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Abstract.

Parallel electric fields and their associated electric potential structures play
a crucial role in ionospheric-magnetospheric interactions at any planet. Al-

though there is abundant evidence that parallel electric fields play key roles
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COLLINSON ET AL.: TRANS-TERMINATOR ELECTRIC FIELDS AT MARS X-3

in Martian ionospheric outflow and auroral electron acceleration, the fields
themselves are challenging to directly measure due to their relatively weak
nature. Using measurements by the SWEA instrument aboard the NASA
Mars Atmosphere and Voltatile FvolutioN (MAVEN) Mars Scout, we present
the disceﬂig-dld measurement of a substantial (®p;aps = 7.7 & 0.6V)
parallel el potential drop on closed magnetic field lines spanning the
terminafo@ day to night above the great impact basin of Utopia Plani-
tia, a regiwgely free of crustal magnetic fields. A survey of the previous
26 orbits pasging over a range of longitudes revealed similar signatures on

7 orbits, with a mean potential drop (®yrars) of 10.9 £ 0.8 V, suggestive
that altho rans-terminator electric fields of comparable strength are not

ubiquitouﬁr may be common, at least at these northerly latitudes.

Author Ma
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1. Introduction

Although magnetic field aligned electric potentials play an important role in planetary
ionosphere-magnetosphere interactions, very little is known about electric potential struc-
tures at Mars. 'However, there is abundant evidence for Martian parallel electric fields in
charged pmata from the NASA Mars Global Surveyor (MGS), the ESA Mars Ex-
press (NeEmmumand the NASA Mars Atmosphere and Voltatile EvolutioN (MAVEN) Mars
Scout clasSTmission [Jakosky et al., 2015|. To date, discussions of Martian parallel electric

fields in tg-gerature have focused on two processes: A.) ion outflow and B.) auroral

acceleratim

Ionoslferlc outflow: Electric fields play a central role in several important iono-
spheric trtﬁrt and loss processes at both Mars and Venus. Ion pickup by the penetra-
tion of pendicular) motional electric field of the solar wind (—V x B) produces

[

a distin me" of keV ions [see e.g. Curry et al., 2015, and references therein|. Ions
are also accelerated by the draping and curving of the Interplanetary Magnetic Field
(IMF) aro&-the planet (J x B forces ), which generates energized ion populations read-
ily identi rough their close proximity to the current sheet |Barabash et al., 2007].
Howevehm long been presumed that processes resulting in parallel electric fields also
play a ke-J’me'in ionospheric transport and escape |Lundin et al., 2006a; Dubinin et al.,
2011]. Fm:t al. [2010] used fluxes of escaping photoelectrons to make an initial esti-
mate of@ape rates of ionospheric plasmas due to the planetary ambipolar electric

field (E' ~ VP, /en,.). Later, Collinson et al. [2015] used field-aligned superthermal elec-
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tron measurements by the Solar Wind Electron Analyzer (SWEA) [Mitchell et al., 2016]
aboard MAVEN to place an upper limit on the total potential drop of this global “polar
wind like" ambipolar electric field of < 2V. Recently, Collinson et al. [2016] used Venus
Express superthermal electron observations to discover the presence of an extremely pow-
erful (w%raﬂel electric potential drop in the ionosphere of Venus, finding it to be
stable, pe and capable of accelerating oxygen ions directly to escape velocities in
an “elec?ri@d”. Thus Venus’ planetary electric potential is important for ion escape
and globalgwhkereas at Earth it is weaker (< 2V Coates et al. [1985]) and confined to the
magnetic poles. Given the lower Martian gravity, a > 2V electric potential drop would
be similar%etive in accelerating Oxygen ions to escape velocity. Thus, whilst parallel

electric p als are thought to play a key role in ion outflow, the direct evidence for

their eXistEat Mars is currently ambiguous.

