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Abstract Three flux ropes associated with near-Earth magnetotail reconnection are analyzed using
Magnetospheric Multiscale observations. The flux ropes are Earthward propagating with sizes from ∼3 to 11
ion inertial lengths. Significantly different axial orientations are observed, suggesting spatiotemporal
variability in the reconnection and/or flux rope dynamics. An electron-scale vortex, associated with one
of the most intense electric fields (E) in the event, is observed within one of the flux ropes. This E is
predominantly perpendicular to the magnetic field (B); the electron vortex is frozen-in with E × B drifting
electrons carrying perpendicular current and causing a small-scale magnetic enhancement. The vortex
is ∼16 electron gyroradii in size perpendicular to B and potentially elongated parallel to B. The need to
decouple the frozen-in vortical motion from the surrounding plasma implies a parallel E at the structure’s
ends. The formation of frozen-in electron vortices within reconnection-generated flux ropes may have
implications for particle acceleration.

Plain Language Summary The release of magnetic energy into particle motion through magnetic
reconnection is a key driver of dynamics in the Earth’s magnetosphere and other space plasmas. In order to
understand how the released magnetic energy is distributed and ultimately heats the particles, a detailed
examination of the structures formed by magnetic reconnection is necessary. One common structure
produced by reconnection is a twisted magnetic field known as a flux rope. We use new data from the
National Aeronautics and Space Administration’s Magnetospheric Multiscale satellites to examine both
the large- and small-scale properties of three flux ropes associated with a single reconnection event. The
results reveal the intrinsic three-dimensional nature of the overall reconnection event, which may stem
either from variability at the reconnection site and/or the subsequent dynamics of the structures after they
form. Additionally, the high-resolution measurements reveal a new small-scale structure, namely, a vortex of
electrons, inside of one of the flux ropes. The presence of such vortices may contribute to accelerating
particles and points to the necessity of better understanding the substructure of flux ropes in order to
characterize particle energization in magnetic reconnection.

1. Introduction

Magnetic reconnection is a key driver of dynamics in Earth’s magnetosphere, both at the dayside magne-
topause and the magnetotail. In the magnetotail, near-Earth reconnection occurs ∼25RE from Earth. The
resulting reconnection jets transport energy and drive dynamics in the plasma sheet (Sergeev et al., 2012;
Stawarz et al., 2015) and plasma waves excited by reconnection transport energy to the auroral region
(Shay et al., 2011; Stawarz et al., 2017). Understanding the structures and small-scale physics driven by
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reconnection is necessary to answer fundamental questions about reconnection and energy transport in
Earth’s magnetosphere.

Magnetic flux ropes are one type of structure associated with reconnection and are observed in many space
plasmas, including Earth’s plasma sheet (Borg et al., 2012; Eastwood & Kiehas, 2015; Sharma et al., 2008). These
helical magnetic field (B) structures can be generated between two distinct x-lines, either between near-Earth
and distant tail x-lines (Hones, 1977; Hughes & Sibeck, 1987) or two near-Earth x-lines (Eastwood et al., 2005).
Alternatively, they can form as secondary islands, generated by the instability of a single x-line (Daughton
et al., 2006; Drake, Swisdak, Schoeffler, et al., 2006) or an electron Kelvin-Helmholtz instability near the sep-
aratrix (Fermo et al., 2012), which are transported away from the x-line within the reconnection outflows
(Eastwood et al., 2007; Fear et al., 2008; Wang et al., 2010). Flux ropes may facilitate particle acceleration (Dahlin
et al., 2017; Drake, Swisdak, Che, et al., 2006) and are observationally linked with enhanced energetic electrons
(Chen et al., 2008), making accurate descriptions of flux ropes imperative for understanding energy partition
and particle acceleration in reconnection.

