
1. Introduction
Ion escape as an important atmospheric escape channel at Mars has been one of the main focuses of the Mars 
atmospheric community (e.g., Jakosky et al., 2018). Important forces that impact ion motions have been inves-
tigated with observations as well as simulations. For example, Halekas, Brain, et al. (2017) and Ma et al. (2019) 
provide a detailed characterization of the ion pressure gradient and J × B forces with Mars Atmosphere and 
Volatile EvolutioN (MAVEN) data and the global magnetohydrodynamic (MHD) simulations, respectively. The 
motional electric field, −U ×B, has long been proven at Mars to be important to drive the ion plume, an important 
channel for ion escape (e.g., Dong et al., 2015, 2017; Liemohn et al., 2014). Ambipolar electric fields arising 
from the electron pressure gradient (∇Pe) in the ionosphere provide an important initial acceleration for ions to 
escape. Previous studies determine this electric field with MAVEN data to be on the order of 10−3 V/km at Mars, 
maximizing at 200–300 km altitude and near the ion exobase, and a resulting integrated potential drop of <∼1  V 
in the ionosphere, (e.g., Akbari, Andersson, Peterson, et al., 2019; Collinson et al., 2015, 2019; Ergun et al., 2016; 
Xu et al., 2018). Studies have shown that correctly capturing ambipolar electric fields significantly increases the 
ion escape (e.g., Brecht et al., 2016; Ergun et al., 2016; Ma et al., 2019; Modolo et al., 2016). Meanwhile, studies 
have shown that various wave forms exist at Mars (e.g., Fowler et al., 2020; Harada et al., 2016), some of which 
could cause significant ion heating and provide another important source for ion initial acceleration (e.g., Fowler 
et al., 2018).
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escape at Mars. In this study, we utilize measurements from the Mars Atmosphere and Volatile EvolutioN 
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to be up to ∼100 V in the magnetosheath and down to ∼−70 V in the tail, with respect to the upstream. We then 
derive electric fields based on averaged potential maps, ranging ∼0.01 − 0.1 V/km. These data-derived electric 
fields are in good agreement with ambipolar electric fields from a multi-fluid magnetohydrodynamic (MHD) 
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ion escape, a form of atmospheric escape, at Mars. In this study, we utilize measurements from the Mars 
Atmosphere and Volatile EvolutioN mission to derive electric fields at high altitudes, which occur at density 
and/or temperature gradients in a collisionless plasma to maintain charge neutrality with highly mobile 
electrons and much slower moving ions. These data-derived electric fields are in good agreement with electric 
fields from a magnetohydrodynamic model. Model results also reveal the plasma source of these electric fields. 
Our characterization of these electric fields provides a better understanding of the interaction between Mars and 
the Sun and, to a large extent, Mars' atmospheric escape.
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Ambipolar electric fields resulting from ∇Pe (because of electrons' higher mobility than ions) also exist outside 
of the main ionosphere. The cross-shock electrostatic potential in the de Hoffman Teller frame arises from the 
electron pressure gradient across the shock. Electrons in the sheath are energized across the shock, which in turn 
can be used to infer the cross-shock electrostatic potentials (e.g., Schwartz et al., 2019; Xu et al., 2021). Further-
more, Horaites et al. (2021) analyze electron energization separately for parallel and antiparallel directions, which 
suggests electric fields, likely ambipolar in nature, to exist within the sheath. In this study, we apply the approach 
used in Xu et al. (2021) and Horaites et al. (2021) to all the plasma regimes sampled by the MAVEN spacecraft 
(but above the main ionosphere) to provide the first data-based global characterization of these electric fields 
within the near-Mars plasma environment.