(©
AurEeleration: The evidence for the presence of Martian parallel potential
drops i biguous with regards to auroral electron acceleration above the Martian
crustal angnilies. Lundin et al. [2006b| reported the discovery by MEX of locally ac-
celerated ®ons and ions on the deep nightside of Mars, with ion fluxes sufficient to
produce a bright discrete aurora. Brain et al. [2006] presented collected MGS and MEX
observag peaked electron energy spectra at the crustal anomalies similar to ter-
restrial alj electrons, finding that the most energetic examples occurred during the

et al. |2 rther examined Martian auroral plasma acceleration, finding monoener-

passage of spa: weather storm events, similar to the onset of sub-storms at Earth. Lundin

getic counterstreaming accelerated ions and electrons consistent with field-aligned electric
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X-6 COLLINSON ET AL.: TRANS-TERMINATOR ELECTRIC FIELDS AT MARS

currents and electric field acceleration. A further study by Halekas et al. [2008] of Martian
auroral electrons observed by MGS found clear evidence for field-aligned currents, and
discrete electron acceleration events reminiscent of the terrestrial auroral zone. Dubinin
et al. [2008| reported observations of electron inverted “V" structures by both MGS and
MEX, siﬁiih-lo events in Earth’s auroral acceleration regions, raising the hypothesis
that localora on Mars are also generated by electron acceleration through parallel
electric ﬁeEA follow up study by [Dubinin et al., 2009] reported the observation of
auroral ac@ on numerous orbits of MEX during a two week period, implying that the
auroral acceleggation, and therefore the accelerating parallel electric potential drops, are a

stable phenomenon, albeit spatially localized.

In this E we present field-aligned electron measurements by MAVEN SWEA to
report th@diseovery of large (~10V") electric potential drops along closed magnetic

field linEspan the terminator of Mars, connecting the dayside and nightside iono-

spheres gh the detection of a trans-terminator electric potential is novel, it is
importantﬂote that the existence of closed trans-terminator magnetic field lines at
Mars is w ablished in the literature. For example, in their survey of electron data
from Mars ess (MEX), Frahm et al. [2006] noted that photoelectrons were occasion-
ally seen‘q% the sunlit ionosphere, suggesting magnetic connectivity between dayside
and nightﬁnosphere, although without a magnetometer to organize electron spectra
by pitch anglegt was not possible to confirm this. Liemohn et al. [2006] predicted such
connectivl ith magnetohydrodynamic (MHD) model results, tracing thousands of field

lines in a search for day-night connectivity. Furthermore, Liemohn et al. [2007] explicitly
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looked for this trans-terminator magnetic connection in their analysis of MHD simulations
for the initial auroral observation conditions, concluding that field lines can connect from

many locations across the dayside to the nightside ionosphere.

2. Method

In this m we describe how electric potential drops may be directly measured
through_examipation of outflowing and inflowing planetary electrons, using a technique
successfulhployed at Earth to measure the large (~20V') parallel potential drops
that occuuve orbiting spacecraft (i.e. between ~3800km and the magnetopause)

[Winnmgmnd Gurgiolo, 1982; Wilson et al., 1997; Kitamura et al., 2012].

2.1. Me;ment topology

First letﬁonsider a simplified example. Figure 2 shows a sketch of the overall mea-
surement gy. MAVEN is above the Martian terminator, on a “closed" magnetic

field liE which we define as having both ends of the field line intersecting the

electro at a “footpoint". In Mars’ complex magnetic environment, such a closed
topology @result from a fringe field of a crustal magnetic remanent, or from a draped
Interplane agnetic Field line that passes below the exobase at both footpoints. For
the purposes of this study, we do not differentiate and use the nomenclature “closed" for
either c¥%e, hat matters is that the ionosphere is magnetically disconnected from the
solar Windﬁ the spacecraft connected to the ionosphere on both ends of the magnetic
field line on which it is located. Since electrons (unlike ions) move effectively instanta-

neously a eld lines and are excellent tracers of magnetic connectivity, such a closed

field topology can be established by the presence of ionospheric photoelectrons and the
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X-8 COLLINSON ET AL.: TRANS-TERMINATOR ELECTRIC FIELDS AT MARS
absence of inflowing solar wind electrons which otherwise readily have access to the topside
ionosphere |Brain et al., 2007]. In this study, we consider a closed “trans-terminator" field
line, with one footpoint on the dayside ionosphere, and the other footpoint terminating
below the exobase in the nightside ionosphere.
e

