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Key Points:14

• On April 24th, 2023, MMS observed an Alfvén Wing formation along the dawn-15

flank of Earth’s magnetosphere.16

• MMS’s observations represent the first in situ measurements of Alfvén Wing cur-17

rent structures.18

• The current structures are found to be primarily anti-field-aligned, electron-driven,19

and filamentary.20
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Abstract21

On April 24th, 2023, a CME event caused the solar wind to become sub-Alfvénic,22

leading to the development of an Alfvén Wing configuration in the Earth’s magnetosphere.23

Alfvén Wings have previously been observed as cavities of low flow in Jupiter’s magne-24

tosphere, but the observing spacecraft did not have the ability to directly measure the25

Alfvén Wings’ current structures. Through in situ measurements made by the Magne-26

tospheric Multiscale (MMS) spacecraft, the April 24th event provides us with the first27

direct measurements of current structures during an Alfvén Wing configuration. These28

structures are observed to be significantly more anti-field-aligned and electron-driven than29

the typical diamagnetic magnetopause current, indicating the disruption caused to the30

magnetosphere current system by the Alfvén Wing formation. The magnetopause cur-31

rent is then observed to recover more of its typical, perpendicular structure during the32

magnetosphere’s recovery from the Alfvén Wing formation.33

Plain Language Summary34

The solar wind applies pressure on the Earth’s magnetic field, distorting it from35

a dipole into its compressed dayside and stretched tail configuration. However, this typ-36

ical structure can be disrupted by eruptive solar events such as Coronal Mass Ejections37

(CMEs), which may cause the solar wind’s pressure to drop low enough that it is no longer38

able to push the magnetosphere back to form a single unified tail. When this occurs, the39

tail splits into two separate structures, called Alfvén Wings. While this configuration is40

rare at Earth, it is common at the outer planets and their moons, where Alfvén Wing41

configurations have been studied and modeled. However, because the observing space-42

craft lacked the necessary instrumentation, we have not yet directly observed the Alfvén43

Wing current structures. On April 24th, 2023, a CME event led to the creation of Alfvén44

Wing formations in the Earth’s magnetosphere. We observed this event using the Mag-45

netospheric Multiscale (MMS) spacecraft, which enabled us to make the first direct ob-46

servations of Alfvén Wing current structures. These currents were found to be mainly47

parallel to the local magnetic field, in contrast to typical magnetopause currents, indi-48

cating the complex nature of the disrupted magnetosphere’s current system.49

1 Introduction50

Coronal Mass Ejections (CMEs) are events that project fast moving solar wind plasma51

and magnetic field lines into the interplanetary medium, creating disturbances and in-52

teracting with the background solar wind to create shocks - see Beedle, Rura, et al. (2022)53

and sources therein. Upon reaching Earth, these events cause significant disruptions to54

the magnetosphere’s systems through magnetic reconnection on the dayside magnetopause,55

and the loading of energy into the tail. CMEs are also able to introduce the magneto-56

sphere system to an environment with very low density and high magnetic field strength57

- e.g. Ridley (2007). Because of these low density conditions, CMEs can cause the so-58

lar wind to become sub-Alfvénic where the solar wind mach number drops below 1, a59

significant decrease from the typical solar wind mach number of ∼11 (Schunk & Nagy,60

2000). During such times, as the solar wind pressure collapses, the bow shock may dis-61

appear and Alfvén Wings form in the magnetosphere, dividing the once unified magne-62

totail into a dual configuration such as modeled in the simulations of Chané et al. (2015)63

etc. Note, the Alfvén Wings form above the poles of a body when the IMF is dominantly64

