Instability of agyrotropic electron beams near the electron diffusion region
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During a magnetopause crossing the Magnetospheric Multiscale (MMS) spacecraft
encountered an electron diffusion region (EDR) of asymmetric reconnection. The
EDR is characterized by agyrotropic beam and crescent electron distributions per-
pendicular to the magnetic field. Intense upper-hybrid (UH) waves are found at the
boundary between the EDR and magnetosheath inflow region. The UH waves are
generated by the agyrotropic electron beams. The UH waves are sufficiently large
to contribute to electron diffusion and scattering, and are a potential source of radio
emission near the EDR. These results provide observational evidence of wave-particle
interactions at an EDR, and suggest that waves play an important role in determining

the electron dynamics.



Magnetic reconnection is a fundamental process in plasmas, which transforms magnetic
field energy into particle energy by reconfiguring the magnetic field topology!. The most
general form of reconnection is asymmetric reconnection, where the reconnecting plasmas
have distinct properties (e.g., at Earth’s magnetopause). The key region inside which the
magnetic fields reconnect is the electron diffusion region (EDR). There electrons violate the
frozen in condition, i.e., they no longer follow convective motion of the magnetic field, and
electrons from different regions can mix. The processes occurring within EDRs are not fully
understood, but are characterized by agyrotropic electron distributions®#. Simulations show
that these distributions are often crescent-shaped and centered around the E x B direction.
In simulations of asymmetric reconnection these distributions were found on the low-density
side of the X line®®. The Magnetospheric Multiscale (MMS) mission has observed of such

7,8

electron crescents in or near EDRs at Earth’s magnetopause’®, confirming these predictions.

Waves and wave-particle interactions are thought to play a crucial rule in reconnection.
Waves are a possible source of anomalous resistivity and particle diffusion, potentially en-
abling magnetic fields to reconnect. Previous observations show that a variety of waves
can be generated by reconnection, e.g., upper-hybrid (UH)/Langmuir, electron cyclotron,

918 However, most of the reported

lower-hybrid, whistler, and electrostatic solitary waves
wave observations were made well outside the EDR. The generation and role of waves in or
near EDRs has also been difficult to study in simulations because of the reduced separations
between characteristic electron scales, such as Debye length Ap, electron inertial length, and
electron thermal gyroradius p., employed to make simulations feasible. This reduced scale
separation can suppress wave activity in the EDR', making EDRs seem laminar, whereas
in nature EDRs may be turbulent. Similarly, the two-dimensional geometries employed in
most simulations suppress waves propagating in the out-of-plane direction. As simulations
are very challenging, the best progress can be achieved using in-situ observations. In partic-

ular, the MMS spacecraft were specifically designed to resolve particles and fields at electron

scales?®, enabling the role of waves in EDRs to be investigated.

In this letter we investigate an EDR observed by MMS at Earth’s magnetopause on 2015

December 14 near the subsolar point?!22,

We present the first observational evidence of
electrostatic wave generation by agyrotropic electron beams near an EDR. We use magnetic
field B data from Fluxgate Magnetometer (FGM)?3, electric field E data from Electric field

Double Probes (EDP)?%?° and particle data from Fast Plasma Investigation (FPI)%5. All
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data are presented in high-resolution burst mode. We present vector data in LMN coordi-
nates based on minimum variance analysis (MVA) of B from MMS1 over the magnetopause
crossing, unless otherwise stated. Here L = [0.14, —0.56, 0.81] is the reconnecting field direc-
tion, M = [—0.53, —0.74, —0.42] is the out-of-plane direction, and N = [0.84, —0.37, —0.40]

is the normal direction in Geocentric Solar Ecliptic coordinates.
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FIG. 1. Magnetopause crossing observed by MMS1. (a) B. (b) V;. (c¢) ne. (d) J calculated
from particle moments. (e) Electron 7} and T'; . (f) Electron differential energy flux. (g) Electron
pitch-angle distribution. (h) Spectrogram of E (black and blue lines are fp. and f,). The yellow
and red shaded regions indicate the EDR and magnetosheath inflow, and magnetospheric inflow

region, respectively.