The exif such closed trans-terminator magnetic field lines at Mars is well estab-
lished in tEerature. For example, in their survey of electron data from Mars Express
(MEX), Fyahm et al. [2006] noted that photoelectrons were occasionally seen beyond the
sunlit ionogpkere, suggesting magnetic connectivity between dayside and nightside iono-
sphere, although although without a magnetometer to organize electron spectra by pitch
angle it W$ possible to confirm this. Liemohn et al. [2006] predicted such connectivity
with mag@drodynamic (MHD) model results, tracing thousands of field lines in a
search for migh‘c connectivity. Furthermore, Liemohn et al. [2007] explicitly looked for
this trEnator magnetic connection in their analysis of MHD simulations for the
initial bservation conditions, concluding that field lines can connect from many
locations ﬁroi the dayside to the nightside ionosphere.

O

In this ex le, there is a 20V electric potential drop distant from the MAVEN, occur-
ring som:iviﬁ between the spacecraft and the nightside ionosphere. In this schematic,
two electrﬁe created in the dayside ionosphere: electron Nel with an energy of 30eV,
and electron Ne2 with an energy of 20eV. Both pass MAVEN on their way to the nightside,

and both tarded equally by the electric force. Electron Nel is slowed to an energy

of 10eV and impacts the nightside atmosphere. However, electron Ne2 is at just a low
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enough energy that it is stopped and then reflected back towards the dayside. This elec-
trostatic mirror conserves energy, so any reflected electrons that are observed by MAVEN
will have regained their original energy. If large numbers of such electrons were created
in the dayside ionosphere, MAVEN will observe an equal flux of the lower energy (20eV)
electrons-*ﬁilg from both the dayside source, and the nightside electrostatic mirror.
However, @h the lower energy (20eV) electrons will be virtually isotropic (by which
we mean @ﬂuxes flowing from the dayside and nightside), the higher energy (30el)

electrons t'l-lje strongly anisotropic (by which we mean higher fluxes flowing from the

dayside th%om the nightside).

Whilst ;a potential structure reflects negatively charged electrons back up to the
spacecraftﬂimportant to note that positively charged ions would be accelerated away
from the raft, into the nightside. For comparison with electrons, Figure 2C shows

how anE would be affected by such a potential drop. The hypothetical ion passes

MAVE eV, is accelerated to 40 eV, and lost in the nightside ionosphere. Thus,
under thisiciology, MAVEN is remote from the ion acceleration region, and thus will not
observe a nge in ion energies since this process is happening at a distance from the
spacecraft. itionally, whilst superthermal electrons effectively move instantaneously
along &faﬁielatively short magnetic field line, ions move considerably slower due to

their subsSlly greater mass. Electrons are therefore the best particles to use to probe

field-aligned elgctric potential structures.
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X-10 COLLINSON ET AL.: TRANS-TERMINATOR ELECTRIC FIELDS AT MARS

2.2. Simulated example SWEA electron spectra

Having established the basic overall topology we shall now move from hypothetical test
particles to simulations of realistic Martian electron energy spectra. We shall first con-
sider the control case where no parallel electric fields are present, and then examine how
the energj-iﬂtra of Martian ionospheric electrons are affected by the presence of our

hypotheti electric potential drop.

rip

DescriULn of Mars-STET model: The simulated spectra in this study were gen-
erated usirw Mars SuperThermal Electron Transport (STET) model [Liemohn et al.,
2003; Xu and Liemohn, 2015; Xu et al., 2015|, based on the earlier Earth version of the
STET co hazanov and Liemohn, 1995|. STET is a time-dependent, multi-stream

model thaﬁes the gyro-averaged Boltzman equation to self-consistently calculate the

d

flux of sube}jtl}ermal electrons at any point along a single magnetic flux tube. STET
self-con models the generation of photoelectrons from a simulated Martian atmo-
sphere wen solar irradiance, and then simulates their transport to the nightside
along the gield line above the superthemal electron exobase |e.g. Xu, 2015; Xu et al.,

2016]. ST g cludes electron-neutral inelastic and elastic collisions, as well as Coulomb

collisions wift.] fhermal electrons and ions.

