillation reaches a nonlinear amplitude (e ~ ne).

The layout of Figure 6 is nearly the same as that of Figure 4. The horizontal axis is 2.5
seconds. The bottom right corner has a cartoon of the MMS position and reports the plasma
conditions and the LMN transformation. This event is on the dusk side. The top panel (a)
displays B in LMN coordinates. Immediately below, Panel (b) plots the ne and ni. Panel (c)
plots the E at low cadence and Panel (d) displays high-cadence E. Panels (e), (f), and (g)
display, in order, v, vi, and J. The electron diffusion region is marked on the plot. Panels (h)
and (i) display the power spectral density of E and B.

The most conspicuous feature of this event is the large-amplitude oscillation in ne (Figure
6b) and also visible in B (Figure 6a) that is seen by MMS2. The two signals are once again

~180° out of phase. The oscillation in ne appears to continue past the point of the magnetic



field reversal at ~09:09:58.15 UT, which suggests that the drift waves may influence or
displace magnetic reconnection. Electron distributions measured by MMS4 suggest that
MMS4 crossed the EDR at ~09:09:58.38 (Hwang et al., 2017). However, the MMS
spacecraft were separated by ~60 km at that time, so we cannot be conclusive on how the
EDR was directly influenced by the drift wave.

Figure (6j) replots B for visual reference. Below, Figure (6k) shows B from all four
spacecraft and Figure (61) shows ne from all four spacecraft with no time delays or advances.
In Figures (6m) and (6n), the BL and ne signals are filtered to a pass band of 1.5 Hz to 2.5 Hz
to accentuate the 2 Hz waves. The Figures 6m and 6n, the signals from MMS?2 are plotted
without time shifts. The time delays (or advances) of the signals from MMS1, MMS3, and
MMS4 are written on Figure (6m). These time delays indicate that the wave is seen by all
four spacecraft also are consistent with propagation in the M-direction in the ion frame, but,
again, are not conclusive. Figure (6n) indicates that the drift wave is seen on all four MMS

spacecraft with an unusually large amplitude at the position of MMS2.
The primary conclusion from this event is that the drift waves can reach nonlinear
amplitudes (oh/n ~1). At these nonlinear amplitudes, it is possible that the drift waves may, if

they do displace the EDR, dominate the 3D structure of magnetic reconnection.

6. Discussion and Conclusions

By visual examination, one can confidently conclude that the majority of the
magnetopause magnetic reconnection events recorded by the MMS spacecraft (24 such
events, Webster et al., 2018) show strong low-frequency B fluctuations confined to the
magnetosphere side Hall current sheet adjacent to the EDR. We displayed four such
encounters and analyzed the fluctuations in detail. The strongest fluctuations immediately

adjacent to the EDR often have frequencies between f¢; and fin and can be modeled as



displacements of the current sheet in the N direction that, in the ion frame, are propagating
along the X-line in the direction of the electron flow. Detailed examinations of Events A, B,
and C corroborate these characteristics.

While B and ne are reasonably well modeled as a displacement of the current sheet, E and
J have much more complex behavior. In retrospect, this complex behavior is expected since
these quantities are sharply peaked inside of the current sheet, so a change in the signal due to
current sheet displacement depends on which side of the current sheet the measurements are
made. Furthermore, E and J have fluctuations in all components. Fluctuations in the N
components reflect the fact that the wave is highly confined in the N direction. Since dB/dt
is non-zero in the spacecraft frame, there may be a significant V x E, which may add to the

complex appearance of E.

Lower hybrid waves have been reported in association with the EDR of magnetic
reconnection (e. g. Graham et al., 2017). Our examination finds that the waves with (f > fi)
reasonably satisfy the lower hybrid dispersion (Figure 2c). However, we find that, based on
MMS observations, the largest amplitude lower hybrid waves (f > fi,) are on the
magnetosphere side of the EDR and, more often than not, are well separated from the B,
reversal. On the other hand, the electromagnetic drift waves (f < fi,; LHDI can also have f <
fi) are commonly adjacent to the EDR (Ergun et al., 2017) and have significantly different
characteristics. Both types of waves are seen in simulations (e. g. Daughton, 2003; Lapenta et
al., 2006; Roytershteyn et al., 2012; Price et al., 2016; 2017; Le et al., 2017; 2018).

Waves with f < fi, have been attributed to the LHDI by several authors (e. g. Daughton,
2003; Price et al., 2016; 2017; Le et al., 2017; 2018). The energy sources for the classical
LHDI are plasma pressure gradients that drive relative drifts between electrons and ions. In
MMS observations, VP, is small (in most events) and does not drive a substantial drift

between the electrons and ions (Ergun et al., 2017). However, VP; is significant in the all of



events that we have examined (see Figure 3h in Ergun et al., 2017 for an example). Because
the current sheets are very thin (Ln << p), VP; does not directly drive an ion drift. Instead,
VP; is balanced by a strong En, which, in turn, results a strong E x B drift in the electron
population (Cassak and Shay, 2007; Burch et al., 2016b). The relative drift between the
electrons and ion, as in the case of the LHDI, is likely the energy source for both the lower
hybrid waves (f ~ fin) and the electromagnetic drift waves (f < fin).

