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Abstract We report Magnetospheric Multiscale observations of high-frequency electrostatic waves in the
vicinity of the reconnection ion diffusion region on the dayside magnetopause. The ion diffusion region is
identiﬁed during two magnetopause crossings by the Hall electromagnetic ﬁelds, the slippage of ions with
respect to the magnetic ﬁeld, and magnetic energy dissipation. In addition to electron beam modes that have
been previously detected at the separatrix on the magnetospheric side of the magnetopause, we report,
for the ﬁrst time, the existence of electron cyclotron harmonic waves at the magnetosheath separatrix.
Broadband waves between the electron cyclotron and electron plasma frequencies, which were probably
generated by electron beams, were found within the magnetopause current sheet. Contributions by these
high-frequency waves to the magnetic energy dissipation were negligible in the diffusion regions as
compared to those of lower-frequency waves.

1. Introduction
How magnetic energy dissipates and how particles are accelerated remain two fundamental outstanding
questions of magnetic reconnection. Plasma waves may contribute signiﬁcantly to these two processes by
providing the necessary anomalous resistivity to break the magnetic ﬁeld lines and/or accelerate electrons
to suprathermal energy through Landau resonance [Treumann, 2001; Zhou et al., 2014]. Different types of
waves have been associated with magnetic reconnection. Many of them, such as lower hybrid waves, whistler
waves, and electrostatic solitary waves, have been observed near the reconnection separatrices [Deng et al.,
2004; Vaivads et al., 2004; Retino et al., 2006; Zhou et al., 2011; Viberg et al., 2013; Graham et al., 2016]. In
particular, Vaivads et al. [2004] found Langmuir waves on the magnetosphere and magnetosheath separatrices of a magnetopause reconnection region. Retino et al. [2006] revealed the different features of waves
and particles observed by Cluster when crossing the magnetospheric separatrix at the dayside magnetopause. In addition, whistler waves and electrostatic electron cyclotron waves have been observed inside
the electron diffusion region at the magnetopause [Tang et al., 2013]. An important feature of the dayside
magnetospheric boundary is that plasma density and temperature, as well as the magnetic ﬁeld strength,
differ substantially across the magnetopause, which leads to a substantial asymmetry in the reconnection
process across the boundary layer (see review by Mozer and Pritchett [2010]).
In this letter, we report observations of high-frequency electrostatic waves that were made by the spacecraft
of NASA’s Magnetospheric Multiscale (MMS) mission on 3 October 2015. During that day, the spacecraft
encountered the ion diffusion region of a reconnection event in the postnoon region of the dayside magnetopause. The unprecedented temporal and spatial resolutions of the instruments on board MMS enable us to
establish that the spacecraft crossed the ion diffusion region. We describe below the characteristics of the

HIGH-FREQUENCY WAVES IN RECONNECTION

4808

Geophysical Research Letters

10.1002/2016GL069010

Figure 1. An overview of MMS1 observations in the fast survey mode during 14:43–14:52 UT on 3 October 2015. (a)
Magnetic ﬁeld components, (b) ion bulk velocity components, (c) ion density, (d) ion temperatures parallel (red) and perpendicular (blue) to the magnetic ﬁeld, and (e and f) ion and electron differential energy ﬂuxes, respectively. Vectors are
shown in the GSM coordinates.

waves observed in the separatrices and the magnetopause current sheet and relate them to the energy dissipation occurring during magnetic reconnection.

2. Instrumentation
The main goal of the four-spacecraft constellation of MMS that was launched on 12 March 2015 is to investigate magnetic reconnection along the dayside magnetopause and in the neutral sheet of the magnetotail
[Burch et al., 2015]. The data used in our study were acquired when MMS was in the burst mode, which consists of only a few percent of operation time but makes up more than 70% of the data. The Fluxgate
Magnetometer provides three-dimensional magnetic ﬁelds with cadence of 128 samples/s in the burst mode
and 8 samples/s in the fast survey mode [Russell et al., 2014; Torbert et al., 2014]. The Electric Double Probe
(EDP) provides three-dimensional electric ﬁelds with a cadence of 128 samples/s in the burst mode. It also
provides short bursts of 65,536 samples/s electric ﬁelds [Lindqvist et al., 2014; Ergun et al., 2014; Torbert
et al., 2014]. The Fast Plasma Instrument (FPI) provides 3-D electron distributions with a time resolution of
30 ms and ion distributions with a time resolution of 150 ms. The energy ranges of FPI are from 10 eV to
30 keV for both electrons and ions. Plasma moments (density, velocity, temperature, etc.) integrated by using
the full distributions are also provided with the same cadence [Pollock et al., 2016].