Figure 1 provides an overview of the magnetopause crossing observed by MMS1. The
crossing from the magnetosheath to the magnetosphere is characterized by a reversal in By,

a relatively small guide field By < 0 [Fig. 1(a)], and southward ion outflow V; [Fig. 1(b)].
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MMST1 enters the outflow region at 01:17:33 UT where the electron number density n. de-
creases [Fig. 1(c)]. Then at 01:17:39 UT MMSI enters the magnetosheath inflow region
and EDR close to the X line — here the electron temperature 7, decreases rapidly, such
that the perpendicular temperature 7', decreases below the magnetosheath T\, while the
parallel temperature T} becomes comparable to the magnetosheath value [Fig. 1(e)]. This
temperature decrease is also seen in the electron energy flux [Fig. 1(f)]. At 01:17:40 UT
MMST crosses the X line, where |B| is minimal and 7} = 7', into the magnetospheric inflow
region. Near the magnetopause (red-shaded region) we observe a large out-of-plane current
density Jys, n. gradient, and large T}, seen as the enhancement in the electron fluxes par-
allel and antiparallel to B in Fig. 1(g). These features are consistent with magnetopause

reconnection?’.

The fluctuations in .Jy, B, and n. are consistent with lower-hybrid drift
waves, which develop on the low n. side of the X line'™2®3° and are seen in the E spec-
trogram around the lower-hybrid frequency f;, [Fig. 1(h)]. We observe agyrotropic electron
distributions over the entire yellow-shaded region in Fig. 1, indicating close proximity to the

EDR. Here we see a large enhancement in E power at the electron plasma frequency f..

Figures 2(a)-2(c) provide an overview of the EDR from MMS1, showing B, the perpen-
dicular and parallel components of the electron velocity, V and V|, and the agyrotropy
measures /@ defined using Eq. (6) of Ref.?!, and A¢./2 = (Pl max—Pimin)/(PLmax+Plmin);>
where P| .« and P, are the maximum and minimum components of the electron pres-
sure perpendicular to B in the diagonal of the pressure tensor. For A¢./2 we rotate the
pressure tensor into field-aligned coordinates, such that P, .. and P|;, are most unequal.
The primary difference between the measures is that A¢./2 only considers agyrotropy in
the plane perpendicular to B, while 1/() measures the full agyrotropy using all components
of the electron pressure tensor P.. Both /Q and A¢./2 peak near the X line, where By,
reverses direction and |B| is minimal, on the magnetosheath side. The fact that /@ and
A¢,/2 peak when By, < 0, suggests an EDR crossing®, rather than a magnetospheric separa-
trix crossing, where significant agyrotropies may also develop®. The enhanced agyrotropies
are due to electron distributions consisting of a low T; core population with T} > 7" and
an electron beam/crescent propagating approximately perpendicular to B. In the yellow-
shaded region we observe low-density electron beams, shown in Figs. 2(f) and 2(g) in the
plane perpendicular to B. The distribution in Fig. 2(g) corresponds to the maximum /Q
and Ag./2. These beams propagate perpendicular to B close to the out-of-plane direction,
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and are responsible for the enhanced /@ and Ag,/2. In the purple-shaded region closer to
the X line we observe denser crescents [Fig. 2(h)], which rapidly increase in density toward
the X line. Here, A¢, /2 significantly decreases, while 1/Q remains relatively large, indicating
agyrotropy oblique, rather than perpendicular, to B. At the X line the distributions remain
agyrotropic but no clear crescents are observed. Figure 2(i) shows an electron distribution
in the magnetospheric inflow region close to the X line. A crescent-like population is found,
as expected from simulations®%, although the agyrotropy remains relatively small.

Both the beam and crescent distributions are distinct from the core, allowing us to
estimate the beam velocity v;, and density n, by computing partial moments®. Throughout
the yellow-shaded region the beam properties change somewhat, but without clear trends
in position/time. The ratio ny/n. is &~ 0.02 — 0.07 and the beam speeds are v, ~ [6 —
10] x 103kms~!. In this region the bulk electron velocity V., and J are small because ny is
small. In the purple-shaded region n;,/n. increases from 0.1 to 0.3, and v, decreases from
~ 5 x 10°kms™! to ~ 3 x 103kms~!, as MMS1 approaches the X line. Here, large V
and —.Jy; start to develop. These changes in n,/n. and v, are responsible for the changes
in Ag./2. All beam/crescent distributions propagate close to perpendicular to B, primarly
along the M direction. Since By < 0 the source of the beams/crescents should be located
in the —N direction, at the X line. The sharp reversal in Bj and large electron pressure
divergence V - P, may enable agyrotropic electron distributions to develop. At the X line
—V-P,./en, peaks at ® 4mV m™! in the N direction based on four-spacecraft measurements
(not shown), which may contribute to electron acceleration.