-t

For this ﬁular simulation, the magnetic field line is assumed to be symmetric about
the terminator, with a maximum field strength of 20nT at the two footpoints (one in
the daysii®™lgge on the nightside), and a minimum field strength of 10nT" at the 400km

altitude above the terminator. The dayside footprint (the location where the field line
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intersects the electron exobase) of the field line is set at 85° solar zenith angle (SZA)
and the other in darkness (i.e. no photoionization production). The models of both the
neutral atmosphere and thermal plasma environment along the field line are obtained
from the Mars Global Ionosphere and Thermosphere Model (M-GITM) |Bougher et al.,

2015]. &Madiance is obtained using the Hinteregger-81 model |Hinteregger et al.,

1981], Witrth F10.7 of 130 solar flux units.
| |
Figures gA ® show simulated field-aligned and anti-aligned electron spectra for two dif-
ferent stre of electric potential drop: 2A.) an electric potential so weak that it cannot
be measured, and 2B.) a hypothetical 20V potential drop, comparable to the large-scale

potential Q observed at high altitudes at Earth.

Case m o measurable electric potential: Let us assume MAVEN is situated
above t nator of Mars, and is on a closed magnetic field line that has one foot-
point i side atmosphere, and the other footpoint somewhere on the nightside (as
in Figure 2C). Consistent with the MAVEN observations to be presented later, electrons
outflowin the dayside ionospheric source region are shown in red, and the returning
electrons, i ing back from the nightside are shown in blue. Ionospheric photoelectrons
exhibit g

e

resulting fﬁhe photoionization of COy and O by the intense 30.4-nm He-II line in the

y features: 1.) a cluster of sharp peaks (unresolved) from 23 to 27 eV

solar EUV spe:trum; 2.) an abrupt cut-off at ~75eV due to a sharp drop in the intensity

of the so diance at wavelengths shorter than 16nm [Gan et al., 1990; Richards and

Peterson, 2008, referred to as the “Aluminium (Al) Edge"; and 3.) a peak of oxygen
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X-12 COLLINSON ET AL.: TRANS-TERMINATOR ELECTRIC FIELDS AT MARS

auger electrons at ~500eV due to K-shell ionization of CO2 and O by soft X-rays.

In the absence of any appreciable electric potential drop (Figure 2A), the only elec-
trons returning from the nightside are those which have been magnetically reflected or
backscawom the nightside footpoint (blue spectrum). Although there are sources
of electrox@&he nightside Fowler et al. [2015], these are much weaker than dayside
photopr(')c@n, and thus any trans-terminator magnetic field will exhibit a strong pitch

angle anis@r in superthermal electrons at all energies [Brain et al., 2007].

Case B.) - A hypothetical +20V electric potential drop: Now let us impose a
hypotheti 0V electric potential drop along the closed magnetic field line, occurring
somewherEveen the location of MAVEN and the nightside footpoint, as in Figure 2C.
Figure 2B€k@s a sketch of how this hypothetical +20V electrostatic mirror will effect the
energy f photoelectrons observed by MAVEN. Electrons are now isotropic below
20eV ( sl we mean a quasi-uniform flux at all pitch angles), with all electrons below
this energibiing reflected back to the spacecraft. However, above this energy, electron
distributicoansition from isotropic to anisotropic, with greater fluxes coming from the
dayside, as trons above this transition energy have sufficient velocity to overcome the
electric pogal and impact the nightside atmosphere, and the only electrons returning

are those 5 have been magnetically reflected or backscattered.

