
Citation: Gao, L.; Shen, C.; Ji, Y.;

Zhou, Y.; Bogdanova, Y.V. The Electric

Properties of the Magnetopause

Boundary Layer. Magnetochemistry

2024, 10, 37. https://doi.org/

10.3390/magnetochemistry10060037

Academic Editor: Roberto Zivieri

Received: 4 April 2024

Revised: 15 May 2024

Accepted: 15 May 2024

Published: 21 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

magnetochemistry

Article

The Electric Properties of the Magnetopause Boundary Layer
Lai Gao 1, Chao Shen 1,* , Yong Ji 2 , Yufei Zhou 1 and Yulia V. Bogdanova 3

1 School of Science, Harbin Institute of Technology, Shenzhen 518055, China; laigao@stu.hit.edu.cn (L.G.);
yufei.zhou@hit.edu.cn (Y.Z.)

2 School of Mathematics and Statistics, Ning Xia University, Yinchuan 750021, China; jiyong@nxu.edu.cn
3 RAL Space, Rutherford Appleton Laboratory, Science and Technology Facilities Council, UK Research and

Innovation, Harwell Oxford, Didcot OX11 0GD, UK; yulia.bogdanova@stfc.ac.uk
* Correspondence: shenchao@hit.edu.cn

Abstract: The magnetopause plays a pivotal role in the coupling among solar wind, the magne-
tosheath, and the magnetosphere. By analyzing magnetopause crossing events using MMS, we reveal
a local non-neutrality of electric charges in the magnetopause boundary layer and the associated
electric field. There are two types of electric structures. In one group, which typically occurs on the
dusk side, the electric field directs towards the Earth. In the other, which generally occurs on the day
side, the field directs away from the Earth. The spatial extent of this electric non-neutrality spans
approximately 600 km, which is at the scale of ion gyrational motion. These findings provide valuable
insights into the fine structures of the magnetopause and the coupling between the magnetosheath
and the magnetosphere.

Keywords: magnetopause; multipoint data analysis methods; charge separation; polarized electric field

1. Introduction

The magnetopause is the boundary separating the Earth’s magnetosphere from the
magnetosheath. The mass, momentum, and energy carried by solar wind can pass through
the magnetopause and transfer into the magnetosphere, which may result in disastrous
space weather effects. Therefore, it is important to study the physical characteristics of the
magnetopause [1,2]. Through years of research relying on satellite observation, the large-
scale characteristics of the magnetopause’s structure has been gradually revealed [3–7].
However, the fine structures of the magnetopause are still not yet fully understood.

The classical closed magnetopause model, called the Chapman–Ferraro model [8],
represents the magnetopause as a simple current sheet structure. The current sheet is
generated by the collective motion of solar wind electrons and ions passing through
the magnetosheath. As the electrons and ions have unequal radii of gyration, a charge
separation forms around the current sheet, which generates a polarized electric field
that prevents further charge separation. In the classical closed magnetopause model,
the current sheet thickness is on the scale of the electron cyclotron radius. Additionally,
the overall thickness of the charge layer also corresponds to the electron cyclotron scale.
Notably, the negative charge layer is considerably thicker compared to the positive charge
layer. Previous statistical results have shown that the ideal Chapman–Ferraro model is
not strictly consistent with the magnetopause’s observed morphology [5,9,10], implying
that the balance between solar wind momentum and Lorentz force associated with the
magnetopause is complicated.

The polarized electric field can be weakened by discharge currents parallel with the
magnetic field, resulting in a neutralized magnetopause boundary layer and establishing a
balance between the magnetic and electric fields [11,12]. In the neutralized magnetopause
model (in which the magnetopause is fully neutralized, which is unlikely), the bound-
ary layer of the magnetopause has a thickness corresponding to the ion cyclotron scale.
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Furthermore, the positive charge layer is significantly thicker than the negative charge
layer.

Electric fields (ranging from a few to hundreds of mV/m) are found at most mag-
netopause crossings, as observed by Cluster satellites [13], and occur over distances of
a few hundred km in the moving magnetopause, a scale length comparable to the ion
gyroradius [14]. Based on spatial gradients [15], the direct measurement of charge density
using Gauss’s theorem [16–19] became possible, allowing the electric properties of the mag-
netopause to be more finely reconstructed. However, the large spacing of the four Cluster
satellites and the lack of C4 electric field data prohibit the estimation of charge density.
The MMS mission, consisting of four spacecraft and a smaller distance, was launched in
2015 [20] and included a high-precision electric field instrument (EDP) [21]. Therefore, the
mission is capable of calculating the charge density at the center of the tetrahedron using

Gauss’s theorem ρ = ε0∇ ·
⇀
E = ε0

3
∑

i=1
∇iEi [16–19]. The charge density’s calculation error

can be divided into three parts: geometric error, truncation error, and measurement error.
The analysis results show that geometric error and truncation error are very small and can
be ignored. Although measurement errors cannot be ignored, they are within an acceptable
range and will not greatly affect the calculation results [17,18].