BZ orientated, while the wings instead form along the flanks when IMF BY becomes more65

dominant.66

The current structure associated with the formation of an Alfvén Wing configu-67

ration has been modeled and explored in studies for Jupiter, Saturn, and their associ-68

ated moons - see Neubauer (1980), Kivelson et al. (2004), Jia et al. (2010) and the as-69
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sociated references - as well as in the Earth’s magnetosphere - see Ridley (2007); Chané70

et al. (2015); Y. Chen et al. (2024). In both cases, the current structures are theorized71

to be dominantly field-aligned and run along both edges of the Alfvén Wings, which Jia72

et al. (2010) aptly entitle as “Alfvén Wing currents”. These current structures develop73

to connect the Alfvén Wing system to the surrounding solar wind flows which enables74

momentum to be transferred that re-accelerates the slower Alfvén Wing plasma back to75

the solar wind’s speed (Zhang et al., 2016). The resulting field-aligned current system76

is then thought to close through perpendicular currents, such as the Pederson currents,77

in the ionosphere of the moon, or planet in question (Jia et al., 2010). Alfvén Wing for-78

mations have also been observed around the Moon by Zhang et al. (2016) utilizing the79

ARTEMIS spacecraft. Like the studies in the outer planets, Zhang et al. (2016) asso-80

ciated the Alfvén Wing structures with field-aligned currents through hybrid simulations.81

However, no in situ measurements of the current structures inside the Alfvén Wing for-82

mations were recorded because of the limited instrumental capabilities of the observing83

spacecraft.84

On April 23rd, 2023, a CME event began impacting the Earth’s magnetosphere.85

This continued into April 24th when the CME’s sheath and magnetic cloud were observed86

passing over the magnetosphere by the Magnetospheric Multiscale (MMS) spacecraft,87

which were positioned on the dawn-flank of the magnetosphere on an inbound trajec-88

tory (L.-J. Chen et al., 2024). During this time, MMS observed the sub-Alfvénic effects89

of the solar wind which caused an Alfvén Wing structure to form. Because of MMS’s90

trajectory through this unusual configuration of the Earth’s magnetosphere, we were able91

to study the first in situ measurements of current structures associated with an Alfvén92

Wing formation.93

Figure 1 provides an overview of MMS 1’s fast survey and burst mode data cap-94

tured during observations made in the unshocked magnetosheath and into the magne-95

tosphere. From panel (b) we can see how the CME was primarily dominated by the IMF’s96

BY component, which caused the Alfvén Wings to eventually form on the flanks of the97

magnetosphere. Panel (e) illustrates the lack of a typical bow shock in the magnetosphere,98

resulting in a rarefied, unshocked, solar wind-like plasma in the magnetosheath. From99

approximately 14:00 to 14:40 UT, MMS interacted with the dawn-flank Alfvén Wing and100

a newly-formed magnetosphere region of closed field lines as is illustrated by the ion de-101

celeration in panel (f) and the ion and electron spectrograms in panels (c) and (d). Af-102

ter 15:00 UT, the magnetosphere began to recover from the sub-Alfvénic solar wind con-103

ditions and gradually reformed its traditional tail configuration (Y. Chen et al., 2024).104

In the proceeding sections, we will cover the current structures observed by the MMS105

spacecraft from times when MMS’s high resolution burst mode data was available: dur-106

ing the Alfvén Wing timeframe from 14:05 - 14:40 UT, and from the Recovery timeframe107

from 15:05 - 15:15 UT.108

2 Methods and Data109

For this study, we took data from MMS’s Fast Plasma Investigation (FPI) (Pollock110

et al., 2016) and Fluxgate Magnetometer (C. T. Russell et al., 2016) instruments, which111

enabled observations of the plasma properties and magnetic field conditions from the MMS1112

spacecraft. Ion plasma and magnetic field data taken from the MMS spacecraft, and the113

calculated currents, were interpolated to the 30 ms FPI electron time resolution from114

the 150 ms ion, and the 10 ms magnetometer time resolutions respectively.115

To study the current structures during these time frames, we utilized MMS1’s FPI116

instruments to measure the total current density that arises from the plasma moments,117

also known as the FPI current:118
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Figure 1. Overview figure from MMS1 of combined fast survey mode data and high reso-

lution burst mode data from 12:00 to 16:00 UT on April 24th. Detailed figures covering select

burst mode intervals are included in Figures 2 and 4, whose time spans are indicated above by

the colored intervals. (a) availability of Burst and Fast mode data across the timeframe, (b) the

magnetic field magnitude and components in GSE coordinates, (c)-(d) ion and electron omni

directional spectrograms, (e) ion and electron number densities, (f)-(g) ion and electron velocities

in GSE coordinates, (h) ion perpendicular and parallel temperature, (i) electron perpendicular

and parallel temperature. Note, the position of MMS in GSM coordinates is included at the bot-

tom of the figure. The base figure was produced using NASA Goddard’s MMS FPI Visualizer

software.
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JFPI = neq(vi − ve), (1)

where ne is the electron density and vi and ve are the ion and electron velocities respec-119

tively. We also considered the components of the FPI current parallel and perpendic-120

ular to the magnetic field B:121

JFPI∥ =

(
B · JFPI

|B|

)
B̂ , JFPI⊥ = JFPI − JFPI∥. (2)