Thus,@al magnitude of electric potential drop may be directly measured through

examination of at what energy the outflowing and inflowing electrons transition from
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isotropy to anisotropy. This transition is very sharp [Kitamura et al., 2012|, occurring in
less than the energy channel bin width of our instrument and therefore the magnitude of
the electric potential drop can be unambiguously determined from the energy at which
the ratio between outflowing and inflowing electrons diverges from unity.
e

It is als@&rtant to note that this (isotropic to anisotropic) “transition" feature is
specific 10@1"051:&‘510 mirrors. Whilst a magnetic mirror might also reflect particles
back to theg dwyside, magnetic mirrors also produce loss cones, and are energy indepen-
dent and adigbatic. Therefore, magnetic mirroring will not create this specific type of
energyde%nt transition from isotropic to anisotropic distributions, and thus we may

unambigu infer the presence of an electrostatic mirror from the presence of such a

feature. C

Des of MAVEN-SWEA: The MAVEN Solar Wind Electron Analyzer is

a top—hEostatic plasma analyzer mounted on the end of a 1.5m boom, and is

equipped gitielectrostatic deflector plates which give it a view of 80% of the sky. It

measures ons over the energy range of 3-4600eV with a resolution of 17% (AE/E).

SWEA op in two data collection modes: “ionospheric mode" (when MAVEN is
e

- —

a “burst "ﬁand a lower resolution “survey mode" (see table 4 of Mitchell et al. [2016]

below 2 and “solar wind" mode (>2000km). Each mode creates two data streams;

for a summary of SWEA operational modes). Due to the limited data rates available
to planet acecraft such as MAVEN, only a fraction of burst mode data can be

telemetered back. The event presented later in this paper represents our best current
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X-14 COLLINSON ET AL.: TRANS-TERMINATOR ELECTRIC FIELDS AT MARS

example, partly because ionospheric burst mode data was available, providing 64 energy
bins and 8-sec cadence for energy/angle (3D) distributions, and 64 energy bins and 2-sec
cadence for pitch angle distributions (PADs). For full details of SWEA, see Mitchell et al.

[2016].

e

3. Evide@ a trans-terminator electric potential at Mars

In thig ggelign we present our current best example of a signature consistent with a
trans—tern;mm" electric field, occurring on the 3rd of March 2015. Figure 3 shows a
map of th vent orbit geometry (Ne821), and Figure 4 shows MAVEN observations
for the lowwde portion of orbit Ne821. Periapsis was in the northern hemisphere
near the t@ator. The light blue line running parallel to the orbital path in Figure 3
shows the@n from which MAVEN data are shown in Figure 4. Altitude (4A), and
three-com t magnetometer measurements (4B) are shown for reference and context.
Figure 4C shows omni-directional energy spectra measured by SWEA, with time on the
x-axis (wi same range as 4A B), energy in eV on the y-axis, and colour denoting the
logio of differential energy flux in eVem2sr=ts~leV 1

—

Shown Qﬁh are three SWEA electron scans which have been ordered by the mag-
netic ﬁeld&ector. In all three scans, the only electron populations visible are planetary
photoele?m.' Since we observe no evidence for any inflowing solar wind electrons [see

e.g. C’ollzﬁat al., 2015], we determine that all three scans were taken when MAVEN

was on @agnetic field lines. Each scan («, 3, ) shows two spectra: one a field-

aligned spectrum (averaged within +60° of ]§) and the other an anti-aligned spectrum

(averaged within +60° of —B). The two spectra have been coloured so that, consistent
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with Figure 2, red denotes the distribution of tailward flowing electrons, and blue the
sunwards flowing distribution. Below each spectra is a plot showing the ratio of outflow-
ing to inflowing electron fluxes. Full 3D pitch angle distributions for each scan are also
shown in Figure 5.
e
Scan a@(“a" - left panel) represents the case where both footpoints of the closed
magnetic Eine passing through MAVEN are in the dayside photoproduction region,

and thus Unergy spectra of electrons traveling parallel and anti-parallel to the field

are the Sa%

Scan I; (“B" - center panel) shows the case similar to the simulated electrons in
Figure QAEe MAVEN is now on a closed magnetic field line that spans the terminator,

but there G@evidenee for electrostatic mirroring. Consistent with our simulation, the

only elEfowing from the nightside (blue) are magnetically reflected or backscat-
tered, aninished flux compared to those outflowing from the source region (red).
Scan @1 (“4" - right panel), was measured just over 45 minutes later, when