3. Event Overview
MMS skimmed the postnoon magnetopause between 14:46 and 14:49 UT on 3 October 2015. The position of
MMS was [6.3, 8.6, 5.2] RE at 14:46 UT in geocentric solar magnetospheric (GSM) coordinates. The four
spacecraft formed a tetrahedron in space with an average distance of 25 km between spacecraft. Figure 1
shows an overview of MMS1 observations between 14:43 and 14:52 UT. MMS1 was in the magnetosheath
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before 14:46 UT. It then encountered the magnetopause (MP) current sheet several times. After 14:49 UT, it
returned to the magnetosheath which was characterized by high plasma density (~40/cm3) and low ion temperature (~100 eV). Magnetic ﬁeld strengths on the two sides of the current layer were very similar, but
plasma density and temperature differed by a factor of 30.
The six MP crossings are characterized by reversals of the magnetic ﬁeld Bz component and variations in the
ion density and temperature between 14:46 UT and 14:49 UT. During the ﬁrst crossing MMS1 did not enter
the magnetosphere proper since the density and temperature did not reach the magnetospheric levels
observed shortly afterward. The magnitudes of the ion density and temperature were in between magnetosphere and magnetosheath values, and thus, MMS1 was probably in the low-latitude boundary layer. The
crossing at around 14:47 UT was also a partial crossing. After 14:47:20 UT, MMS moved to the magnetosphere
proper as the ion density dropped down to 1/cm3 and the temperature went up to 8 keV.

4. Ion Diffusion Region
Below we examine two MP crossings between 14:46:50 and 14:47:20 UT. For convenience we call the former
MP crossing MP1 and the latter MP2. In this section we show that ion diffusion regions were detected during
both crossings. Figures 2a–2g display the detailed structures of MP1, while Figures 2i–2n show the data for
MP2. Figures 2h and 2o show the 2-D schematics of MMS trajectories through the diffusion region around
the X line. We have transformed the vectors into local boundary normal coordinates, which were determined
by a minimum variance analysis (MVA) of the magnetic ﬁelds [Sonnerup and Scheible, 1998]. N points outward
along the MP normal, L is the maximum variation direction and points along the reconnecting magnetic ﬁeld
component, and M completes a right-handed orthogonal coordinate system. The transformation from GSM
coordinates to current sheet normal coordinates for MP1 is given by L = [0.279, 0.667, 0.691], M = [0.237,
0.745, 0.624], and N = [0.931, 0.011, 0.366] by applying a MVA of the magnetic ﬁeld data between
14:46:56 and 14:47:07 UT. The current sheet normal coordinates for MP2 is L = [0.599, 0.374, 0.708], M =
[0.675, 0.241, 0.698], and N = [ 0.431, 0.896, 0.108] by applying a MVA of the magnetic ﬁeld data between
14:47:10 and 14:47:20 UT. The MP normal N inferred from four spacecraft timing analysis is N = [0.859, 0.032,
0.512] for MP1 and N = [ 0.058, 0.937, 0.345] for MP2 [Sonnerup et al., 2008]. These two normals are consistent with those inferred from MVA. MP thicknesses were estimated by multiplying the MP speed by the
crossing duration that was deﬁned as the time between the measurements of the two asymptotic BL values.
The thicknesses of MP1 and MP2 are 220 km and 440 km, that is, 4.5 di,hybrid and 10.7 di,hybrid, respectively.
Here di,hybrid is the hybrid ion inertial length between the magnetosphere values and the magnetosheath
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
values. Ion inertial length is determined by c= ne2 =ε0mi , where c is the light speed, n is the density, e is
the charge, mi is the mass of the ion, and ε0 is the vacuum dielectric constant.
Figure 2b shows that the ﬂow velocity along the L direction (VL) reversed at the MP1 crossing, the negative
speed being about 150 km/s larger than the positive speed. By using a timing analysis based on ﬂow reversal
times from all four spacecraft, we estimated that the X line moved along the L direction with a speed of
~60 km/s. The maximum ﬂow speeds on the two sides of the X line were approximately 170 km/s and
190 km/s, respectively, in the X line reference frame. Cassak and Shay [2007] have shown that for asymmetric
reconnection the outﬂow speed scales like the hybrid Alfvén speed that is based on the combination of the
geometric and arithmetic means of the ﬁeld and densities on each side the current sheet. Since the predicted
hybrid Alfvén speed is about 210 km/s, the observed outﬂow speeds are about 80% of the theoretical values
expected for magnetic reconnection. Similarly, the maximum outﬂow speed is 180 km/s for MP2, which is
about 75% of the predicted Alfvén speed, suggesting that the observed ﬂows were caused by reconnection.
To examine in detail the electromagnetic ﬁeld structure for MP1, we calculated the perpendicular electric
ﬁeld in the ion frame E′ = Eperp + Vi × B (Figure 2c). Eperp was calculated from the two in-plane components
by assuming that there was no parallel electric ﬁeld, i.e., E · B = 0. To avoid large uncertainties we calculated
Eperp only in regions where |B| > 2 nT and the angle between B and the spin plane was larger than 15°.
Figure 2c shows that all three components of E′ deviate from zero during the crossing. This behavior indicates
a slippage of ions from the magnetic ﬁeld [Dai et al., 2015; Goldman et al., 2015]. Near the reversal of BL, BM
also reverses from negative to positive with a peak-to-peak magnitude of about 20 nT; meanwhile EN′
reverses from positive to negative. A MMS trajectory superimposed over a sketch of a 2-D model is shown in
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Figure 2. Ion diffusion regions observed by MMS using the burst mode data: (a) magnetic ﬁeld components, (b) ion bulk
velocity components, (c) electric ﬁelds in the ion frame, (d) electric current density, (e) magnetic energy dissipation rate
from the lower-frequency electromagnetic ﬁelds J · (Eperp + Vi × B), and (f) high-frequency electrostatic waves. Figures 2a–
2g are for MP1 observed by MMS1, and Figures 2i–2n are for MP2 observed by MMS2. Figures 2h and 2o are the 2-D
schematics of MMS trajectories through the ion diffusion region. Dashed green traces represent the MMS trajectories. Blue
arrows on top of Figures 2a and 2i mark the times of the waveforms shown in Figure 3. We should note that the dissipation
contributed by high-frequency waves were calculated using the data from individual spacecraft while J · (Eperp + Vi × B) was
calculated using the data from all four spacecraft.