The characterization of these electric fields is also important for understanding solar wind electron precipitation 
onto the Mars nightside atmosphere, which is one of the main sources maintaining the nightside ionosphere (e.g., 
Adams et al., 2018; Cui et al., 2019; Fillingim et al., 2007; Lillis & Brain, 2013; Lillis, Mitchell, et al., 2018; 
Shane et al., 2016; Xu, Curry, et al., 2020; Xu, Mitchell, et al., 2016). Mitchell et al. (2001) invoked the existence 
of a wake potential to explain the much lower solar wind electron fluxes observed on Mars' nightside by the Mars 
Global Surveyor spacecraft. Similarly, nightside low-altitude solar wind electron fluxes measured by the Solar 
Wind Electron Analyzer (SWEA) instrument (Mitchell et al., 2016) onboard MAVEN are generally much lower 
than those in the pristine upstream. This study reveals the origin of the electrostatic potential that leads to the 
lowered precipitating solar wind electron flux.

It is worth mentioning that there are also more sporadic electric fields operating at Mars. For instance, large 
field-aligned electric fields associated with inverted-V electron signatures and discrete aurorae found at Earth's 
polar regions also operate at Mars, which results in an electrostatic potential drop of hundreds (sometimes a few 
thousands) of volts (e.g., Brain et al., 2006; Xu, Mitchell, et al., 2020). Poppe et al. (2021) utilize a 1.5-D parti-
cle-in-cell model to investigate the formation of a quasi-static, field-aligned potential within the Martian strong 
crustal magnetic cusp regions, arising from different magnetic reflection effects on the precipitating (isotropic) 
electrons and (beamed) ions, causing a >2×  enhancement in local ion escape rate. There are also studies that 
utilize electron energy and/or pitch angle distributions to infer electrostatic potentials without specifying the 
cause/nature of the electric field (e.g., Akbari, Andersson, Fowler, & Mitchell, 2019; Collinson et al., 2016; Lillis, 
Halekas, et al., 2018).

In this study, we derive electrostatic potentials outside of the main ionosphere from the electron energization/
de-energization by applying Liouville's theorem and comparing the distribution functions of upstream solar wind 
electrons and local electrons. We mainly use superthermal electron data measured by SWEA, combined with 
magnetic field data from the Magnetometer (MAG, Connerney et al., 2015). We also utilize MHD simulation 
results from Ma et al. (2019) to help interpret our data results. This paper is organized as follows: a case study is 
first presented in Section 2 to illustrate the methodology, followed by statistical results in Section 3 and the phys-
ical interpretation of these results in Section 4, and, lastly, discussions and conclusions are provided in Section 5.

2. Case Study: Methodology
To illustrate how the electrostatic potential is derived with MAVEN measurements, an orbit example on 2 April 
2018 is shown in Figure 1. Magnetic fields are shown in the Mars-centered Solar Orbit (MSO) coordinate system, 
where X points from the center of Mars to the Sun, Z points to the north pole of Mars' elliptical orbit plane, and 
Y completes the right-handed system. In Figure 1, from right to left, the enhancements in both the magnetic field 
strength (|B|, panel b) and electron fluxes (panel d) suggest MAVEN crossed the bow shock at approximately 
19:04 UT (universal time) at the flank. At ∼18:06 UT, the slight enhancement in |B|, the reduced magnetic fluc-
tuation, and the change in the magnetic direction indicate the crossing of the magnetic pileup boundary (MPB) or 
induced magnetic boundary (IMB). An obvious drop in measured electron fluxes occurred at 18:00 UT, which is 
caused by the spacecraft potential turning from positive to negative across the extreme ultraviolet (EUV) shadow 
(the extinction of EUV; Steckiewicz, 2017).

