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We report observations of electromagnetic electron holes (EHs). We use multispacecraft analysis to
quantify the magnetic field contributions of three mechanisms: the Lorentz transform, electron drift within
the EH, and Cherenkov emission of whistler waves. The first two mechanisms account for the observed
magnetic fields for slower EHs, while for EHs with speeds approaching half the electron Alfvén
speed, whistler waves excited via the Cherenkov mechanism dominate the perpendicular magnetic field.
The excited whistler waves are kinetically damped and typically confined within the EHs.
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Electron holes (EHs) are localized nonlinear plasma
structures in which electrons are self-consistently trapped
by a positive potential [1–3]. By scattering and heating
electrons, EHs play an important part in plasma dynamics
[4,5]. EHs are frequently observed in space [6–10] and
laboratory [11–13] plasmas. They are typically manifested
in data as diverging, bipolar, electric fields parallel to the
ambient magnetic field. EHs are formed by various
instabilities [14,15], and are thus indicators of prior
instability and turbulence. Their connection with streaming
instabilities leads them to frequently appear during mag-
netic reconnection [16–19]. Furthermore, simulations of
magnetic reconnection have shown EHs can Cherenkov
radiate whistler waves which in turn affect the reconnection
rate [20]. Studying EHs can thus prove important for
understanding key plasma phenomena such as magnetic
reconnection.
Though EHs are usually considered electrostatic, obser-

vations of electromagnetic EHs have been made in Earth’s
magnetotail [21,22]. The observed magnetic fields (δB)
were argued to be the sum of two independent fields: first,
δBL generated by the Lorentz transform, of the electrostatic
field, and second, δBd generated by the δE ×B0 drift of
electrons associated with the EH electric field and ambient
magnetic field [21,23]. These studies were limited either by
the fact that the EHs were only observed at one point in
space [21] or provided only estimates of δBdk at the EH
center [22]. With the Magnetospheric Multiscale (MMS)
[24] mission, it is possible to use four-spacecraft measure-
ments to obtain a complete three-dimensional description

of EHs [25,26], enabling δB to be investigated in greater
detail [27].
In this Letter we use data from MMS to investigate

electromagnetic EHs frequently observed during boundary
layer crossings in the magnetotail. We use multispacecraft
methods to quantify different contributions to δB. Our
results show that δBd;k well explains the observed δBk, and
that δBd;⊥ is in good agreement with observations for EHs
that are much slower than the electron Alfvén speed. For
increasing EH speeds we show, for the first time, that
localized whistler waves are excited from the EHs via the
Cherenkov mechanism and contribute significantly to δB⊥.
Figure 1 shows an example of a plasma sheet boundary

layer crossing containing signatures of magnetic reconnec-
tion and EHs with magnetic fields. At 2017-07-26 07:00
UT, MMS was in the plasma sheet and detected a fast
reconnection jet moving tailward [Fig. 1(c)]. At 07∶01:30,
the ion flow reversed, and MMS entered the boundary layer
between the plasma sheet and the tail lobes [Fig. 1(d)]
where strong wave activity was observed [Fig. 1(e)]: first,
as low-frequency E⊥ oscillations consistent with lower
hybrid drift waves [28], and later as solitary Ek waves
marked by the vertical dashed line in Fig. 1(e), and ex-
emplified in Figs. 1(g) and 1(h). The solitary waves were
accompanied by a high-energy electron beam [Fig. 1(f)]
parallel to B0. By timing Ek between the spacecraft,
we find the structures to be EHs moving together with
the beam. Notably the EHs have magnetic field fluctuations
δB associated with them. We show two EH examples
in Figs. 1(g)–1(j). While both EHs have positive and
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monopolar δBk (distorted in the figure by high-pass filter-
ing) confined within the EH, there are significant dif-
ferences in δB⊥. For the first EH [Figs. 1(g) and 1(i)], δB⊥
is localized within the EH, whereas for the second EH, δB⊥
oscillates multiple times and forms a trailing tail [Fig. 1(h)
and 1(j)]. Note that of the roughly 40 EHs that were
observed during this time, only two EHs had the tail-like
feature in Fig. 1(j), the others resembled Fig. 1(i). The
polarization of δB⊥ is right-handed for all cases [Figs. 1(k)
and 1(l)] with dominant frequency ω ≈ 0.7Ωce < ωpe,
where Ωce and ωpe are the electron cyclotron and plasma
frequencies.
We perform a statistical study to investigate how δB

depends on EH properties. To accurately estimate the
electron hole speed vEH and parallel length scale lk, the
EHs should be detected by as many spacecraft as possible,
and all four spacecraft are needed to accurately estimate the
EH center potential Φ0 and perpendicular length scale l⊥
[25,26]. We therefore limit the study to June–August 2017,
when MMS was probing the magnetotail with electron
scale spacecraft separation. We take 9 data intervals where
one or more groups of electromagnetic EHs are observed,
resulting in a dataset of 336 EHs, all observed in connection
to boundary layers similar to that in Fig. 1.