The simplest model of a flux rope is a force-free field, where current is aligned with B such that the Lorentz
force is 0 (Lundquist, 1950). The force-free model reasonably describes some flux ropes observed in the plasma
sheet (Slavin, Lepping, Gjerloev, Fairfield, et al., 2003; Yang et al., 2014) and, at Earth’s magnetopause, reason-
ably describes even ion-scale flux ropes (Eastwood et al., 2016). However, additional substructure has been
noted. Slavin, Lepping, Gjerloev, Goldstein, et al. (2003) demonstrated large deviations in the alignment of the
current with B in a plasma sheet flux rope, indicating nonforce-free behavior. Enhanced wave activity, includ-
ing electrostatic, whistler, and kinetic Alfvén waves, has been observed within flux ropes (Kennel et al., 1986;
Øieroset et al., 2014; Wang et al., 2016). Additionally, large electric fields (E), approaching 100 mV/m, have
been observed (Eastwood et al., 2007). While the nature of these E have not been observationally character-
ized, simulations show E within flux ropes with profiles depending on the formation mechanism (Chen et al.,
2012; Huang et al., 2014; Zhou et al., 2012).

The Magnetospheric Multiscale (MMS) mission (Burch et al., 2016), with high-time-resolution, multispacecraft
measurements at separations approaching electron scales, can directly probe electron-scale substructure
within flux ropes. In this study, MMS data are used to examine three flux ropes associated with a magnetotail
reconnection event. An electron vortex is discovered, associated with one of the most intense E in the entire
reconnection event. Such a vortex has not been previously reported within a flux rope, although similar struc-
tures have been identified in other plasma environments. Section 2 gives an overview of the data and event.
Section 3 characterizes the large-scale structure of the flux ropes. Section 4 discusses the small-scale substruc-
ture with focus on the electron vortex. Results are compared and contrasted with observations and theory of
similar electron vortices, and implications for the dynamics within flux ropes are discussed.

2. Observations

On 11 July 2017 at ∼22:34 universal time coordinated (UTC), while MMS was ∼22RE down tail from Earth, the
electron diffusion region (EDR) of a near-Earth magnetotail reconnection event was encountered (Torbert
et al., 2017). Shortly after the EDR, MMS observed three flux ropes. We examine these flux ropes using B mea-
surements from the fluxgate (Russell et al., 2016) and searchcoil (Le Contel et al., 2016) magnetometers, E
measurements from the electric field double probes (Ergun et al., 2016; Lindqvist et al., 2016), and plasma
moments, such as the ion (Vi) and electron (Ve) velocities, from the Fast Plasma Investigation (FPI; Pollock
et al., 2016) and Hot Plasma Composition Analyzer (Young et al., 2016). The spacecraft are separated by ∼15
km, which is approximately the electron inertial length (de) and much smaller than the ion inertial length (di)
of ∼540 km. The thermal electron gyroradius (𝜌e) is ∼10 km.

The tetrahedral formation of MMS allows computation of the current density (J) using the curlometer tech-
nique (Robert et al., 1998). J can also be computed from plasma measurements using J = neq(Vi −Ve), where
ne is the electron number density, and q is the proton charge. Quasineutrality is assumed such that the higher
resolution ne is appropriate for computing J. Computing J from plasma moments gives independent measure-
ments for each spacecraft, which can be compared with the curlometer by interpolating to the formation’s
barycenter.

Figure 1 gives an overview of the flux ropes and reconnection event in geocentric solar magnetospheric (GSM)
coordinates. At ∼22:34:03 UTC, a local minimum in |B| is observed with tailward to Earthward Vex and Vix

STAWARZ ET AL. 8784



Geophysical Research Letters 10.1029/2018GL079095

Figure 1. Overview of the reconnection event as observed by Magnetospheric Multiscale 1 showing (a–d) the
magnitude and components of B, (e–g) Vi as measured by FPI and HPCA, (h–j) Ve , and (k) E. All vectors are in
geocentric solar magnetospheric coordinates. Three flux ropes (gray shaded) are observed after an x-line encounter
(pink shaded). One of the strongest E in the event is observed within the first flux rope. FPI = Fast Plasma Investigation;
HPCA = Hot Plasma Composition Analyzer.
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Figure 2. Overview of the three flux ropes (gray shaded) showing (a) the magnitude and components of B in GSM
coordinates, (b) spectrogram of E, (c) spectrogram of B, and (d) parallel and perpendicular electron temperature.
Enlarged view of FR1 showing (e) the magnitude and components of B in minimum variance coordinates based on B
between 22:35:07 and 22:35:13.5 universal time coordinated, (f ) E in the same minimum variance coordinate system,
and (g–i) same as (b–d). The electron plasma frequency, electron cyclotron frequency, and ion plasma frequency are
plotted as white, red, and blue curves, respectively, on the spectrograms. GSM = geocentric solar magnetospheric;
FR = flux rope.
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Table 1
Flux Rope Orientations and Sizes