MAVEN w 106° Solar Zenith Angle (SZA), above the Utopia Planitia impact basin,
where tg no measurable crustal magnetic sources. MAVEN was still on closed
magnetlc ines, and would be until ~11:46, at which point connection to the solar
wind is ev1de in the increase in flux at all energies in the SWEA spectrogram (Figure

. The wing (red) spectra are similar to the outflowing photoelectron spectra in

scans «, 3, albeit at a lower flux as the source region from which these electrons are
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outflowing from appears to be closer to the terminator with a lower photo-production
rate. Above 6.5eV the electron distributions are anisotropic, consistent with our simu-
lations of backscattered photoelectrons on closed trans-terminator magnetic field lines.
However unlike scan 3, below 6.5e¢V the electron pitch-angle distribution transitions to
isotropicesjuidadequal fluxes of inflowing (blue) and outflowing (red) electrons. This be-
haviour cplained by an electrostatic mirror (Figure 2B), and is consistent with
similar GsEplc to anisotropic) transitions presented at Earth by Kitamura et al. [2012]
associated@the presence of large parallel electric potential structures at high altitudes.

Correc%J for the electrostatic spacecraft potential: As electrons arrive at
MAVEN jall through an additional electric potential drop due to the electrostatic
charging oEspacecraft. If the spacecraft is negatively charged, all electrons are slowed,
whereas iGa;pacecraft is positively charged all electrons are accelerated towards the

detectoEng in an energy shift in the spectra of both inflowing and outflowing elec-

trons. , the 6.5 eV transition from isotropic to anisotropic pitch angle measured
in scan vy Cgrresponds to the total potential drop (®Prorar) of +6.5 V, with a £0.5 V uncer-

tainty aris@om the width of the energy bin at which the transition occurred. However,

DProrar is EEf ium of the Martian potential drop (®ps.-s) and the spacecraft potential
(Psc). USING

dependentﬁasure the spacecraft potential during scan -, finding &5 = —1.5 + 0.5

e MAVEN Langmuir Probe and Waves (LPW) experiment, we may in-

V. Thus, we mgay correct for the spacecraft potential to determine the magnitude of the

Martian € ic potential drop (®p/4s) using equation 1.
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q)Mars = (I)Total - (I)SC (1)

Applying this correction, we find that the Martian component of the total field-aligned
electric potential drop was ® ;4. = 7.7 £ 0.7V

e

ExpecQﬁtk of effect on local ions: As shown in Figure 1, although such a

- —
distant eleitri_cpotential structure reflects electrons below the “transition” energy (in the
case of scfn 7¥6.5 eV) from the nightside back to the spacecraft, we would not expect
to see anymge in the behavior of the local ion population. This is because while the
distant ~ electric potential is reflecting negatively charged (< 8 eV') electrons back
up towards MAVEN, it is accelerating positively charged ions away from the spacecraft
and down he distant nightside ionosphere. Therefore, while the potential structure
must be amting ions, this acceleration is occurring at some distance from the space-
craft, and = MAVENis effectively “upstream" of this process we would not expect to

see any eltect on the local ion population.

—

Consist@th this interpretation, no obvious change in the energy of the ions was
observe(EVEN STATIC. This gives further weight to the interpretation of a distant
(rather thﬁn lgeal) electric potential structure, and full details of STATIC observations
can be found 14 the supplemental information section S1, together with continuous SWEA

pitch an&tibutions, and a comparison between observed magnetic fields and crustal

field models.
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4. Discussion

4.1. Investigating alternative explanations

Before pursuing any further analysis, a series of simulations was first carried out to see
whether the parallel and anti-parallel spectra in scan v could be explained in some way
other thWIectrostatic mirror. We used the Mars-STET model to investigate the
effect of field configuration, neutral densities, and thermal plasma density on

the par#1®=®M anti-parallel electron distributions.