This study focuses on the fine-scale structures and microphysical processes in the
magnetopause based on MMS observations, with the following objectives:

1. Verifying the existence of charge separation and a polarized electric field in the
magnetopause current;

2. Determining the association between the electric field and charge;
3. Verifying the thickness of the charge layer.

2. Database

The database used in this study includes data from the MMS mission from September
2015 to February 2016, collected at burst mode time intervals. Magnetopause crossing
events are selected in multiple steps, and the burst time interval for crossing the magne-
topause in the database is determined by the following criteria:

a. Refer to the quick-look burst data of MMS1 to determine the approximate time of
the magnetopause crossing (https://lasp.colorado.edu/mms/sdc/public/, accessed
on 3 April 2024). The website allows users to plot key parameters such as plasma
moment, electromagnetic field, and spacecraft position with high temporal resolution.
Since the near-rigid magnetic field and low-dense plasma inside the magnetosphere
can be distinguished from the turbulent magnetic field and dense plasma in the
magnetosheath [5], magnetopause crossings can be visually identified by abrupt
changes in the magnetic field or plasma parameters.

b. The average radial distance between the MMS and Earth should be less than 15 Earth
radii (RE).

c. We use the parameter α = Efluxlow
Efluxhigh

, which is defined as the ratio of the integrated
differential electron flux in the low energy range (30–800 eV) and high energy range
(1–25 keV), because of the different plasma temperatures in the magnetosphere and
magnetosheath [22]. When α < 1, the satellite is in the magnetosphere, and when
α > 170, the satellite is in the magnetosheath; thus, when 1 < α < 170, the satellite is
crossing the magnetopause [23].

d. The electric field should be significantly enhanced within α < 170.

3. Observations

Using the procedure described above, 82 burst mode intervals were selected. Figure 1
shows one of the qualified intervals during which the MMS passed from the magnetosheath
to the magnetosphere through the magnetopause between approximately 17:26:04 UT and
17:26:32 UT on 2 September 2015. In the GSM coordinate, the MMS was located near the

https://lasp.colorado.edu/mms/sdc/public/
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magnetopause’s dusk side (X = 1.29, Y = 11.01, Z = −4.5) RE. All other physical quantities
are also in the GSM coordinate system unless specified otherwise. The magnetosphere has
a stable northward dipole field (Figure 1a), tenuous-hot plasma with an electron number
density of less than 2 cm−3 (Figure 1b), ion temperatures greater than 2400 eV (Figure 1c),
and electron temperatures greater than 100 eV (Figure 1d). In contrast, the magnetosheath
proper exhibits stronger magnetic field fluctuations (Figure 1a) and has a higher electron
number density of up to 40 cm−3 (Figure 1c). The ion and electron temperatures in the
magnetosheath are lower than that in the magnetosphere, and are about 220 eV and
20 eV, respectively (Figure 1c,d). Electrons with energies above 1 keV are almost absent
in the magnetosheath (Figure 1k). The mixing of particles from the magnetosphere and
magnetosheath occurs around the center current sheet, as seen in Figure 1j,k, where low-
energy and high-energy ions (electrons) coexist in this region. The red dashed line marks
α = 170. It should be noted that the electric field signals in Figure 1g show high-frequency
fluctuations, which may reduce the precision of measurement. Shen et al. pointed out that
incorporating sliding time averaging in calculations reduces the effect of small oscillation
disturbances on the charge measurement [18].
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Figure 1. An example of a burst-mode interval crossing the magnetopause observed by MMS
between 17:26:04 UT and 17:26:32 UT on 2 September 2015 in GSM coordinate. (a) Three components
of the magnetic fields and magnetic field strength; (b) electron number density; (c) ion temperature;
(d) electron temperature; (e) three components of the ion bulk velocity; (f) three components of
the electron bulk velocity; (g) three components of the electric field and electric field strength;
(h) three components of the current density and current density strength; (i) charge density; (j) ion and
(k) electron omnidirectional differential energy flux; and (l,m) satellite location, where the red arrows
show the normal direction of the magnetopause. The red dashed line marks α = 170, and the blue
dashed line marks the inner and outer boundaries of the charge layer.