Similar to Xu et al. (2021), we obtain the field-aligned electron energization or de-energization by comparing 
the phase space density, or the distribution function (DF), of upstream solar wind electrons and local electrons 
measured by SWEA at a 2-s resolution (equivalent of ∼8 km spatially), separated for parallel (approximated by 
pitch angles (PA) 0–30°) and antiparallel (approximated by PA 150°–180°) directions. According to Liouville's 
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theorem, for field-aligned electrons, the energy change between the two DFs is the electron energization or 
de-energization (only using “energization” hereafter for simplicity) by electrostatic potential, for regions above 
the collisional atmosphere (∼300 km altitude). In other words, we can infer the local potential relative to the 
upstream from the electron energization outside of the main ionosphere. All DFs are corrected for spacecraft 
potential. Spacecraft potential is derived from the current–voltage (I–V) measurements from the Langmuir Probe 
and Waves (LPW) instrument (Andersson et al., 2015) for positive spacecraft potentials and from the ion distri-
butions from the SupraThermal And Thermal Ion Composition (STATIC) instrument (McFadden et al., 2015) 

Figure 1. Time series of (a) altitude above the IAU Mars ellipsoid (Archinal et al., 2011), (b) magnetic field strength and 
components (nT) in Mars-centered Solar Orbit coordinates, (c) electron pitch angle distributions for 111–140 eV and (d) 
omnidirectional electron energy spectra measured by solar wind electron analyzer (SWEA), (e) derived potentials from 
parallel (red) and antiparallel (blue) electrons, (f) magnetic topology inferred from superthermal electron energy and angular 
distributions by SWEA. In (d), the black dotted line marks the positive spacecraft potential. Panels (g) and (h) show the 
comparison of the phase space density (cm−3 (km/s)−3) of upstream solar wind (SW) electrons and tail electrons, as well 
as the shifted SW electrons by −65 eV and −60 eV, for parallel (PA 0–45°) and antiparallel (PA 135°–180°) directions, 
respectively, taken at times marked by the black and red vertical lines in the timeseries plot.
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for negative spacecraft potentials (see detailed descriptions in the Methodology section of Xu et al., 2018). Both 
spacecraft potentials are available in the LPW and STATIC L2 data products.

An automated routine was designed and described in detail in Xu et al. (2021) to obtain local potentials relative 
to the upstream from parallel or anti-parallel electrons. We apply the same routine but an electron energy range 
of 70–300 eV is used instead for electron spectral comparison to accommodate electron deceleration in the tail, 
as described in detail in the Supporting Information S1. The potential results are shown in Figure 1e. To validate 
this automated procedure, an example of upstream solar wind electron DFs is shown as the red lines in panels 
(g) and (h), for parallel and antiparallel directions, respectively, taken at a time as marked by the vertical red 
dotted line. We then take example DFs in the Mars magnetotail at a time as marked by the vertical black dotted 
line and overlay them as the black lines in panels (g) and (h). We manually determine this potential by shifting 
the upstream DFs by certain energy to match the tail DFs, −65 eV and −60 eV here for parallel and antiparallel 
directions, respectively. We see a good agreement between the tail electron DFs and the shifted reference DFs for 
an energy range of ∼40–500 eV, which indicates these tail electrons are solar wind electrons having experienced 
a total potential drop of ∼−60 V (negative sign = decelerating electrons). The mismatch at low energies is likely 
caused by electrons going through cross-shock acceleration first before being decelerated, which sometimes 
changes the spectral shape at low energies (Xu et al., 2021). Our automated routine gives a local potential of 
−70 V and −60 V from parallel and antiparallel electrons, respectively, as shown in panel (e), agreeing well with 
manually inferred local potentials.

Ideally, we should infer the same local potential from parallel and antiparallel electrons, which is mostly true for 
our case study (panel (e)). When these two potentials do differ, local potentials should be more reliable based on 
electrons traveling from upstream to downstream. This is because we can reasonably assume the upstream solar 
wind electrons to be steady and the same whether the field lines are connected to the induced magnetosphere or 
not. For simplicity, we choose the direction where electrons are traveling Sunward by combining the information 
of BXMSO and pitch angles. More specifically, the parallel direction is chosen for BXMSO > 0 and the antiparallel 
direction for BXMSO < 0. We note that this approach might be problematic near the shock if electrons crossing the 
shock from downstream to upstream are selected and the reference solar wind electron distribution is taken on a 
field line unconnected to the bow shock, which occurs occasionally. However, the cross-shock potential has been 
well characterized by Xu et al. (2021) and is not the main focus of this study.