First, asymmetric field lines are tested, with a high magnetic field strength at the
footpoint mﬂigh’c and low field strength at the footpoint in shadow (and vice versa).
However, : found that the results did not affect the electron distributions apprecia-
bly. Then@nereased the neutral density in the nightside atmosphere (to increase the
collisionalction with the neutrals) by artificially multiplying the density by factors
of 5 andugss hough this raised the superthermal electron exobase to higher altitudes, it
did not turning photoelectron fluxes at 310 km (observational altitude). Finally,
to investigate whether the equal fluxes of returning superthermal electrons below 7eV
could be e ined through coloumb scattering, the nightside ionosphere was significantly
enhanced by multiplying its densities by an unrealistic factor of 100 times. We found that
althoug?ger altitudes more uniform fluxes could be observed, at 310km, where scan
v was takﬁe simulated return flux was still half of that of the outgoing flux from the
source region. However, this is hardly surprising since there is no known mechanism in

which b{tter can act like an electrostatic mirror, returning 100% of the incident flux
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only for a specific energy range.

We conclude that even large changes in the neutral and plasma densities and variations
of the field magnitude at the footpoints cannot account for the observed parallel and
anti—pariﬁ-ﬁlargy spectra. Thus, the most plausible explanation for scan v is electro-
static reﬂ resulting from a potential drop between the spacecraft and the magnetic

footpoint if the nightside exobase.

O

4.2. A p(eﬁinary search for more events

A brief ﬂr was undertaken to see whether any other spectral discontinuities could
be observe d the experiment repeated), or whether the trans-terminator field implied
by scan ’ygrbit Ne 821 represented a rare or potentially unique event. To address
this quest? examined the 26 orbits preceding 821, finding a total of 10 electric field
signatures sitmar to those in scan v on 7 of the orbits, suggesting that at least at these
northern latitudes, trans-terminator electric fields on closed field lines are a common oc-
currence. w 1 shows a summary of each of these events, showing the orbit number,
date and he altitude and solar zenith angle of MAVEN at the time of the SWEA
observatioff; and the total potential drop (®rorar) implied from the energy bin of the
transition.ﬁaﬂisotropic to anisotropic pitch angle distributions, the spacecraft potential
(Psc) as @red by MAVEN-LPW, and the corrected strength of the total Martian
electric 1al drop (®pars). The uncertainty is taken from the energy resolution
(AE/E = 17%) of SWEA and the ~ +0.5 V uncertainty in the measurement of the

spacecraft potential by LPW. Whilst Orbit Ne821 represents our weakest example of a
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field (Pprars = 7.7 £ 0.7 V), it remains our best because the full “burst" resolution data
was available, whereas on all other orbits only the “survey" mode data was transmitted
to Earth, with reduced energy sampling, reducing our ability to resolve the energy of the
transition, and thus the strength of the potential drop.
e

Althoug@landful of observations does not represent a statistically significant sam-
ple, we may surmise a few properties of these Martian trans-terminator electric fields along
closed magmemg fields. Firstly, with a mean strength of ®y;4pg =11 V, these fields are
strong eno to accelerate ionospheric O* and OF to escape energy, and could thus drive
trans—termm;or transport. Secondly, the fact that such electric fields are not observed

on every “terminator closed field (e.g. Fig. 4 scan ) indicates that the conditions

responsib‘Ethese fields are not always present.

4.3. Spemion as to their origin
An electrt Id in the collisionless region above the ionosphere would be expected to

arise from the electron pressure gradient:

-

VP,
O Eirm = ENe )

This méhanism is key to the formation of Earth’s polar wind |Banks and Holzer, 1968].