We use the multispacecraft timing method discussed in
Ref. [26], cross-correlating δEk between the spacecraft, to
determine vEH, lk, and the measured potential Φm ¼R
δEkvEHdt of the 336 EHs. The median propagation angle

of the EHs with respect to B0 is 12°, which is within the
uncertainty of the four-spacecraft timing, so vEH is assumed
to be field aligned. In Fig. 2 we plot Φm against vEH=vAe
(vAe ¼ cΩce=ωpe is the electron Alfvén speed), with the

FIG. 1. Left: Event overview. (a) Magnetic field from the fluxgate magnetometer [29] in geocentric solar magnetospheric (GSM)
coordinates, (b) plasma density from fast plasma investigation (FPI) [30], (c) ion velocity from FPI in GSM, (d) electron energy
spectrogram from FPI, (e) electric field from the electric field double probes (EDP) [31,32] in field-aligned coordinates, (f) spectrogram
of the ratio of the parallel and antiparallel electron phase-space density from FPI. The vertical dashed line shows where EHs are
observed. Right: Examples of electromagnetic EHs. The data are high-pass filtered at 100 Hz. (g),(h) Electric field from EDP, (i),(j)
magnetic field from the search-coil magnetometer [33], (k),(l) hodograms of δB⊥.
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FIG. 2. Measured EH potential Φm against vEH=vAe for 336
EHs, with the peak value of δB⊥ color coded. EHs from the same
burst-data interval have the same symbol.
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peak value of δB⊥ color coded. The figure shows that δB⊥
increases with potential and velocity. A dependence on Φm
is expected since δBL; δBd ∝ δE⊥ ∝ Φ0 and the vEH=vAe
dependence is qualitatively consistent with δBL ∝ vEH
since the EHs were observed in the same plasma region
with, for the most part, similar vAe.
Next, we investigate the different mechanisms that can

generate δB. For weakly relativistic EHs (i.e., γ ≈ 1),
δBL;f⊥1;⊥2g ¼∓ vEHδEf⊥2;⊥1g=c2 [34]. By assuming the
EH potential,

Φðr; θ; zÞ ¼ Φ0e−r
2=2l2⊥e−z

2=2l2k ; ð1Þ

δBd is given by the Biot-Savart law of the δE ×B0 current
Jθ ¼ en0rΦðr; zÞ=ðB0l2⊥Þ [23] as

δBdðxÞ ¼
en0μ0
4πB0

Z
r0

l2⊥
Φðr0; z0Þθ̂ × x − x0

jx − x0j3 d
3x0; ð2Þ

where n0 is the electron density and e is the elementary
charge. In Fig. 3 we show two examples of EHs where
we calculate and compare δBL and δBd with observations.