Large-amplitude high-frequency waves are observed at the same time as the agyrotropic
electron beams at the boundary between the EDR and magnetosheath inflow region. Figures
2(d) and 2(e) show the waveform of the high-frequency E parallel and perpendicular to B
and the spectrogram of E. The wave power peaks close to f,. = 21kHz. The wave E is
oblique to B, so we identify the waves as upper hybrid (UH) waves. The amplitude peaks at
~ 400mV m~!, an extremely large value, which approximately coincides with the maximum
agyrotropy. The maximum wave energy density is Wg = ¢|E|?/2 ~ 7x1073Jm™3, and the
beam energy density is Wy, = menyvi/2 ~ 5 x 1072Jm™3. Therefore, Wx < W}, consistent
with the agyrotropic beam providing the free energy for the waves!®.

In Fig. 3 we investigate the properties of the UH waves in detail. Based on MVA of the

waveform the wave has a well-defined maximum variance direction, shown in Fig. 3(a). The
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FIG. 2. EDR observed by MMS1. (a) B. (b) Perpendicular and parallel components of V.. (c)
Agyrotropy measures /@ and Ag¢./2. (d) Perpendicular and parallel components of the high-
frequency E (e) spectrogram of E. (f)—(i) Electron distributions at times indicated by the vertical
red lines in (a)—(d) in the M -IN; plane, where M| = B x (M x B) and N is the direction
perpendicular to B and M | closely aligned with N. The yellow and purple shaded regions indicate

when MMS1 observed low-density electron beams and denser electron crescents, respectively.

associated power spectrum [Fig. 3(d)] shows that the waves are centered around f,. and have
a relatively broad range of frequencies for UH/Langmuir-like waves. The hodograms of the
waveform are shown in Figs. 3(b) and 3(c) in MVA coordinates, where Eiin, Fnax, and Eiy

are the electric fields in the minimum, maximum, and intermediate variance directions. They



show that the waveform is one-dimensional (1-D) and linearly polarized, consistent with
UH/Langmuir waves in a weakly magnetized plasma: fpe/fee = 63 and p./A\p = 91, where
fee = 340 Hz is the electron cyclotron frequency, p. = 2km, and A\p = 22m. This suggests
the waves are Langmuir-like, so we can assume the waves propagate in the FE,,,, direction.
The ambiguity in the sign of the maximum variance direction is resolved by assuming the
waves propagate in the direction closest to v, (justified below). The propagation direction
is k = [—0.65,0.76,0.06] (LMN), which is ~ 80° from B.

Figures 3(e)-3(g) show the electron distributions in the v ;v 5 plane, where v, is
along k x B and v, is along B x (R x B), which are observed simultaneously with the
UH waves. The agyrotropic electron beams are closely aligned with k, consistent with the
beam being responsible for the waves. No agyrotropic electrons are found in the —k di-
rection. The beam tends to broaden in the v ; direction and increase in density when the
most intense waves are observed. This is possibly due to spatial changes in the beam den-
sity, but wave-particle interactions may also contribute to the evolution of the distribution.
One-dimensional electron distributions from Figs. 3(e)-3(g) along k and —k are shown in
Figs. 3(h)-3(j), respectively. Just before the large-amplitude waves are observed a clear
electron beam is seen [Fig. 3(h)], indicating an unstable distribution. This beam is the only
apparent energy source of the UH waves, so we conclude that the waves are driven by the
beam. During the wave observations the distributions develop a plateau [Figs. 3(1)-3(j)],
suggestive of quasilinear relaxation. From Fig. 3(h) we estimate v, ~ 10*kms™' and the

1

largest positive gradient in the electron distribution is at v ~ 8 x 103km s, which provides

a good indicator of the wave’s phase speed vpy,.