Figure 2h. It suggests that MMS moved from southward to northward of the X line and then crossed the current sheet from the magnetosphere to the magnetosheath northward of the X line. The perturbations of BM
and EN′ along the MMS trajectory are consistent with the polarities of the Hall ﬁelds of collisionless reconnection depicted in Figure 2h. Numerical simulations of reconnection with a density asymmetry across a current
sheet [e.g., Tanaka et al., 2008] have shown that the quadrupolar out-of-plane Hall magnetic ﬁeld is replaced
by a bipolar Hall magnetic ﬁeld on the magnetosheath side and the bipolar Hall electric ﬁeld normal to the
current sheet is replaced by a unipolar electric ﬁeld on the magnetosphere side. However, Pritchett [2008]
showed that quadrupolar Hall magnetic ﬁelds and bipolar Hall electric ﬁelds were robust features of the magnetopause current sheet in a simulation with external driving at the magnetosheath side inﬂow boundaries.
MP2 was observed during an inbound crossing from the magnetosheath to the magnetosphere. Plasma ﬂow
VL was opposite to that during the MP1 crossing. BM changed from negative to positive as BL changed from
negative to positive. EN′ was mostly negative on the magnetosheath side and positive in the magnetosphere.
ZHOU ET AL.
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Figure 3. Comparison of current density derived from Ampere’s law and from plasma moments for MMS1. (a–d) Three
components of magnetic ﬁelds, current density Jx, Jy, and Jz. Black traces represent the current density computed using
the curlometer method, while red traces indicate the current density computed from plasma moments.