The first EH [Figs. 3(a)–3(d)] is small amplitude
(Φm ¼ 680 V), slow (vEH=vAe ¼ 1=9), and has a weak
δB ∼ 0.01 nT. We use the method of Ref. [25] (using,
instead of the maximum value, δE⊥ evaluated at δEk ¼ 0)
to fit the δE data of the four spacecraft to the electrostatic
field corresponding to Eq. (1), giving l⊥ ¼ 26 km ¼
0.6de ¼ 1.6lk, where de ¼ c=ωpe is the electron inertial
length; Φ0 ¼ 915 V ¼ 1.4Te=e, where Te is the electron
temperature; and the position of the EH. A representation of
the fit is shown in Fig. 3(a), where we plot the spacecraft
(colored dots) and the EH (gray cross) position in the
perpendicular plane. The arrows are the measured (colored)
and predicted (gray) δE⊥ evaluated at δEk ¼ 0, showing
that the EH fit well describes δE⊥ for all four spacecraft.
A time series representation of the fit is shown in Fig. 3(b)
for MMS4, where the measured and fitted δE are the solid
and dashed lines, respectively, affirming that the fit is in
good agreement with observations. With Φ0, lk, and l⊥
known, we solve Eq. (2) numerically to obtain δBd:δBL is
small; jδBLj ≈ 0.004 nT. We plot MMS4 data of δB (solid
line) together with δBL þ δBd (dashed line) in Fig. 3(c),
and the residual δBres ¼ δB − δBL − δBd in Fig. 3(d). We
find that δB ≈ δBd, the only discrepancy being that
jδBd;⊥1j is overestimated initially. This might be due to
the fact that the EH has a steeper increase of δEk than the
model [Fig. 3(b)]. The second EH [Figs. 3(e)–3(h)] has
larger amplitude (Φm ¼ 3.5 kV), is faster (vEH=vAe ¼ 1=4),
and has a stronger δB ∼ 0.1 nT. We perform the same
analysis and present analogous plots in Fig. 3(e)–3(h). As
before, the EH fit of δE [Figs. 3(e) and 3(f)] agrees well with
observations (Φ0 ¼ 4.2 kV ¼ 1.9Te=e and l⊥ ¼ 40 km ¼
1.1de ¼ 1.6lk), jδBLj ≈ 0.02 nT is small compared to
jδB⊥j, and δBk is well traced by δBd;k. However, when it
comes to δB⊥ there is significant δBres;⊥ implying an
additional mechanism is contributing to δB⊥. We note that
δBres;⊥ is right-hand polarized and its dominant frequency
f ≈ 400 Hz is below fce ≈ 650 Hz. We estimate the wave
normal angle of δBres;⊥ by kk=k⊥ ¼ δB⊥=δBk ¼ 2.6, cor-
responding to a wave normal angle 21°. We thus find that
while δB of the slower EH can be fully explained by δBd, the
faster EH has an additional δBres;⊥ with features consistent
with whistler waves.
We are able to apply this method and calculate δBd for

a total of 19 EHs. The remaining EHs were either not
observed by all four spacecraft (∼50%), had δE that was
qualitatively inconsistent with the assumed potential model,
e.g., bipolar δE⊥ (∼25%), or gave fitting results deemed too
different from observations to be useful (∼15%). For these
19 EHs, δBk is consistently well described by δBd;k, and
jδBLj ≪ jδBd;⊥j, meaning δBd is more important for gen-
erating δB in the observed parameter range of Fig. 2. For all
19 EHs, when δBres;⊥ ≠ 0, it is right-hand polarized with
ω < Ωce < ωpe, which we interpret as being related to the
whistler mode.
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FIG. 3. Two examples of EH fits and induced magnetic fields.
(a) The position of MMS (colored dots) and the EH (gray cross)
in the perpendicular plane. The measured and fitted δE⊥ are
illustrated by the colored and gray arrows, respectively, where the
arrow length is proportional to jδE⊥j. The gray contours are EH
equipotential lines in volts, and the magenta circle corresponds to
r ¼ l⊥. (b) Measured (solid lines) and fitted (dashed lines) δE.
(c) Measured δB (solid lines) and calculated δBL þ δBd (dashed
lines). (d) δB − δBL − δBd. (e)–(h) Same format as (a)–(d) for a
different EH. All fields are high-pass filtered at 50 Hz.
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Because δBres;⊥ is localized to the EHs, we believe the
EHs to be the source of the whistler waves, rather than, for
example, temperature anisotropy or Landau resonance.
In fact, for most observations Te⊥=Tek < 1, so whistler
waves should not grow from temperature anisotropy. In this
section we consider the generation of whistler waves from
EHs via the Cherenkov mechanism, and show that this is
consistent with our observations.
The theory of whistler waves Cherenkov emitted by EHs

is developed and discussed in Ref. [20]. In summary, the
Cherenkov resonance condition is ω=kk ¼ vEH, which
specifies ω and kk of the excited wave. Further, the ratio
of the whistler electric field to that of the EH grows
secularly (linearly in time) at a rate proportional to
ðvEH=vAeÞ4, subject to vEH ≤ vAe=2.
To put our EH observations into the context of the

Cherenkov mechanism, we plot the kinetic (orange and
pink from WHAMP [35]) and cold (blue) whistler
dispersion relation (k⊥ ¼ 0) for one group of slow EHs
(vEH ≈ vAe=16) with Te⊥=Tek ¼ 1.0 in Fig. 4(a), and for
one group of fast EHs (vEH ≈ vAe=4) with Te⊥=Tek ¼ 0.3
in Fig. 4(b). We define and plot ωEH ¼ π=tpp, where tpp is
the peak-to-peak time of δEk, and kEH ¼ ωEH=vEH, color
coding δB⊥. The Cherenkov resonance condition is for a
given EH manifested in the plots as the intersection of
ωrðkkÞ with the straight line passing through the origin and
the point ðkEH;ωEHÞ. The slope of this line corresponds to
vEH, meaning faster EHs excite whistler waves with smaller
kk. The shaded regions contain EH velocities between
maxðvEHÞ and minðvEHÞ for the two groups.
For the slow EHs [Fig. 4(a)], these intersections occur at