Axial direction [GSM] Tilta Velocityb Size

MVA Timing MVA Timing (km/s) (km) (di)

FR1 [0.06, 0.996, 0.07] [0.51, 0.82, 0.25] 3∘ 32∘ 256 [0.61, −0.32, −0.73] 1,740 3.2

FR2 [0.93, 0.34, 0.13] [0.98, 0.19, 0.001] 70∘ 79∘ 451 [0.29, −0.94, −0.19] 6,010 11

FR3 [0.83, 0.55, 0.09] [0.95, 0.26, −0.18] 56∘ 75∘ 501 [0.24, −0.92, 0.32] 3,910 7.1

Note. GSM = geocentric solar magnetospheric; MVA = minimum variance analysis; FR = flux rope.
aAngle between ŷGSM and axial direction in x̂GSM-ŷGSM plane. bVelocity perpendicular to axial direction in GSM
coordinates.

reversals and a southward to northward Bz reversal, consistent with crossing from tailward to Earthward of a
magnetotail reconnection event. The intense negative, unipolar Vey at the same time is the signature of the
thin reconnecting cross-tail current sheet. The traversal of the reconnection site involved an EDR encounter
(Torbert et al., 2017). A large-scale, tailward to Earthward Vix reversal is observed between 22:32 and 22:38
UTC. FPI and Hot Plasma Composition Analyzer measurements of Vi reasonably agree, although Vi may be
underestimated by a factor of two due to ion distributions extending above the FPI energy range (Torbert
et al., 2017).

In the middle of the large-scale Vi reversal, three flux ropes, characterized by localized |B| enhancements and
bipolar Bz , are observed at 22:35:10, 22:36:00, and 22:36:38 UTC, referred to as FR1, FR2, and FR3, respectively.
Figure 2a shows magnetic profiles of the flux ropes on a shorter timescale. The southward to northward Bz

polarity is consistent with Earthward propagation. Based on the tailward x-line velocity of 170 km/s inferred
from timing analysis (Torbert et al., 2017), these flux ropes are roughly 20, 40, and 50 di from the x-line. FR1
contains a localized E spike of ∼60 mV/m, which is among the largest E in the entire event and is explored
further in section 4.1.

3. Large-Scale Flux Rope Properties

The orientation of the flux rope axes can be estimated with a single spacecraft using minimum variance anal-
ysis (MVA), where B is rotated into a coordinate system such that x̂min, x̂int, and x̂max are directions of minimum,
intermediate, and maximum variation, respectively (Sonnerup & Scheible, 1998). It is assumed one compo-
nent will have a large unipolar variation and is the axial direction. However, the magnetic profile obtained will
depend on the spacecraft trajectory and flux rope structure, with a straight line through the center giving the
most accurate results (Eastwood et al., 2012; Kiehas et al., 2012; Lepping et al., 1990). Figure 2e shows FR1 in
MVA coordinates, where x̂int ∼ −ŷGSM is the axial direction.

Another method for determining the orientation uses multispacecraft timing analysis on |B| (Schwartz, 1998).
Assuming an axially invariant flux rope, the changes in |B|will be the boundaries in the flux rope cross section,
and timing can be used to determine normal directions for the leading (n̂in) and trailing (n̂out) boundaries of
the cross section. Here timing is based on when each spacecraft reaches a specified |B| amplitude, and the
amplitude is varied to ensure consistent results for each boundary. Assuming n̂in is not parallel to n̂out, the
axial direction is given by n̂in × n̂out∕|n̂in × n̂out|.

Table 1 summarizes the axial directions for each flux rope. Both methods show the flux ropes have different
orientations, predominantly in the x̂GSM − ŷGSM plane, with FR2 and FR3 tilted more toward x̂GSM than FR1. This
conclusion is consistent with magnetic profiles in Figure 2a, where FR1 shows a clear axial field signature in
By,GSM, while FR2 and FR3 have indications of the axial field in Bx,GSM. The tilt is quantified in columns 4 and 5
of Table 1 in terms of the angle between ŷGSM and the axial direction in the x̂GSM − ŷGSM plane. Relative angles
between n̂in and n̂out range from 23∘ to 127∘, where 0∘ is consistent with a straight line through the center of
a circular flux rope, indicating timing may provide the more precise estimate.