To investigate the wave properties further we calculate the properties of unstable mode
predicted by fitting two bi-Maxwellian distributions to the distribution in Fig. 3(h) assuming
an unmagnetized plasma, and using n,/n. = 0.02 to agree with observations [Fig. 2(f)]. At
this time the wave amplitude is relatively small so we solve the linear dispersion equation.
The unstable mode is predicted to be the beam mode [Figs. 3(k)-3(m)]. We note that for
reduced n;,/n, a growing Langmuir-like wave is found. Figure 3(1) shows that the mode has a
maximum growth rate of v = 6 x 10™%w,,, ~ 4Q,, for f = f,. [Fig. 3(k)]. Therefore, based on
the linear growth rate the time required for the waves to grow to large amplitudes (of order
the electron gyroperiod &~ 3 x 1073s) is well below the observation time of the agyrotropic

electron beams (~ 0.3 seconds on MMS1). The peak v occurs at wavenumber kAp = 0.35,
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FIG. 3. UH waves observed by MMS1. (a) Eyax of the UH waves, (b) and (c) Hodograms of Epax
versus Fing, and Epax versus Epi,. The red line in (¢) is the B direction. (d) Power spectrum of
Ernax (red dashed line is fpe). (e)—(g) Electron distributions in the v | ;—v | 2 plane at times indicated
by the red vertical lines in panel (a). (h)—(j) 1-D electron distributions along k (black) and —k
(red) at times indicated by the red vertical lines in (a). The green dashed line in (h) is a two-
Maxwellian fit to the black curve and the yellow shading indicates the domain of electron speeds
trapped by the wave potential. (k)—(m) Frequency, v, and vy, of the unstable mode predicted from

the fitted distribution in (h). The red circles indicate where 7 is maximal.

whence we calculate the wavelength A ~ 400 m ~ 18 A\p, which is much smaller than p, and
the electron beam gyroradius p, ~ 5km. We predict v,, ~ 8 x 103kms™ [Fig. 3(m)], con-
sistent with observations. Using this estimate of v,;, based on the waves with low amplitude

and linear dispersion relation relation, and FE,,,, from the observed high-amplitude waves,



we estimate the maximum wave potential to be ® ~ 30 V. These waves can trap electrons
with speeds between vy = vy, + 1/2¢.®/m. =~ [8 £ 3.2] x 10°kms~!, which overlaps with
most of the electron beam and part of the core in Fig. 3(h) and approximately spans the
plateau in Figs. 3(i) and 3(j). Therefore, these waves are sufficiently large to account for
the plateau distributions and can couple the agyrotropic beam to the core population, thus
modifying the observed electron distributions. These wave-particle interactions may in turn
increase /@ and A¢./2 (both peak when the UH waves are observed), and hence modify

the electron pressure tensor within the EDR.
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plane at times indicated by the red vertical lines in panel (a).

Intense UH waves are also observed by MMS2 (Fig. 4), with peak amplitude Ep.x =~
80mV m~!. The waveform is approximately 1-D, with propagation direction k = [—0.22,0.96, —0.19]
(LMN). Figures 4(c) and 4(d) show two adjacent electron distributions just before and dur-
ing the UH wave observation. The agyrotropic beam is approximately perpendicular to B

and closely aligned with k. We estimate n,/n. ~ 7 x 1073 and v, ~ 10*kms~!

, comparable
to the MMS1 vy, but a lower n;,. Overall, the observations confirm the results from MMS1
and suggest that UH wave generation occurs over volumes comparable to or larger than the
spacecraft separation (~ 15km).

This letter shows the first observational evidence of electrostatic waves generated by

agyrotropic electron beams produced by an EDR. We identify the largest amplitude waves

as UH/Langmuir-like waves and show that they are generated by electron beams propagating
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perpendicular to B. The wave potentials are sufficiently large to scatter and thermalize the
agyrotropic electrons and part of the core population. Therefore, the waves provide a source
of electron diffusion, scattering, and heating near the EDR. The waves may even modify P,
near the EDR, potentially influencing reconnection.

The observation of large-amplitude waves at the plasma frequency near the EDR means
that EDRs can be viable sources of radio emission. For instance, Langmuir waves can
be converted to electromagnetic waves via linear or nonlinear processes, e.g., linear-mode
conversion®?, electromagnetic decay®?, electrostatic decay (or scattering off thermal ions) and

3435 and antenna mechanisms associated with nonlinear currents®®. The very

coalescence
large amplitude of the observed waves makes nonlinear processes possible. The agyrotropic
electron beams can also directly generate electromagnetic waves, potentially becoming freely
propagating radio waves3”3%. The large density asymmetry often associated with asymmetric
reconnection may also facilitate the escape of electromagnetic waves on the low density side,
enabling them to be detected remotely. Establishing the role of UH/Langmuir waves and
agyrotropic electron beams produced at EDRs in generating electromagnetic emission is
crucial for remote observations of magnetic reconnection, such as on the Sun’s surface,
where magnetic reconnection is associated with solar flares and coronal mass ejections, and
in astrophysical plasmas®’.
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