kkde ≫ 1. However, for the fast EHs [Fig. 4(b)], we find
that the EHs can excite whistler waves in the wave number
range 2.3 ≤ kkde ≤ 4.7. This interval is marked by the blue
vertical lines at the intersection for the fastest and slowest
EHs. We note that there is an additional permitted region
for small kkde ≪ 1, which was observed in Ref. [20]. For
the observed EHs, however, kk ≈ kEH, which is consistent
with waves in the larger kk interval.
For the permitted waves in the larger kk interval, γ is

large and negative. The resonant whistler waves are thus
strongly damped, providing a possible explanation to why
δBres;⊥ is typically confined within the EHs. Note that we
are investigating the classic Cherenkov mechanism, where
waves are excited by a propagating charge acting as an
antenna [36,37], not by kinetic Landau resonance. This is
why the growth from the Cherenkov mechanism does not
appear in Fig. 4.
Extending the dispersion relation in Fig. 4(b) to include

k⊥ > 0 yields the surface in Figs. 4(c) and 4(d), showing
the relative damping γ=ωr and ellipticity, respectively. By
including k⊥ > 0, the resonant waves go from being points
on a curve to contours on a surface. The blue contours in
Figs. 4(c) and 4(d) show the waves that can be excited by

the fastest and slowest EHs in Fig. 4(b), meaning the other
EHs in Fig. 4(b) can excite whistler waves between these
contours. From observations we have ellipticity values
close to 1, consistent with the permitted k⊥ ≲ kk region in
Fig. 4(d).
Additionally, the fact that we observe a strong vEH=vAe

dependence of δB⊥ (Fig. 2) is explained by the ðvEH=vAeÞ4
dependence of the secular whistler wave growth. vEH=vAe
is 4 times larger for the EHs in Fig. 4(b) than for those
in Fig. 4(a), meaning they grow ∼250 times faster.

(a)

(b)

(c) (d)

FIG. 4. (a),(b) Cold (blue) and kinetic (orange and pink)
whistler dispersion relation (k⊥ ¼ 0) for two different groups
of EHs. The dotted lines are extrapolations (based on the cold
plasma dispersion relation) of the kinetic results, and are not
exact. EH data are plotted with symbols and color bars consistent
with Fig. 2. The average vEH is vAe=16 in (a) and vAe=4 in (b).
The shaded intervals show minðvEHÞ ≤ v ≤ maxðvEHÞ, and the
corresponding kk intervals satisfying ω=kk ¼ vEH are marked in
blue. The black line and cross in (b) show the EH speed and
observed properties of δB⊥ in Fig. 1(j). (c) Whistler dispersion
relation for k⊥ ≥ 0, color coding the relative damping γ=ωr. The
blue contours show the boundaries of the Cherenkov-permitted
regions, and the black contour corresponds to the resonant waves
of the EH in Fig. 1(h). (d) Same as (c), but with ellipticity of δB
color coded, with 1 and −1 meaning right- and left-handed,
respectively.
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This explains why significant δBres;⊥ is observed only for
the fast EHs, as was found in Fig. 3.
As an example, we consider the EH with the tail-like

δB⊥ shown in Figs. 1(g) and 1(j). This EH is located at the
point kEHde ¼ 2.0, ωEH=ωce ¼ 0.55 in Fig. 4(b), and its
velocity vEH ¼ 0.28vAe corresponds to the black line. From
the Cherenkov resonance condition we expect the emitted
whistler wave to have ω=Ωce ¼ 0.73 and kkde ¼ 2.7. The
EH is observed by all four MMS spacecraft and we apply a
generalized four-spacecraft version of the method dis-
cussed in Ref. [10] on δB⊥ to determine ω=Ωce ¼ 0.76
and kkde ¼ 3.2. This point is marked in Fig. 4(b) with a
black cross. The predicted damping for the observed wave
is γ ≈ −0.25Ωce, qualitatively consistent with the strong
decay seen in Fig. 1(j). Taking the observed k⊥de ¼ 0.53
into account in Figs. 4(c) and 4(d), the black contour
corresponds to the Cherenkov resonant waves, and we see
that the observed wave (black cross) is still close to the
modes predicted by the Cherenkov mechanism. We thus
conclude that the Cherenkov mechanism is in good agree-
ment with observations, and is likely the source of δBres;⊥.
Conclusions.—In summary, we report MMS observa-