Another complication of generalizing the method used by Xu et al. (2021) to other plasma regimes is the pos-
sibility of comparing solar wind electrons to ionospheric photoelectrons. To ensure that we are comparing only 
solar wind-origin electrons, we utilize the topology database based on the technique provided by Xu et al. (2019), 
which can differentiate up to seven types of magnetic topologies, as indicated by Figure 1f. Topologies numbered 
1–4 are different types of closed magnetic topologies, Topology 5 is open magnetic fields connected to the day-
side ionosphere, Topology 6 is open magnetic fields connected to the nightside atmosphere (“open-to-night”), 
and Topology 7 is draped magnetic fields connected back to the solar wind on both ends. We limit our results 
to only Topologies 6 and 7, that is, “open-to-night” and draped, on both of which solar wind electrons are un-
contaminated by ionospheric photoelectrons. Sunward electrons also ensure that we select only the precipitating 
electrons, rather than the back-scattered electrons, in the tail. Additionally, we define and calculate a relative 
error to select cases where DFs of upstream and local electrons agree well (see more details in the Supporting 
Information S1).

Our methodology requires approximations and assumptions. First, we approximate purely field-aligned electrons 
with PA 0–30° or 150°–180° (limited by SWEA?s intrinsic angular resolution of 22.5°), which minimizes but does 
not eliminate the magnetic focusing effect. Second, our use of Liouville's theorem carries the implicit assump-
tion that micro instabilities (i.e., wave-particle interactions) do not significantly alter the DF, because of which 
we only select cases with similar DFs of upstream and local electrons. We expect wave-particle interactions to 
preferentially change electron DFs in certain energies (rather than across all energies) such that the resulting DFs 
significantly depart from pristine upstream solar wind electron DFs. As demonstrated in Horaites et al. (2021), 
Liouville's theorem works well at higher energies, even in the magnetosheath where wave activity is more intense 
than anywhere else in the Mars space environment. Note especially the agreement of the field-aligned parts of the 
DF when Liouville mapping in energy only (Figure 6 of Horaites et al., 2021). This agreement, even for a strongly 
anisotropic pitch angle distribution, demonstrates the validity of our approach. Lastly, we expect an insignificant 
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change in electron DFs from collisions with ions and/or neutrals above ∼300 km altitude where superthermal 
electrons' transport time scale is much shorter than that of collisions (e.g., Xu, Liemohn, et al., 2016).

For our case study, as BXMSO < 0 for most of the tail passing from 17:30 UT to 19:00 UT (Figure 1b), the antipar-
allel direction is more reliable. Potentials in panel (e) are near 0 outside of the bow shock, turn positive just down-
stream of the shock because of the cross-shock potential acceleration (e.g., Schwartz et al., 2019; Xu et al., 2021), 
mostly remain positive in the sheath, become significantly negative values across MPB at 18:06 UT, and keep 
dropping down to roughly −60 V in the tail. A large “positive” potential occurred at 17:24–17:30 UT, right at a 
current sheet crossing. This acceleration of electrons might be a result of a possible magnetic reconnection near 
this current sheet (Harada et al., 2020) and is likely caused by heating/acceleration by other (non-adiabatic) pro-
cesses rather than electrostatic potentials.

3. Statistical Results of Potentials and Electric Fields
Now that we have established the validity of our methodology, we apply this procedure to all the available MA-
VEN data from 1 December 2014–1 April 2020 and use the derived values to conduct statistical analyses. Note 
that our results are only valid above the collisional atmosphere (∼300 km altitude, as marked by the dashed 
circles in the top two rows of Figure 2). For this analysis, we transform to the Mars-Solar Electric (MSE) coordi-
nates, where XE is opposite to the solar wind flow, YE is parallel to the component of the upstream interplanetary 
magnetic field (IMF) perpendicular to XE, that is, BYMSO + BZMSO, and ZE completes the right-handed system. 
More specifically, when MAVEN samples the upstream, we use the measured magnetic vectors as the upstream 
IMF (Halekas, Ruhunusiri, et al., 2017; Halekas et al., 2015). Otherwise, we use a proxy for the upstream IMF 
provided by Ruhunusiri et al. (2018).