The tilts are consistent with previous statistical studies, showing axial directions are confined to the x̂GSM−ŷGSM

plane with a wide range of angles in this plane (Slavin, Lepping, Gjerloev, Fairfield, et al., 2003). Global simu-
lations also show large tilts near the x-line (Lu, Lin, et al., 2015; Lu, Lu, et al., 2015). However, in contrast to the
present study, previous observations of sequential tailward propagating flux ropes have found smaller tilts
(<45∘) with less variability within a given set of sequential flux ropes (Hietala et al., 2014; Kiehas et al., 2012).
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The observations here, showing significant variability in orientation close to the x-line, indicate spatiotempo-
ral variability in the reconnection or subsequent dynamics, such as rotation or kinking, of the flux ropes as
they propagate away from the x-line.

Assuming cylindrical symmetry, the velocity perpendicular to the axial direction can be estimated using tim-
ing analysis on the peak |B|, which is done by correlating the signals from each spacecraft (Eastwood et al.,
2016). Combined with the flux rope duration, taken to be the shaded intervals in Figures 2a–2d, these veloc-
ities give lower bounds on the flux rope sizes. Velocities and sizes are given in columns 6–8 of Table 1. The
flux ropes are traveling broadly Earthward, although with significant ŷGSM and ẑGSM components, and sizes
are consistent with ion scale flux ropes. The velocities slightly overestimate FPI Vi measurements of 170–350
km/s perpendicular to the axes, consistent with FPI underestimating Vi as mentioned above. Normal direc-
tions obtained from this analysis are roughly perpendicular to the axes found in the previous analyses (within
20∘ for MVA and 8∘ for timing), as expected.

4. Small-Scale Substructure

Spectrograms of high frequency (>10 Hz) E fluctuations (Figures 2b and 2g) reveal all three flux ropes show
enhanced E power above that of the ambient plasma, as noted in other studies (Kennel et al., 1986; Øieroset
et al., 2014; Wang et al., 2016). The E activity extends up to the electron plasma frequency, and localized
enhancements in time and frequency are present. Similar enhancements in high-frequency magnetic fluctua-
tions are not present, indicating largely electrostatic behavior. However, localized enhancements in magnetic
fluctuations are present, for example, on the outgoing edge of FR1 between 100 and 200 Hz (Figure 2h) and
ingoing boundary of FR3 at∼50 Hz, associated with localized electron heating in the perpendicular and paral-
lel directions, respectively. We focus on the detailed analysis of one of the most intense E, which is associated
with an electron vortex.

4.1. Electron-Scale Vortex
In Figures 2e and 2f, the intense E, observed between 22:35:08 and 22:35:09 UTC, is associated with a
small-scale enhancement in axial B and consequently |B|. E is largely perpendicular to the axial direction and
is, in fact, perpendicular to the local B. Figure 3a plots the |B| perturbation with the larger-scale flux rope sig-
nature removed by a 1-s running average. Figures 3b and 3c plot the components of E perpendicular to the
local B. In this coordinate system, ⟂̂1 ∼ ẑGSM and ⟂̂2 ∼ x̂GSM. The most intense E, in the −⟂̂1 direction, is asso-
ciated with the leading edge of the magnetic perturbation, while a less intense E in the (⟂̂1,−⟂̂2) direction is
associated with the trailing edge. A component of J parallel to B is expected within a flux rope and is present
on large scales compared to the intense E. However, a perpendicular J is present, carried predominantly by
electrons, with a similar profile to E but perpendicular to E, with the leading edge in the −⟂̂2 direction and a
weaker trailing edge in the (+⟂̂1,+⟂̂2) direction as seen in Figures 3d and 3e.