The results from the above currents can be seen in Figures 2 - 4 in subpanels (h)-(j). All122

quantities are presented in GSE coordinates.123

One note regarding the plasma data taken over both the Alfvén Wing and Recov-124

ery timeframe, is that the plasma is generally much more rarefied and solar wind-like than125

is typically expected in the magnetosheath and magnetosphere. Because of the lack of126

a typical bow shock during this time, the solar wind plasma is no longer shocked, and127

thus appears as low density and with a high velocity as can be seen in Figure 1. In or-128

der to mitigate the noise that is introduced to the plasma data because of this more so-129

lar wind-like plasma, we applied a boxcar smoothing algorithm to the plots shown in Fig-130

ures 2 - 3, specifically in subplots (d)-(k) of those figures.131

3 Alfvén Wing Transformation: 14:00 - 14:40 UT132

From 14:05 to 14:40 UT on April 24th, the MMS spacecraft encountered the dawn-133

flank Alfvén Wing and a newly-formed magnetosphere region and made observations of134

their current structures. Two intervals from this timeframe are shown in Figure 2.135

3.1 Dawn-Flank Alfvén Wing136

Starting with the 14:05 - 14:10 UT timeframe depicted in Panel A of Figure 2, we137

can see several small-scale current structures associated with the dawn-flank Alfvén Wing.138

These current structures occur in a hot plasma that is defined by increases in the elec-139

tron energy spectrogram, fluctuations in the electron density, and electron (and to a lesser140

extent ion) acceleration. All elements indicating that MMS is encountering magnetospheric141

origin plasma, which is possibly heated and accelerated by reconnection elsewhere in the142

magnetosphere. Taking a look at the current components in subpanels (h)-(j), the cur-143

rent structures are almost entirely field-aligned, especially in the YGSE and ZGSE direc-144

tions, with the scalar parallel current shown in subpanel (k) indicating that the current145

structures are majority anti-field-aligned. The perpendicular current density components,146

on the other hand, barely show current fluctuations above the background.147

An individual current structure at 14:05:10 UT is shown in Figure 3, Panel A. This148

zoomed-in view allows us to clearly see how field-aligned the individual structures are,149

with the perpendicular current density in this case being almost indistinguishable from150

the background current density fluctuations. This figure also shows how the current struc-151

ture is primarily reliant on the electron velocity in subpanel (g), indicating these struc-152

tures also tend to be electron-driven.153

3.2 Newly-Formed Magnetosphere Region154

Moving to the 14:25 - 14:35 UT timeframe shown in Panel B of Figure 2, MMS is155

now out of the dawn-flank Alfvén Wing and encountering a region of closed field lines,156

such as would occur in a newly produced magnetosphere region, albeit one that sees sig-157

nificant disruption because of the Alfvén Wing transformation. This movement into the158

magnetosphere is highlighted by the vanishing IMF BY component in subpanel (a).159
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Figure 2. MMS1 burst mode data from 14:05 - 14:10 UT in Panel A when MMS encountered

the dawn-flank Alfvén Wing, and 14:25 - 14:35 UT in Panel B when MMS was inside a region

of closed magnetic field lines in the Earth’s magnetosphere. Subpanels: (a) the magnetic field

magnitude and components, (b)-(c) ion and electron omni directional spectrograms, (d) electron

number density, (e) ion perpendicular and parallel temperature, (f)-(g) ion and electron velocity,

(h) FPI current density, (i) FPI current density parallel to the local magnetic field, (j) perpen-

dicular FPI current density, (k) scalar parallel current density. All vector quantities are shown in