These features are signatures of the Hall magnetic and electric ﬁelds expected for fast magnetic reconnection
mediated by whistler waves or kinetic Alfvén waves [Dai, 2009]. All three components of E′ deviate from zero
within the Hall region as they did for MP1.
Figures 2e and 2m display J · E′ as a measure of the energy dissipation rate for the two MP crossings, respectively. J is the electric current density calculated by the curlometer method [Dunlop et al., 2002] (shown in
Figures 2d and 2l), assuming that the current is uniform within the tetrahedron. Figure 3 provides the comparison between the electric current density calculated by the curlometer method and that derived from
plasma moments (J = nie(Vi Ve)) for MMS1. We ﬁnd that the current densities computed from the two
methods are in good agreement with each other, indicating that electric current density can be accurately
calculated by individual spacecraft. Current densities derived from plasma moments from other three
spacecraft are similar to that calculated by MMS1 and are consistent with current density calculated by the
curlometer method (not shown). There are a few discrepancies that might be due to small-scale current ﬁlaments that can only be resolved by individual spacecraft. The dissipation regions are indicated by J · E′ > 0.
The most prominent energy dissipation occurred around BL = 0 for both crossings. For MP1 the dissipation
region extended to the magnetosheath separatrix, while it was mostly located on the magnetosheath side
for MP2 with a dynamo region (J · E′ < 0) on the magnetospheric side of the current sheet. We should note
that the crossing times of the dissipation regions were less than 2 s and thus could not have been resolved
by particle instruments on previous missions. Combining all of the above evidence, we conclude that MMS
detected ion diffusion regions during both crossings.

5. High-Frequency Waves
Figure 4 presents four typical waveforms and corresponding power spectral densities (PSDs) measured by
the EDP instrument in short bursts of 65536 samples/s when crossing the different regions of the reconnection layer that we identiﬁed above. Times of these waveforms are marked in Figure 2 by black arrows.
Figures 4a and 4b show 100 ms time intervals of the electric ﬁeld Ey (in DE-spun spacecraft L vector coordinates) and their corresponding PSD measured around 14:46:58.7 UT, when MMS1 was in the separatrix region
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Figure 4. Observations of high-frequency waves and electron distributions around the ion diffusion regions. (a and b) Y component of electric ﬁeld and the
corresponding PSD at around 14:46:58.7 UT by MMS1, (c and d) 14:47:03.1 UT by MMS3, (e and f) 14:47:03.4 UT by MMS3, and (g and h) 14:47:15.2 UT by MMS2.
PSDs were calculated by using fast Fourier transforms. Blue dashed lines in PSDs indicate fce and fpe. (i and j) Electron pitch angle distributions corresponding to
waves shown in Figures 4c and 4e. Black, red, and green traces represent the phase space densities of parallel (0°–30°), perpendicular (75°–105°), and antiparallel
(150°–180°) electrons, respectively.

on the magnetosphere side. The maximum amplitudes of the waves were about 5 mV/m and did not show
any associated magnetic ﬁeld perturbations. Figure 4b shows two clear peaks in the PSD. One is located
slightly above the electron gyrofrequency (fce) and the other is close to the electron plasma frequency
(fpe). Since the electric ﬁeld perturbation of the electrostatic wave must be parallel to k, we analyzed their
ZHOU ET AL.
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Table 1. Energy Dissipation by the High-Frequency Waves in Different Regions of Reconnection Diffusion Region and
Comparison to the Energy Dissipation by Lower-Frequency Process
Time Interval (UT)
MP1 (J · E′)
MP2 (J · E′)
Waves on the magnetospheric separatrix (J · δE)
Waves on the magnetosheath separatrix (J · δE)
Waves in the MP current sheet (J · δE)

14:46:59–14:47:05
14:47:13–14:47:17
14:46:57.9–14:46:59.8
14:47:02.4–14:47:04.4
14:47:13.9–14:47:15.7

Dissipated Energy Density (10

9

3

J/m )