tions of electron holes with magnetic field signatures
consisting of monopolar δBk and right-hand polarized
δB⊥. Typically, δB⊥ is confined within the EH and only
one wave period is observed. In rare cases, however,
multiple periods can be observed extending outside the
EH while rapidly decaying. The frequency of δB⊥ is below
Ωce. Using spacecraft timing we calculate vEH and Φm,
finding δB⊥ to correlate with both parameters. We are able
to calculate the magnetic field generated by δE ×B0

drifting electrons, δBd, in a few cases, concluding that
this mechanism is responsible for the observed δBk, and
that δBL ≪ δBd, where δBL is the Lorentz transform of the
EHs’ electric field, in the observed parameter range. For
slow EHs (vEH=vAe ≲ 0.1), δB⊥ ≈ δBd⊥, whereas an addi-
tional δB⊥ source is required for faster EHs. We show that
this additional field is consistent with whistler waves
generated by EHs via the classic Cherenkov mechanism
(not Landau resonance). This is supported by the right-hand
polarization and ω < Ωce, and the fact that significant δB⊥
is observed for EHs with speeds approaching vAe=2. The
kinetic whistler dispersion relation shows that there is
significant damping for the wave numbers predicted from
the Cherenkov mechanism, which suggests that mainly a
near-field signal will be excited. This is consistent with our
observation of δB⊥ being localized to the EH itself.
Using multispacecraft MMS observations we can, for the

first time, quantify individual contributions to δB of EHs.
We report the first observational evidence of EHs
Cherenkov radiating whistler waves, though the waves
tend to be localized within the EHs rather than freely
propagating.
MMS data are available by following the link in

Ref. [38].
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K. Saéki, and V. A. Turikov, Observations of solitary
structures in a magnetized, plasma loaded waveguide, Phys.
Scr. 20, 328 (1979).

[12] W. Fox, M. Porkolab, J. Egedal, N. Katz, and A. Le,
Laboratory Observation of Electron Phase-Space Holes
during Magnetic Reconnection, Phys. Rev. Lett. 101,
255003 (2008).

[13] B. Lefebvre, L.-J. Chen, W. Gekelman, P. Kintner, J. Pickett,
P. Pribyl, S. Vincena, F. Chiang, and J. Judy, Laboratory
Measurements of Electrostatic Solitary Structures Gener-
ated by Beam Injection, Phys. Rev. Lett. 105, 115001
(2010).

[14] Y. Omura, H. Matsumoto, T. Miyake, and H. Kojima,
Electron beam instabilities as generation mechanism of
electrostatic solitary waves in the magnetotail, J. Geophys.
Res. 101, 2685 (1996).

PHYSICAL REVIEW LETTERS 123, 255101 (2019)

255101-5

https://doi.org/10.1088/0031-8949/20/3-4/006
https://doi.org/10.1088/0031-8949/20/3-4/006
https://doi.org/10.1088/0032-1028/14/10/002
https://doi.org/10.1063/1.4976854
https://doi.org/10.1029/2010GL043608
https://doi.org/10.1002/2016JA023337
https://doi.org/10.1002/2016JA023337
https://doi.org/10.1029/94GL01284
https://doi.org/10.1103/PhysRevLett.81.826
https://doi.org/10.1016/j.asr.2007.05.064
https://doi.org/10.1002/2015GL065390
https://doi.org/10.1002/2015JA021527
https://doi.org/10.1088/0031-8949/20/3-4/005
https://doi.org/10.1088/0031-8949/20/3-4/005
https://doi.org/10.1103/PhysRevLett.101.255003
https://doi.org/10.1103/PhysRevLett.101.255003
https://doi.org/10.1103/PhysRevLett.105.115001
https://doi.org/10.1103/PhysRevLett.105.115001
https://doi.org/10.1029/95JA03145
https://doi.org/10.1029/95JA03145


[15] T. Miyake, Y. Omura, H. Matsumoto, and H. Kojima, Two-
dimensional computer simulations of electrostatic solitary
waves observed by Geotail spacecraft, J. Geophys. Res.
103, 11841 (1998).

[16] J. F. Drake, M. Swisdak, C. Cattell, M. A. Shay, B. N.
Rogers, and A. Zeiler, Formation of electron holes and
particle energization during magnetic reconnection, Science
299, 873 (2003).

[17] C. Cattell, J. Dombeck, J. Wygant, J. F. Drake, M. Swisdak,
M. L. Goldstein, W. Keith, A. Fazakerley, M. André, E.
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