GSE coordinates.
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We can again see current structures during this timeframe, but these are much closer160

together and also appear inside significantly stronger background fluctuations. Even though161

the background magnetosphere is disrupted, the current structures during this time are162

still associated with magnetic field fluctuations and small reversals, but in the By com-163

ponent instead of the Bx component as was earlier observed. The ion velocity shows an164

overall deceleration throughout the timeframe with several reversals throughout 14:25165

- 14:35 UT, highlighting the transition of MMS into this magnetospheric region. Just166

like in the previous panel, the electron velocity tends to dominate over the ion velocity.167

Looking closer at the current structures in subpanels (h)-(k), they again appear to be168

primarily anti-field-aligned and electron-driven like in the dawn-flank Alfvén Wing, but169

with less defined structure.170

3.3 Comparison to Typical Magnetosphere Currents171

The current structures recorded during the Alfvén Wing transformation, be it in172

the dawn-flank Alfvén Wing or magnetosphere region, are found to be primarily anti-173

field-aligned, electron-driven, and filamentary. This is in contrast to what is typically ex-174

pected from the magnetopause boundary currents, which are diamagnetic currents, per-175

pendicular to the magnetic field, and tend to be ion-driven - e.g. Haaland et al. (2019,176

2020); Beedle, Gershman, et al. (2022) etc. However, these current structures do resem-177

ble the simulated and theorized field-aligned “Alfvén Wing currents” mentioned in Neubauer178

(1980), Kivelson et al. (2004), Jia et al. (2010), with the caveat that the field-aligned cur-179

rents are now appearing along the flanks of the magnetosphere instead of above and be-180

low the Earth given the April 24th event’s dominant IMF BY component, in compar-181

ison to these past paper’s IMF BZ component. This similarity is also limited given that182

the Alfvén Wings are forming along the flanks of the already complex magnetosphere,183

which results in a more complicated current system as is shown in simulations from Ridley184

(2007); Y. Chen et al. (2024), and will be discussed in Section 5.185

–7–



manuscript submitted to Geophysical Research Letters

Figure 3. MMS1 burst mode data over two individual current structures from the Alfvén

Wing transformation, Panel A, and from the Recovery Phase, Panel B. Subpanels: (a) the mag-

netic field magnitude and components, (b)-(c) ion and electron omni directional spectrograms,

(d) electron number density, (e) ion perpendicular and parallel temperature, (f)-(g) ion and elec-

tron velocity, (h) FPI current density, (i) FPI current density parallel to the local magnetic field,

(j) perpendicular FPI current density, (k) scalar parallel current density. All vector quantities are

shown in GSE coordinates. Note the dominance of the anti-field-aligned current density during

the Alfvén Wing transformation structure, while the Recovery Phase structure at 15:09:10 UT

shows comparable parallel and perpendicular current density components.
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4 Recovery Phase: 15:05 - 15:15 UT186

After 15:00 UT on April 24th, the magnetosphere began its recovery from the Alfvén187

Wing configuration with MMS recording multiple burst mode intervals during this time.188

Shown in Figure 4 is one such interval from 15:05 to 15:15 UT where MMS encounters189

several current structures. These structures occur during fluctuations in the magnetic190

field with the BX component showing slight reversals, and the other components show-191

ing perturbations. We can also see that the magnitude of the magnetic field tends to in-192

crease over the current structures, especially the larger structures near 15:11:15 and 15:15:00193

UT. These structures are also associated with sharp increases in the electron spectro-194

grams and electron density, as well as the ion temperature, especially in the parallel com-195

ponent. Both the ion and electron velocities also see significant fluctuations, driving the196

current density observed in subpanels (h)-(j). Looking at the current density composi-197

tion, the total current is composed of both significant parallel and perpendicular com-198

ponents, unlike the earlier Alfvén Wing structures. The parallel current density is pri-199

marily in the YGSE and ZGSE directions, while the perpendicular current contains the200

majority of the XGSE current density with a significant component also along ZGSE . To-201

gether, these form a total current density with magnitude peaks roughly two times stronger202

than the Alfvén Wing structures. From these signatures, it appears that MMS is mak-203

ing brief incursions into the now recovering magnetosphere possibly encountering a re-204