The left column of Figure 2 shows the inferred local potentials in three projections. Globally, both panels (a) and 
(b) shows a near-zero potential outside of the empirical bow shock, as expected. An averaged positive potential is 
found in the sheath, maximum near the sub-solar region and decreasing with increasing solar zenith angle, mainly 
because electrons are energized across the bow shock and the cross-shock potential is weaker in the flank (e.g., 
Xu et al., 2021). The values are lower than those in Xu et al. (2021) (an averaged peak potential of ∼200 V). This 
is because results in Xu et al. (2021) are a collection of cross-shock potentials alone while our results here are 
averaging cross-shock potentials, potentials in the magnetosheath, and/or near-zero potentials in the upstream, 
due to the variation in shock locations. From the magnetosheath to the magnetotail, the local potential varies from 
positive to negative, most negative in the deep tail (down to ∼−70 V), right behind Mars. Panel (c) shows the tail 
cut of the potentials with a most-negative potential of ∼−70 V in the deep tail. We note that results within 1.1 RM 
or below 340 km altitude (indicated by the dashed circles in the top two rows), where collisions are significant, 
are likely not valid.

With the maps of the averaged potentials (ϕ), we calculate two components of the electric field, not the full 
vector, in each plane as Ex′ = − [ϕ(x′, y′) − ϕ(x′ − Δx′, y′)]/Δx′, Ey′ = − [ϕ(x′, y′) − ϕ(x′, y′ − Δy′)]/Δy′, and 

𝐴𝐴 |𝐸𝐸𝐸𝐸| =
√

𝐸𝐸2
𝑥𝑥′ + 𝐸𝐸2

𝑦𝑦′  , where x′ and y′ are the two axes in each plane and Δx′ = Δy′ = 0.1 RM is used. In order 
to obtain coherent electric field patterns, we first smooth ϕ in Figures 2a–2c over three points (i.e., 0.3 RM) in 
each direction to minimize sharp variations in potentials and then calculate the electric field. Figures 2d–2f dis-
play the magnitude (color) and direction (arrow) of electric field components, EXZ = EX + EZ, EXY = EX + EY, 
EYZ = EY + EZ, respectively.

There are two major sets of electric fields in the sheath in Figures 2d–2e, outward near the bow shock and inward 
on the inner side of the sheath with a magnitude ranging ∼0.03–0.1 V/km. Behind the terminator (XE < 0) and 
below the MPB, we see an averaged electric field of >0.01 V/km, up to 0.03–0.05 V/km, which points toward the 
center of the tail and toward Mars. In Figure 2f, there are significant electric fields with a magnitude of ∼0.03 V/
km that occur near the optical shadow, mainly pointing toward the center, consistent with Figures 2d–2e.

4. Physical Interpretation
In this section, we discuss the origin of the potentials and electric fields inferred from MAVEN data shown above. 
The leading terms in the generalized Ohm's law give the following form for the electric field in collisionless 
regions:
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𝐄𝐄 ≈ −∇𝑃𝑃𝑒𝑒

𝑒𝑒𝑒𝑒𝑒𝑒
+ 𝐉𝐉 × 𝐁𝐁

𝑒𝑒𝑒𝑒𝑒𝑒
− 𝐔𝐔𝐛𝐛 × 𝐁𝐁 (1)

where ne is the electron density, e is the fundamental charge, J is the total current density, B is the magnetic 
vector, and Ub is the bulk flow velocity. The three terms on the right-hand side of Equation 1 correspond to the 
ambipolar electric field (EA), the Hall electric field (EH), and the motional electric field (EM).