The observed drift waves, however, deviate from a “classic” LHDI (Krall and Liewer,
1971; Davidson and Gladd, 1975; Davidson et al., 1977) in several ways. (1) The waves are
strongly confined in the N direction (Ln < Am) wWhich greatly increases their complexity and
results in strong oscillations in Ex and Ju, whereas the LHDI is dominated by Em and Jn. (2)
The wave energy is dominated by fluctuations in B (electromagnetic). (3) The waves are in a
highly inhomogeneous plasma with strong gradients in the background values of B and n,
which calls for eigenmode treatment. Despite the observed strong Vn,, the electron
temperature has the opposite gradient, so VP,is small. The classical LHDI often calls for a
moderate Vn, (scale length long compared i), which drives the instability but allows for a
linear (homogenous) treatment. (4) The waves appear to have a finite wave number parallel

to B (Ji et al., 2005).

Daughton (2003) treated the case of a thin current sheet (Ln ~ o) with a finite VP, as a
type of LHDI. This kinetic treatment called for eigenmode structure in the N direction and
propagation in the M direction. This treatment predicted several of the characteristics of the
drift waves observed by MMS including the propagation in the M direction, the
electromagnetic behavior, the longer wavelengths, and that resulting waves have f < fj,. The
primary concern with directly applying the work of Daughton (2003) is that MMS measures
very little VP, and shows significantly thinner current sheets, which result in stronger

inhomogeneity. However, this work verifies that there is a significant change of character










































Figure 4. Electromagnetic waves captured by four spacecraft. (a) B in LMN coordinates,
which are recorded in panel (0). (b) The plasma densities. The ion density is at a lower
cadence than the electron density, so waves may not appear. (c) & (d) E. The sample rates are
written on the plots. (e) The electron velocity. (f) The ion velocity. (g) J. (h) The power
spectral density of the electric field with pseudo-logarithmic frequency bins (~15%) with
corresponding minimum time cadences. (i) The power spectral density of the magnetic field
from the search coil magnetometer. (j) B replotted for visual reference. (k) The By signals
from four spacecraft filtered to a band pass from 1.5 Hz to 3.5 Hz to emphasize the wave at
~2.5Hz. The spacecraft separation is ~7 km. The corresponding colors are labeled on the
right-MMS1 signals have no time delay or advance. The signals from MMS2, MMS3, and
MMS4 are shifted in time to best match the MMSL1 signal. The delays (or advances) are
recorded below the plots. (I) The ne signals from four spacecraft filtered to a band pass from
1.5Hz to 3.5 Hz. The signals from MMS2, MMS3, and MMS4 are plotted with delays (or
advances) that are recorded below the plot. (m) The By signals from four spacecraft filtered to
a band pass from 4 Hz to 8 Hz to emphasize the wave at ~6.5 Hz. The signals from MMS2,
MMS3, and MMS4 are plotted with delays. (n) The ne signals from four spacecraft filtered to
a band pass from 4 Hz to 8 Hz. The signals are plotted with the delays (or advances) that are
recorded-below the plot. (0) A drawing (not to scale) showing the approximate positions of

the MMS spacecraft. The plasma conditions and the values of L, M and N are included.
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Spacecraft frame:
fL=2.5Hz

V¢ =-135 km/s
kp=-0.12 km'!
A’M: 54 km

_ fu=65Hz
Magnetopause ™ | Pl vg=-135 km/s
MMS® - N\&% kg =-0.30 km’!

X=64Rg \ ST M< . My=20km

Ion frame:
fi=10Hz
V¢= 50 km/s
ky=0.12 km'!
Apr= 54 km

fH:24 Hz
Vg= 50 km/s
kpr=0.30 km’!
S~ Ay=20km

Figure 5. A diagram of the surface waves in Event C, Figure 4. In the spacecraft frame, the
waves are propagating in the —M direction at 135 km/s based on timing between the

spacecraft. However, the ion velocity is also in the —M direction at ~185 km/s. Therefore, in
the ion frame, the waves are propagating in the +M direction at ~50 km/s. The approximate

frequencies and wavelengths are written in the diagram.
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Figure 6./A large-amplitude drift wave captured by four spacecraft. (a) B in LMN

coordinates, which are recorded in panel (0). (b) The plasma densities. The ion density is at a

©2019 American Geophysical Union. All rights reserved.



lower cadence than the electron density, so waves may not appear. (¢) & (d) E. The sample
rates are written on the plots. (e) The electron velocity. (f) The ion velocity. (g) J. (h) The
power spectral density of the electric field with pseudo-logarithmic frequency bins (~15%)
with corresponding minimum time cadences. (i) The power spectral density of the magnetic
field from the search coil magnetometer. (j) B replotted for visual reference. (k) The BL
signals from four spacecraft. The spacecraft separation is ~60 km. The corresponding colors
are labeled on the right. (I) The ne signals from four spacecraft. (m) The By signals from four
spacecraft filtered to a band pass from 1.5 Hz to 2.5 Hz to emphasize the wave at ~2 Hz. The
signals from MMS2, MMS3, and MMS4 are plotted with delays (or advances), which are
written on the plot. (n) The ne signals from four spacecraft filtered to a band pass from 4 Hz
to 8'Hz. The signals are plotted with the delays (or advances) that are recorded in the panel
above. (0) A drawing (not to scale) showing the approximate positions of the MMS

spacecraft. The plasma conditions and the values of L, M and N are included.
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