Correlating E⟂1 from each spacecraft for the negative and positive peaks, corresponding to the lead-
ing and trailing edges of the structure, and performing timing analysis gives normal directions n̂− =
[0.14,−0.07,−0.99] and n̂+ = [0.78,−0.02,−0.63] in GSM coordinates. The relative orientation of n̂− and
n̂+ along with the J⟂ orientations is consistent with a perpendicular current loop as illustrated in Figure 3h.
Figures 3f and 3g plot E at the resolution of Ve, −Ve × B and −Vi × B, demonstrating B is decoupled from the
ions and largely frozen-in to the electrons. Other terms from Ohm’s law, such as the divergence of electron
pressure (not shown), do not show significant signals above the noise. As J is carried by electrons, evident in
Figures 1e–1j, this structure corresponds to an electron vortex. Based on timing velocities, current layer thick-
nesses are ∼40 km (2.5de or 4𝜌e) on both the leading and trailing boundaries, and the full structure is ∼160
km (10de or 16𝜌e). While the vortex has a magnetic enhancement, similar to a flux rope, the vortex itself does
not contain a helical B and contains significant J⟂, making it a distinct type of structure.

The small size, which is much less than di and slightly larger than de, and fact J⟂ is perpendicular to E suggest J⟂
is carried by E × B drifting electrons. Since the scale of E is much less than the ion scales, the ions are decoupled
from E allowing the E × B drift to drive a current. Such dynamics are fundamentally associated with the Hall
term in Ohm’s law. Assuming J is purely associated with an electron, E × B drift gives JE × B = −qneE × B∕|B|2,
where E is in the bulk plasma frame. Figures 3d and 3e plot JE × B in red. The transformation of E to the bulk
plasma frame makes a negligible contribution in this case. In both J⟂ components, peaks associated with the
electron vortex show good agreement between the measured J and JE × B.
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Figure 3. Enlarged view of the electron vortex, showing (a) the perturbation in B with a 1-s running average removed as observed by the four spacecraft, (b and
c) perpendicular components of E as observed by the four spacecraft, and (d and e) perpendicular components of J computed from the curlometer (1/128-s
cadence, black), Fast Plasma Investigation moments (0.03-s cadence, blue), and assuming J is due to an electron E × B drift (1/128-s cadence, red). The latter two
J estimates are averaged to the barycenter. (f and g) Perpendicular components of E, −Vi × B and −Ve × B averaged to the barycenter. E and −Ve × B are filtered
to 8 Hz to reduce noise. (h) Diagram of the electron-scale vortex encountered within flux rope 1. GSM = geocentric solar magnetospheric; MMS =
Magnetospheric Multiscale; FPI = Fast Plasma Investigation.

The asymmetry in the vortex, noted above, is likely associated with the large-scale gradient in B due to the
flux rope. As seen in Figure 2e, the total |B| perturbation is larger on the ingoing boundary, associated with
the larger E, than on the outgoing boundary, associated with the smaller E. Since the current layer thickness
is roughly the same on both boundaries, the asymmetry to the magnetic perturbation will cause such an
asymmetry in J and E.

The MMS formation is over 10 times smaller than the vortex, evident in the nearly identical profiles for the
spacecraft in Figures 3a–3c, which limits knowledge of the vortex shape. One observed difference between
the spacecraft, particularly on the outgoing boundary, is the orientation of E in the ⟂̂1 − ⟂̂2 plane, ranging
from 31∘ for MMS1 to 67∘ for MMS3 relative to −⟂̂2. Assuming E is normal to the boundary and given the
relative spacecraft locations, the angles are consistent with a curved boundary as illustrated in Figure 3h,
particularly for MMS2–4. MMS1 crossed the boundary last and is shallower than expected, which could relate
to deformation from a circular shape, temporal variation, and/or the detailed trajectory through the structure.
It is difficult to separate these possibilities given the small formation size relative to the vortex.

The electron vortex is reminiscent of small-scale magnetic holes, observed extensively in the plasma sheet
(Gershman et al., 2016; Goodrich, Ergun, & Stawarz, 2016; Goodrich, Ergun, Wilder, et al., 2016), magnetosheath
(Huang, Du, et al., 2017; Huang, Sahraoui, et al., 2017; Yao et al., 2017), and kinetic simulations (Haynes et al.,
2015). In these structures, electron-scale current loops generate depletions in |B|, and similar to the structure
observed here, J in some cases is linked to electron E × B drifts (Goodrich, Ergun, & Stawarz, 2016). However,
a key difference here is that the vortex causes a magnetic enhancement instead of a depletion. It is possible
the structure observed here is the analog of a magnetic hole with reversed polarity. Magnetic enhancements
associated with small-scale current loops have not been as extensively discussed in the literature. However,
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recent MMS observations near the magnetopause report electron scale magnetic enhancements (Yao et al.,
2018), although the behavior of E is not examined.