Figure 2. Mapping of local potentials (a)–(c) and electric fields (d)–(f) in the plane of XE − ZE for |YE| < 0.5 RM (a), (d), 
XE − YE for |ZE| < 0.5 RM (b), (e) and YE − ZE for −1.8 RM < XE < −1.1 RM (c), (f). The arrows in (d)–(f) show the direction 
of Ec/|Ec| for |Ec| > 5 × 10−3 V/km, where |Ec| is the corresponding electric field component in each plane. The magenta 
dashed lines in (a, b, d, e) are empirical fittings for the bow shock and the magnetic pileup boundary (Trotignon et al., 2006). 
The gray pixels are where there are less than 20 samples. Results within the dashed circle (1.1 RM) in the top two rows, where 
collisions are significant, are likely not valid.
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Among the three electric fields, both EH and EM are in the direction always perpendicular to B such that for 
gyrotropic electrons, these two terms do not change electrons' total energy but cause electrons to drift across 
magnetic fields. Our potentials are inferred from energy change in field-aligned electrons, whose drift across the 
field line is much smaller compared to their field-aligned motions, as also demonstrated in Horaites et al. (2021). 
That is, the ambipolar electric field is the only term that can change field-aligned electrons' total energy by its 
parallel component EA//. However, as pointed out by Horaites et al. (2021), the ambipolar electric field can be 
expressed as a potential field, that is, EA = −∇ϕ, if and only if ∇ne × ∇Te = 0 (to give ∇ × EA = 0), where Te is 
the assumed isotropic electron temperature and ϕ the potential field. In the near-Mars plasma environment, this 
should be mostly satisfied as electrons are mostly isotropic and the change in electron density and temperature is 
either positively correlated (e.g., in the magnetosheath) or anti-correlated (e.g., in the ionosphere). In the case of 
EA = −∇ϕ, the potential difference is independent of the integration path but only determined by the start and end 
points such that the full electric field EA (but not just EA//) can be derived by taking the gradient of this potential 
field. Therefore, we interpret the local potentials and derived electric fields in Section 2 to be the full ambipolar 
potential and electric field EA. The fact that our derived electric fields would be almost perpendicular to typical 
draping IMFs in the sheath supports that this electric field is the full ambipolar electric field, rather than just the 
parallel component.

To further validate ∇Pe being the source of our derived potentials and electric fields, Figure 3 shows the electron 
pressure (a, b) and electric fields derived from the electron pressure gradient (c, d), that is, EA, from multi-fluid 
(MF) MHD simulations by Ma et al. (2019). This version of the MF-MHD model solves an additional electron 
pressure equation such that the electron temperature and the electron pressure force terms are solved self-consist-
ently. Results in Figure 3 are from their simulations for Case 1 condition: a solar-maximum EUV intensity, strong 
crustal fields located on the dayside, a solar wind density and speed of 4 cm−3 and 400 km/s, and an IMF vector 
of (−1.6,+2.5, 0.0) in MSO. As BYMSO > 0 and BZMSO = 0, MSO is the same as MSE for this case.

Figures 3c and 3d show that the model predicts two sets of ambipolar electric fields near the bow shock, one 
pointing away from the shock and the other pointing inward in the magnetosheath. These two sets of electric 
fields are caused by the high electron pressure within the magnetosheath, as shown in Figures 3a and 3b. Closer 
to the planet, near MPB, there is another set of electric fields pointing toward the planet and the center of the 
tail behind Mars. This electric field is caused by the electron pressure gradient on the inner side of the magne-
tosheath on the dayside and also the switch from the high electron pressure of the shocked solar wind flow to the 
low electron pressure of the cold ionospheric flow in the flank (Figures 3a and 3b). It is informative to compare 
the magnitudes of three electric fields in Equation 1. From MHD, |EA| is on the order of ∼0.1–1 V/km near the 
bow shock and ∼0.01–0.1 V/km near MPB, in comparison to |EH| ∼ 0.01–0.1 V/km (not shown) near the bow 
shock and |EH| ∼ 0.1−1 V/km near the MPB. Meanwhile, |EM| is estimated to be on the order of ∼1 V/km in the 
magnetosheath and the upstream by Horaites et al. (2021). In other words, the ambipolar electric field (EA) is 
comparable to the motional electric field (EM) and more important to decelerate and divert upstream solar wind 
flow than the Hall electric field (EH) near bow shock, but is a lesser force than the ion pressure gradient to be 
balanced with EH at MPB (e.g., Halekas, Brain, et al., 2017; Ma et al., 2019). In the meantime, EA is the only 
one of the three electric fields that has a field-aligned component that would significantly enhance or decrease 
electron fluxes via energization or de-energization.