The corrected electric field strength is E′ = E + vmp × B with the velocity of the
magnetopause being vmp = 26.68 km/s, calculated using the timing methods [24], as
shown in Figure 1g. The relative motion of the magnetopause and the satellite will influence
the charge density calculation, ρ′ = ρ − vmp · j/c2, where ρ′ is the charge density in the
magnetopause reference frame; ρ is the charge density in the satellite reference frame; j is
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the current density; and c is the speed of light in vacuum. The error of the charge density
∆ρ = ρ′ − ρ is very small and can be ignored.

Upon entering the magnetosphere, the electric field strength increases significantly,
and high-frequency perturbations occur. Two net charge layers with positive and negative
charges, respectively, appear within the magnetosphere (Figure 1i). The positive charge
layer (PCL) is on the outer side of the magnetosphere and is closer to the current sheet.
The boundary of the PCL is indicated by the blue dashed line. The negative charge layer
(NCL) is located further Earthward and on the inner side of the magnetosphere. The PCL
is marked between the two blue dashed lines. The range of the charge layer corresponds to
the range where the strong electric field fluctuates at high frequencies, and the transition
point between the PCL and NCL corresponds to the electric field’s peak strength, which
we consider to be the polarized electric field generated by the charge separation. The
current density (j =µ0

−1∇× B) is shown in Figure 1h, where a strong current appears in
the current sheet around the red dashed line.

The LMN coordinates are L= [0.14, 0.19, 0.96], M= [−0.80, 0.58, 0.00] (dawnward),
and N= [0.57, 0.78, −0.24]. The starting moment of the PCL (the first blue dashed line
shown in Figure 1) is used as a baseline to show the variation in the electromagnetic field
and charge density with the depth of the satellite into the magnetopause. The range of
the polarized electric field is L = vmp × (tend−tstart) = 434 km, where tstart is the starting
moment of the PCL and tend is the ending moment of the NCL. The results, presented
in Figure 2, demonstrate that the depth of this polarized electric field aligns with the ion
cyclotron scale. Moreover, the PCL and NCL exhibit nearly equal thicknesses. A clear
signal of the normal electric field can be seen upon entering the magnetopause, and this
normal electric field intensity increases and then decreases with depth. The electric field
occurs within a certain range L =434 km, and we fitted the electric field signal using a
Fourier function, represented by the black line in Figure 2b. The corresponding charge
density ρfit = ε0dEfit/dL is depicted as the red dashed line in Figure 2d and is in agreement
with the observed results. This consistency suggests that the charge calculation method is
reliable and confirms that the normal electric field in the magnetopause is generated by the
excess charge.

Another event is found in our database, as shown in Figure 3: the MMS enters the
magnetopause from the magnetosheath between approximately 22:16:53 UT and 22:17:05
UT on 10 January 2016. During this interval, the MMS was located around (X = 7.33,
Y = −7.5, Z = −3.57) RE. The magnetosphere has a stable northward dipole field and tenu-
ous hot plasma (Ne < 2 cm−3, Ti > 1500 eV, Te > 250 eV). In contrast, the magnetosheath
proper exhibits stronger magnetic field fluctuations and has a higher electron number
density of up to 20 cm−3. The ion and electron temperatures in the magnetosheath are
lower than those in the magnetosphere (Ti < 300 eV, Te < 50 eV). The red dashed line
marks α = 170.

Similar to the above event, upon entering the magnetosphere, a polarized electric field
emerges. At the same time, charge separation is observed. Unlike the above event, the
NCL is on the outside of the magnetosphere, and the PCL is on the inside. The boundary
of the NCL is indicated by the blue dashed line. Again, we explored the relationship
between the electric field and the charge density distribution, as shown in Figure 4. The
LMN coordinates are L = [0.22, 0.70, −0.63], M = [0.78, 0.50, 0.28] (dawnward), and
N = [0.54, −0.46, −0.70]. During this magnetopause crossing, the range of the polarized
electric field is L = 551 km with vmp = 129.47 km/s. The intensity of the polarized electric
field strength EN increases and then decreases with depth. There are significantly enhanced
parallel currents in the NCL range, indicating that the electric field may discharge through
parallel currents and the carriers are electrons.
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Given the charge separation characteristics presented by the two events mentioned
above, we classified the crossing events in the database. Figure 5a,b show the location of
the crossing events and the corresponding charge distributions. Figure 5a shows crossing
events with MP-PCL-NCL-MSPH (MP, magnetopause; MSPH, magnetosphere) events, and
we have marked such events in red. It can be seen that the 26 events (red) with MP-PCL-
NCL-MSPH always occur at dusk. We have marked the MP-NCL-PCL-MSPH crossing
events in blue (Figure 5b). The distribution of such MP-NCL-PCL-MSPH events shows
dawn–dusk symmetry, with an occurrence rate of 55% at dusk and 45% at dawn.