1.75
0.2
4.0e-5
3.6e-4
1.2e-4

polarizations using the maximum variance analysis of the ﬁltered electric ﬁeld. The wave near fpe is probably
a Langmuir wave because the angle between the wave vector k and the ambient magnetic ﬁeld B0 < k, B0>
was 5° ± 2°; i.e., it was ﬁeld-aligned polarized. We found that wave at around 1.6 fce was also ﬁeld-aligned
polarized since <k, B0> was 12° ± 2°.
Figures 4c and 4d display the electric ﬁelds in a 100 ms time interval and the corresponding PSD near
14:47:03.1 UT, when MMS3 was in the separatrix region on the magnetosheath side. The PSD exhibits at least
ﬁve clear peaks between fce and fpe. These peaks are at frequencies of about 1150 Hz, 2100 Hz, 3050 Hz,
4000 Hz, and 5000 Hz. All these peaks are approximately the harmonics of 1150 Hz~1.27 fce. In addition,
<k, B0> for these waves is 85° ± 5°. These indicate that they are electron cyclotron harmonic (ECH) waves.
Figures 4e and 4f show the electric ﬁeld and corresponding PSD at about 200 ms later than the waveform
shown in Figure 4c. The PSD has a peak at around 4900 Hz, which is between fce and fpe, while <k, B0> is
3° ± 2°. The ECH waves could have been generated by loss cone distribution or ring-like distribution
[Ashour-Abdalla and Kennel, 1978; Wong et al., 1991]. Figures 4i and 4j display two electron pitch angle distributions at the time of the waves shown in Figures 4c and 4e. Figure 4i shows a sudden decrease of antiparallel electron ﬂux above 500 eV, which results in a loss cone distribution that probably excited the ECH waves.
Such a loss cone distribution has been observed on the magnetospheric separatrix to explain the generation
of whistler waves [Graham et al., 2016] but has not been detected on the magnetosheath separatrix before.
The waves shown in Figure 4e are consistent with a beam mode since Figure 4j displays a broad beam from
~30 eV extending to 500 eV. This beam is likely a combination of the accelerated magnetosheath electrons
and the leakage of higher-energy magnetospheric electrons. In the presence of hot magnetospheric electrons and cold magnetosheath electrons, the free energy provided by beams could cause the electron acoustic mode to become unstable [Ashour-Abdalla and Okuda, 1986], which is plausibly the source of peaks in PSD
as shown in Figures 4b and 4f. The changes of the wave mode and electron distributions in about 200 ms suggest that electron-scale physics is important in this region.
Figures 4g and 4h present the electric ﬁeld and corresponding PSD at around 14:47:15.2 UT, when MMS2 was
inside the current sheet. As in the previous case, the PSD exhibits a broad bump between fce and fpe, and <k,
B0> for this wave is 5° ± 3°, suggesting that it is either an electron beam mode or an electron acoustic wave.

6. Discussion and Summary
Contribution of these high-frequency waves to energy dissipation can be estimated by J · δE (here J is the DC
current density computed from plasma moments while δE is the AC electric ﬁeld that is high-pass ﬁltered
above the local fce). Using J · δE to estimate magnetic energy dissipation by plasma waves has been validated
by Wilson et al. [2014]. Time series of J · δE contributed by the above analyzed high-frequency waves are
shown in Figures 2f, 2g, and 2n. Although the amplitudes of J · δE are comparable to those of J · E′, J · δE ﬂuctuates frequently between negative and positive values. Table 1 lists the integrated energy density dissipated
by these high-frequency waves and that through the lower-frequency electromagnetic ﬁelds J · E′. The
integrated energy dissipation per volume by high-frequency waves is at least 3 orders smaller than that by
lower-frequency electromagnetic ﬁelds.
In summary, on 3 October 2015 MMS crossed the MP multiple times in the postnoon sector. Ion diffusion
regions were identiﬁed during two ion-scale MP crossings by observations of Hall electromagnetic ﬁelds, slippage of ions with respect to the magnetic ﬁeld, and magnetic energy dissipation. The dissipation regions
were localized within the relatively thicker current sheet. High-frequency electrostatic waves between fce
and fpe were observed around the ion diffusion region. Field-aligned polarized waves were detected in the
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separatrices on both sides of MP and within the MP current sheet, while electron cyclotron harmonic waves
were observed in the magnetosheath separatrix. The ﬁeld-aligned polarized waves are either electron beam
modes or electron acoustic waves.
While previous studies have shown that the separatrices on the magnetosphere side are highly dynamic and
structured regions with wave activity [Retino et al., 2006], no signiﬁcant waves had been observed in the
magnetosheath separatrix region. For the ﬁrst time we report the existence of ECH waves and electron beam
modes in the magnetosheath separatrices. The high-resolution electromagnetic ﬁelds allow us to directly
calculate the contribution to magnetic energy dissipation by these high-frequency waves. We ﬁnd that these
waves play negligible roles in converting energy from electromagnetic ﬁelds to plasma internal energy. Our
results are an important contribution for understanding the role of high-frequency waves and electron
dynamics during dayside magnetopause reconnection.
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