These three sets of coherent ambipolar electric fields from MHD are in good agreement with MAVEN-data-de-
rived electric fields shown in Figures 2d and 2e in spatial distributions, directions, and magnitudes. Admittedly, 
the data-derived electric fields are generally lower, roughly by a factor of 2. This is probably because (a) bound-
aries (such as the bow shock and MPB) where electric fields peak vary spatially throughout the mission so that 
the averaged electric field is smaller; (b) we smooth the potential field over 0.3 RM in each direction to obtain 
coherent electric field patterns, which reduces the magnitude of the electric field as well.

Another significant discrepancy between the data and model is the electric field within the shadow, larger in Fig-
ures 2d and 2e than those in Figures 3c and 3d. In fact, the data-derived electric fields point toward Mars while the 
electron pressure distribution from MHD (Figures 3a and 3b) produce outward electric fields within the shadow 
(as shown in Figure S2 in Supporting Information S1). A few possible explanations: (a) the transition region from 
the hot solar wind electron flow to the cold ionospheric electron flow may vary spatially due to variations in up-
stream conditions, solar cycle, Mars seasons, and/or sub-solar longitudes such that the data-derived electric fields 
are distributed over a wider spatial region than model results; (b) we cannot derive too small electric fields from 
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the data, but only those larger or comparable to the uncertainty. The uncertainty to data-derived electric fields can 
be estimated as 𝐴𝐴 0.5Δ𝐸𝐸∕

√

𝑁𝑁𝑁𝑁𝑁𝑁 , where ΔE is the energy resolution of SWEA, N is the sample number in each 
bin, and dL is the spatial bin size. If we take ΔE = 16 eV (for an energy channel of 100 eV), N = 20, and dL = 0.1 
RM, the uncertainty is approximately 5 × 10−3 V/km, which is why we omit plotting directions for electric fields 
smaller than this value in Figures 2 and 3.

5. Discussion and Conclusions
In this study, we apply Liouville's theorem and compare field-aligned electron distribution functions of upstream 
solar wind electrons and electrons downstream of the bow shock to infer electrostatic potentials relative to the 
upstream. With automated procedures, we obtain potentials from all available MAVEN/SWEA & MAG data for 
the time range of 01 December 2014–01 April 2020 (but only valid above the collisional atmosphere). We then 
statistically map this potential in the MSE frame and derive electric fields by calculating the gradient of averaged 
potential distributions. Our results show positive potentials with respect to the upstream solar wind, up to ∼100 V, 
in the magnetosheath, which then turn negative near and below MPB, down to ∼−70 V in the Mars tail. Corre-
spondingly, two sets of electric fields in the magnetosheath are obtained, pointing outward near the shock and 
inward on the inner side, with a magnitude ranging ∼0.02−0.1 V/km. Additionally, there is a third set of electric 

Figure 3. Electron pressure (a), (b) and electric fields derived from electron pressure gradient (c), (d) from 
magnetohydrodynamic simulations by Ma et al. (2019). (a) and (c) results in the XMSO − ZMSO plane at YMSO = 0. (b) and (d) 
are results in the XMSO − YMSO plane at ZMSO = 0. The arrows in (c)–(d) show the direction of Ec/|Ec| for |Ec| > 5 × 10−3 V/
km, where |Ec| is the corresponding electric field component in each plane.
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fields near and below MPB, generally directing toward the planet and the 
wake behind Mars, with a magnitude ranging ∼0.01−0.05 V/km (excluding 
the dayside).