Combined with the velocity of the motion of the magnetopause [24], the thickness of
the PCL in MP-PCL-NCL-MSPH events and the NCL in MP-NCL-PCL-MSPH events can
be roughly calculated, and the determination of the charge layer boundary is subjective.
The two aforementioned examples illustrate that the profile of the charge density resembles
a sinusoidal function, while the accompanying polarized electric field profile resembles a
cosinusoidal function. Therefore, based on these observations, a single-charge layer can
be identified using two criteria: the charge within the layer is typically either positive or
negative, and the electric field strength is monotonically increasing. We can more easily
obtain the boundary of the PCL in MP-PCL-NCL events and of the NCL in MP-NCL-PCL-
MSPH events. On the contrary, the boundary of the NCL in MP-PCL-NCL-MSPH events
and the PCL in MP-NCL-PCL-MSPH events is easily missed, which is due to the short
duration of the burst model data and the difficulty of observing complete crossings from
the magnetosheath to the magnetosphere. Excluding those events that cannot capture
the boundary of the charge layer on the outside, we can obtain 60 charge layer thickness
measurements from the outside of the magnetopause, as shown in Figure 5c,d.
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Figure 3. An example of a burst-mode interval crossing the magnetopause observed by MMS
between 22:16:53 UT and 22:17:05 UT on 10 January 2016 in GSM coordinate. (a) Three components
of the magnetic fields and magnetic field strength; (b) electron number density; (c) ion temperature;
(d) electron temperature; (e) three components of the ion bulk velocity; (f) three components of
the electron bulk velocity; (g) three components of the electric field and electric field strength;
(h) three components of the current density and current density strength; (i) charge density; (j) ion and
(k) electron omnidirectional differential energy flux; (l,m) satellite location, where the red arrows
show the normal direction of the magnetopause. The red dashed line marks α = 170, and the blue
dashed line marks the inner and outer boundaries of the charge layer.

The magnetopause is a paraboloidal structure, and the charge layer characteristics
could be related to the particle incidence position. Since the ion cyclotron radius is much
larger than the electron cyclotron radius, an MP-NCL-PCL-MSPH event appears on the day
side and the dawn side near the magnetopause, and the thickness of the NCL decreases
with the decrease in θ(θ is the azimuth in the coordinate system). The MP-PCL-NCL-MSPH
events only appear on the dusk side, and the thickness of the PCL decreases with the
decrease in θ. The relationship between the thickness of the charge layer and the azimuth
angle is shown in Figure 5c,d. The MP-PCL-NCL-MSPH events are more concentrated
on the dusk side, θ > 30◦, and the MP-NCL-PCL-MSPH events are evenly distributed in
the range of θ ∈ [−50◦, 85◦]. The average thickness of the charge layer on the outside is
~300 km, which implies a range of ~600 km for the polarized electric field, doubling the
thickness of the single-charge layer. Notably, the thickness of the negative charge layer is
roughly equivalent to that of the positive charge layer, with the overall thickness aligning
with the ion cyclotron scale.
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Figure 5. Statistical distribution of the locations of crossing events: (a) positive charge on the outside
and negative charge on the inside of the magnetosphere, marked by red dots; (b) negative charge on
the outside and positive charge on the inside of the magnetosphere, marked by blue dots; (c) the PCL
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in relation to azimuthal distribution in MP-NCL-PCL-MSPH events.
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4. Conclusions

In conclusion, we focused on analyzing the distribution of the charge and electric fields
within the magnetopause. In the 82 magnetopause crossing events observed by the MMS,
an excess net charge and a distinct electric field are present within the magnetopause, and
the field vector is parallel to the boundary normal. The derived charge density, obtained by
taking the derivative of the fitted electric field signal, is consistent with the observed value,
suggesting that the electric field is indeed generated by the net charge.

The charge distribution can be categorized into two cases: MP-PCL-NCL-MSPH and
MP-PCL-NCL-MSPH. MP-NCL-PCL-MSPH events are predominantly observed on the
day side, whereas MP-PCL-NCL-MSPH events are typically observed on the dusk side.
The average thickness of these electric layers is approximately 600 km, which is on the ion
cyclotron scale. The existence of two groups of electric conditions in the magnetopause
can be explained by the varying angles between the particle inflow direction and the
magnetopause from the dawn side to the dusk side.

The presence of a localized transverse electric field brings about significant changes in
the internal dynamics of the magnetopause, giving rise to the potential for new oscillations
within the lower hybrid frequency range [25]. These oscillations are thought to have
significant implications in various plasma phenomena, including magnetospheric boundary
layer dynamics [26], fast magnetic reconnection [27], cross-field transport in laser-produced
plasmas [28], and the dynamics of narrow electron beams at the plasma edge [29].
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