Magnetic enhancements have also been studied theoretically (Tao et al., 2011; Treumann & Baumjohann,
2012) and observed (Andersson et al., 2009; Le Contel et al., 2017) in association with electron phase-space
holes. In these structures, a net charge density caused by the phase-space hole drives a radial E and azimuthal
J via an E × B drift (Treumann & Baumjohann, 2012). Electron phase-space holes, associated with positive
charge density, generate an enhancement in B, while ion phase-space holes cause a depletion. However,
phase-space holes often have a bipolar E|| in observations due to fast propagation along B (e.g., Andersson
et al., 2009; Ergun et al., 1998), which is not observed in this structure. A local depletion in ne is associated
with the electron vortex. However, based on the thickness of the vortex boundaries and Gauss’s law with an
assumed linear gradient, the necessary difference between ion and electron number density to produce the
observed E is ∼10−4 cm−3, and the particle measurements are not accurate enough to confirm such a charge
separation.

The observed vortex does not exhibit a clear signature to infer the propagation velocity and length scale
along B. The lack of E|| and fact that timing analysis indicates boundaries perpendicular to B may indicate the
structure is extended along B. However, the parallel length can only be constrained as larger than the∼15-km
spacecraft separation.

B is frozen-in to the electron flow within the vortex such that B will be entrained by the vortical motion. At the
structure’s ends, where there is a boundary between vortical and nonvortical motion, nonfrozen-in behavior
and an E|| are necessary to decouple the structure from the surrounding plasma, which may impact particle
acceleration. The strength of E|| is unclear since the parallel gradients are not known; however, integrating
E⟂ on the ingoing and outgoing boundaries using the timing velocities gives changes in electric potential of
∼1,800 and 500 V, respectively.

Twisting of B at the structure’s ends would occur on the timescale of the vortex making one rotation. Taking
the diameter as 160 km with Ve observed to be∼5,000 km/s gives a vortex turnover time of∼0.1 s. Enhanced E
and B power at ∼10 Hz is associated with the electron vortex in Figures 2g and 2h, which may indicate waves
driven by the vortex. Fluxgate magnetometer spectrograms (not shown) also confirm a peak at ∼10 Hz.

5. Conclusions

We report novel observations of an electron-scale vortex within a flux rope in Earth’s magnetotail. The vortex
has an intense perpendicular E, directed radially outward from the vortex, and a vortical perpendicular current
carried by E × B drifting electrons. The physics is similar to small-scale magnetic holes but with a magnetic
enhancement instead of a depletion. While strong E have been previously reported within flux ropes, the
unique capabilities of MMS enable a detailed examination of the electron-scale structure, which has not been
previously possible.

Both the flux rope containing the electron vortex and the two nearby flux ropes are ion-scale structures,
observed in close proximity (within 3 min) of an EDR reported by Torbert et al. (2017). The orientation of the
flux rope axes is variable, with one flux rope oriented more along the cross-tail direction and the other two
more toward the Earthward-tailward direction. This variability indicates potential spatiotemporal variability
in the reconnection or subsequent dynamics and the necessity of three-dimensional simulations to model
the system.

The results of this study prompt important questions about the substructure of flux ropes. How common
are electron vortices within flux ropes and does their prevalence depend on plasma parameters? The vortex
observed here was within a magnetotail flux rope; however, do they also occur within magnetopause flux
ropes? Answering these questions will place constraints on the formation and stability of electron vortices.
Additionally, simulations will help determine how such vortices are formed. A number of mechanisms may
lead to the formation of magnetic holes (Sundberg et al., 2015), and the mechanisms that form electron vor-
tices with magnetic enhancements are further unknown. Finally, the stability of these structures and their
role in particle acceleration requires investigation. This study suggests these vortices may excite waves, and
E|| at the ends of these structures along B may accelerate particles. Such processes should be considered in
understanding the energetics of flux ropes and reconnection outflows.
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