We interpret these data-derived potentials and electric fields to be ambipolar 
potential and electric fields originating from the electron pressure gradient 
from a theoretical point of view, that is, 𝐴𝐴 𝐄𝐄 = −∇𝑃𝑃𝑒𝑒

𝑒𝑒𝑒𝑒𝑒𝑒
 . More specifically, ambi-

polar electric fields arise from electrons' higher mobility (lighter mass) than 
ions. We then compare these electric fields to ambipolar electric fields cal-
culated from the MF-MHD simulations done by Ma et al. (2019). We find 
a good agreement between the data-derived and modeled ambipolar electric 
fields in terms of spatial distributions, directions, and magnitudes, apart from 
within the optical shadow where electric fields are smaller than the uncer-
tainty in data results. Simulation results also suggest that these electric fields 
mainly originate from the electron pressure gradient in the magnetosheath as 
well as the transition from the hot solar wind electron flow to the cold ion-
ospheric electron flow in the flank. This work provides the first data-based 
characterization of global ambipolar electric fields at Mars (outside of the 
main ionosphere).

Our work is also complementary to the characterization of near-Mars ambi-
polar potential and electric fields by Xu et al. (2018), which are mainly origi-
nated from the electron pressure gradient in the cold ionospheric flow as they 
focus on field lines connected to the dayside ionosphere. Their ambipolar 
electric fields are on the order of ∼0.001 V/km, one to two orders of magni-

tude smaller than our results but are in a rough agreement with small electric fields near the planet in MHD results 
(as shown in Figure S2 in Supporting Information S1). In contrast, the ambipolar potential and electric fields in 
our work mainly originate from the electron pressure gradient in the solar wind flow and/or the electron pressure 
difference between the shocked solar wind flow and the ionospheric flow. We note that ambipolar electric fields 
originating from cold ionospheric flow are comparable or smaller than our estimated uncertainty of 5 × 10−3 V/
km such that our methodology cannot capture such small fields.

Our characterization of ambipolar electric fields outside of the main ionosphere at Mars has important implica-
tions for ion and electron motions. In terms of ion motions, the outward electric fields near the shock decelerate 
the upstream solar wind flow and the inward electric fields on the inner side tend to guide and divert the solar 
wind flow to the flank and down tail. The latter is also an additional force to be balanced with the J × B force 
near MPB. The inward electric fields near and below the MPB in the tail accelerate the shocked solar wind flow 
toward Mars and also inhibit ionospheric (mostly cold) ion outflow to diffuse outward but to mainly stream down 
tail. We summarize these aspects in a schematic shown in Figure 4.

In terms of electron precipitation onto the Mars nightside, solar wind electrons would first be accelerated by 
cross-shock potentials (e.g., Xu et al., 2021) and then decelerated by additional ambipolar electric fields in the 
flank, as shown in Figure 4 as well. The net effect is that solar wind electrons are usually significantly decelerated 
and low in flux, as observed by both MGS (e.g., Mitchell et al., 2001) and MAVEN when they reach the nightside 
atmosphere. In fact, magnetic field lines connected to the nightside would come from much further in the tail than 
illustrated where boundaries such as the bow shock and MPB are probably very diffusive. Thus, electrons should 
experience negligible cross-shock acceleration but mainly an accumulative deceleration by the ambipolar electric 
field before they reach the nightside atmosphere. This warrants caution not to directly use upstream solar wind 
electron distributions to estimate the impact of solar wind electron precipitation on the nightside atmosphere, 
such as the electron impact ionization and auroral emission.

Data Availability Statement
The MAVEN data used in this study are available through the Planetary Data System (https://pds-ppi.igpp. 
ucla.edu/mission/MAVEN).

Figure 4. The schematic for ambipolar electric field and plasma flow 
directions at Mars (not to scale). The magnetic field line (blue) is for 
schematic purposes only. A more realistic field line would extend much farther 
down the tail before turning to match the unperturbed interplanetary magnetic 
field direction.
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