forming magnetopause current as is evidenced by the increasingly relevant perpendic-205

ular and more ion-driven current.206

Figure 3, Panel B zooms into an individual current structure at 15:09:10 UT where207

we can again see these characteristics, but in higher detail. Specifically, comparing the208

ion and electron velocities over the current structure, we can see that both the ion and209

electron velocities contribute to the formation of the overall current density. This smaller210

timeframe also illustrates how the Recovery Phase still sees current structures reminis-211

cent of the earlier Alfvén Wing structures as we can see another current structure slightly212

earlier than the primary one at 15:09:10. This earlier current structure is primarily electron-213

driven and field-aligned, unlike the 15:09:10 structure which is both ion and electron-214

driven and has both parallel and perpendicular components.215

Comparing the Recovery Phase structures with the earlier Alfvén Wing structures,216

we can see several key differences. The first involves the orientation of the current den-217

sity itself, with the Recovery Phase structures having both significant parallel and per-218

pendicular components, while the Alfvén Wing structures are primarily field-aligned with219

dominant parallel current components. This indicates that the magnetosphere is, indeed,220

recovering from the Alfvén Wing configuration with the formerly field-aligned Alfvén Wing221

current structures beginning to reform into the primarily perpendicular Chapman-Ferraro222

current structure of the magnetosphere’s more typical dayside magnetopause structure223

- e.g. Chapman and Ferraro (1931); Haaland et al. (2019, 2020) etc. However, as noted224

when looking at Figure 3, Panel B, there are still smaller scale structures in the Recov-225

ery Phase that are similar to the earlier Alfvén Wing structures, indicating that the mag-226

netosphere is still in a perturbed state from the Alfvén Wing configuration.227
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Figure 4. MMS1 burst mode data from 15:05 - 15:15 UT which covers times when MMS was

inside the magnetosphere while it was recovering from the Alfvén Wing configuration. Subpan-

els: (a) the magnetic field magnitude and components, (b)-(c) ion and electron omni directional

spectrograms, (d) electron number density, (e) ion perpendicular and parallel temperature, (f)-(g)

ion and electron velocity, (h) FPI current density, (i) FPI current density parallel to the local

magnetic field, (j) perpendicular FPI current density, (k) scalar parallel current density. All vec-

tor quantities are shown in GSE coordinates. Note, the wave-like pattern seen in the XGSE and

YGSE components of the Ve plot is likely caused by spinetone or spinetone harmonic effects from

the FPI instrument - see D. J. Gershman et al. (2019).
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5 Discussion: The Magnetosphere’s Distorted Current System228

Figure 5. Global 3D MHD simulation results from Y. Chen et al. (2024) of the dawn-flank

Alfvén Wing’s parallel current density. The dawn-flank field lines are depicted in red and connect

to the southern hemisphere, while the dusk-flank field lines are depicted in blue and connect to

the northern hemisphere. Closed magnetosphere field lines are shown in green. The anti-field-

aligned currents are denoted in blue, while the field-aligned currents are in red. Note the complex

nested parallel current structure that exists in the dawn-flank wing, expanding upon the Alfvén

Wing current structure shown in earlier diagrams - e.g. Neubauer (1980); Kivelson et al. (2004);

Jia et al. (2010).
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The field-aligned current structures observed by MMS during the Alfvén Wing trans-229

formation represent a marked departure from the typical perpendicular magnetopause230

current seen at the magnetosphere’s edge. However, the magnetosphere itself is no stranger231

to electron-driven field-aligned currents. The Region 1 and Region 2 field-aligned cur-232

rent systems form connections from the magnetopause, magnetotail, and ring current233

into the Earth’s ionosphere - e.g. Le et al. (2010). The Region 1 current system provides234

current connection to the tail and can become enhanced at the expense of the dayside235

magnetopause’s current during periods of geomagnetic activity - see Ganushkina et al.236

(2018) and sources therein.237

As previously covered, the April 24th event caused the magnetotail to split into a238

dual Alfvén Wing formation. In past theory, such Alfvén Wing structures showed a di-239

verging current system with field-aligned currents converging on one side of the central240

body and diverging on the other (Kivelson et al., 2004; Jia et al., 2010). However, un-241

like these previous cases, the Earth’s Alfvén Wings do not form around a simple con-242

ducting body, but in an already complex and fully formed magnetosphere with its own243

current circulation. While the formation of the Alfvén Wings would doubtless cause an244

unprecedented disruption to the usual flow of the magnetosphere’s currents, it is likely245

that, instead of severing this current system’s flow, these currents would instead become246

diverted into the Alfvén Wing formations. In the case of the Region 1 field-aligned cur-247

rents, this diversion would replace its connection from the magnetotail to the ionosphere248

with a connection from the wings into the ionosphere. An example of the Earth’s more249

complex field-aligned current system can be seen in the global MHD models of Y. Chen250

et al. (2024) as shown in Figure 5, which depicts a nested field-aligned current system251

with both anti-field-aligned and field-aligned components along the dawn-flank wing.252

One explanation for Figure 5’s complex nested current structure could include the253

Alfvén Wing diversion of the field-aligned Region 1 currents running alongside the Alfvén254

Wing currents previously described by Neubauer (1980); Kivelson et al. (2004); Jia et255

al. (2010). This current system would include a sunward-side, electron-driven anti-field-256

aligned current, which matches with MMS’s observations and the simulation in Figure257

5. These Alfvén Wing Region 1 currents would also explain why MMS continues to see258

such field-aligned structures even when passing from interactions with the dawn-flank259

Alfvén Wing into the newly-formed magnetosphere region, and eventually into the Re-260

covery Phase magnetosphere, as the diverted Region 1 currents would persist from the261

wing structure into the magnetosphere. However, given MMS’s observations are only on262

the sunward edge of the dawn-flank Alfvén Wing, a more solid picture of this current263

system complexity, including the potentially nested current structure, is unable to be seen264

solely through these in situ observations.265

6 Overview and Conclusions266

The April 24th CME event provided an unprecedented opportunity to observe Alfvén267

Wing structures in the Earth’s magnetosphere. MMS’s position at the base of the dawn-268

flank Alfvén Wing allows us to present direct measurements of the current structures as-269

sociated with an Alfvén Wing for the first time. From this analysis, we found that the270

Alfvén Wing current structures are primarily anti-field-aligned and electron-driven, in271

contrast to the typical magnetopause/magnetosphere current system. This finding re-272

sembles previous expectations of the Alfvén Wing currents as were simulated and pre-273

dicted in Neubauer (1980); Jia et al. (2010); Chané et al. (2015) etc. However, unlike274

these previous studies, MMS’s observations reveals anti-field-aligned, electron-driven cur-275

rent structures that persists from the dawn-flank Alfvén Wing into a newly-formed mag-276

netosphere region which, when combined with global MHD simulations, suggests a sig-277

nificantly more complex current structure caused by Earth’s dynamic magnetosphere.278
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MMS also recorded data during the Recovery Phase of the magnetosphere as the279

driving conditions relaxed, and the magnetosphere started to recover its more typical struc-280

ture. During this Recovery Phase, MMS recorded brief incursions into the magnetosphere281

and observed current structures with significant parallel and perpendicular components,282

indicating that the magnetopause current system was starting to recover its usual cir-283

culation. While none of the current structures presented in this paper directly suggest284

magnetic reconnection occurred at the site of MMS’s observations, the presence of a freshly285

formed magnetosphere region in the 14:25 - 14:35 UT timeframe indicates that recon-286

nection was active elsewhere in the Alfvén Wing structure. The topic of magnetic re-287

connection, and its impacts on the magnetosphere during the Alfvén Wing transforma-288

tion, will be covered in subsequent papers on this event.289
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7 Open Research290

The MMS data used in this study is publicly available from the FPI and FIELDS291

datasets provided at the MMS Science Data Center, Laboratory for Atmospheric and292

Space Physics (LASP), University of Colorado Boulder (MMS, 2023) and from the fol-293

lowing MMS1 datasets: J. Gershman Daniel et al. (2022b, 2022a); C. Russell et al. (2022).294
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Chané, E., Raeder, J., Saur, J., Neubauer, F. M., Maynard, K. M., & Poedts,312

S. (2015). Simulations of the earth’s magnetosphere embedded in sub-313
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