At Mars‘,-m there is unquestionably a gradient in electron pressure across the termi-
nator, it i@ﬁcient to explain the 11V trans-terminator potential drops reported here.
Further@ such large potential drops were simply the result of the pressure gradient
across the terminator, then one might expect to observe such potential drops on every

closed trans-terminator field line. However, this is not the case (see scan 3, figure 4).
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Although it is possible that such a strong ambipolar field might briefly form in response
to some hypothetical dramatic transient change in the Martian ionosphere, one would
not expect such a formation mechanism to create stable potential structures for whole
minutes at a time, as was the case for scan 7. Thus, whilst electron pressure gradient
driven elﬂﬁﬁiﬁlelds must be present, they cannot satisfactorily explain these strong trans-

terminato@ntial drops, and additional unknown physical processes must be at work.

-

At preswhe cause of these trans-terminator electric fields on closed field lines is
unknown, we cannot propose any particular mechanism, even speculatively. This
said however, any future mechanism must explain two observed features: (1.) the electric
potential ; generated by these fields are much stronger than that of the background
planetary Eic field (< 2V [Collinson et al., 2015]), and (2.) the fields are sometimes
but not a@observed, even when the magnetic topology appears to be the same. This
strongl tes future statistical studies of parallel electric fields at Mars to see if;
a.) if t ocalized around the crustal magnetic field remanents |Acuna et al., 1998;
Connerneﬂl., 1999]; b.) if they occur at any given longitude, latitude, and altitude;

and c.) if @are associated with any particular upstream drivers.

5. Conc&sions

At llﬂh?'ml the 3rd of March 2015, the NASA MAVEN Mars Scout was flying
above Ut;lanatia, a 3300km wide impact basin, with no measurable crustal mag-

netic so»{The spacecraft was ascending through 323km in altitude having just crossed
over the terminator from day into night. From electron spectra measured by the Solar

Wind Electron Analyzer (SWEA), we know that MAVEN was on a closed magnetic field
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line, with one magnetic footpoint on the dayside and the other on the nightside. This
magnetic topology is not unusual, and indeed a similar day-to-night magnetic connection
had occurred only 45 minutes previously. However, the parallel and anti-parallel electron
distributions show a clear signature for electrostatic reflection, revealing the presence of a
D s aRs M potential drop from the spacecraft to the nightside footpoint of the mag-
netic ﬁeld brief survey of the previous 26 orbits revealed a total of 10 such similar
signatur'esEorbits, with a mean total electric potential drop of ®,4zs = 10.9 0.8V
From thiscjl unstatistical sample, we see that such cross-terminator potentials are

sometimes byt not always observed, even when the conditions and magnetic topology

appear to be similar, at least at these northerly latitudes.

The fac@ such potential drops are not observed on every trans-terminator magnetic
field line €@vly suggestive that they are the result of either a localized or transient
phenom! hough the generation mechanism of these large parallel electric potential
drops is ly unknown, we speculate that they may be associated with the magnetic
conﬁgurath&around localized crustal magnetic sources, although this is pure conjecture.
Understar@their locality, origin, and their effects on the ionosphere and thermosphere
of Mars arf fEerefore prime objectives for future theory, modeling, and observational

investigatlons.
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Figure 1. Schematic of a hypothetical trans-terminator magnetic field line, with 20 V electric

potential drop on the nightside, and its effect on three particles; electron Nel, born with an

energy of 30eV and impacting the nightside ionosphere; electron Ne2, born with an energy of 20

eV and being reflected back to the dayside; and an ion (it) born with an energy of 20 eV, and

accelera‘ﬂﬁ‘the potential drop into the nightside ionosphere.

Figure Znghes showing the predicted spectra of photo-electrons in the tail of Mars for two
- —

hypothetiﬂectric potential drops: Panel A.) Electric potential drop ¢ < 3V above MAVEN;

Panel B.)@ric potential drop ¢ = 20V above MAVEN. The predicted spectra of electrons

flowing OWS from the dayside source region are shown in red, and the hypothetical spectra

of electro ing back from the night side in blue.

Figure 3. Map of MAVEN orbit Ne867. The co-ordinate system is Mars Solar Orbital (MSO),

where x pgtowards the sun, y points backwards along the tangent of the planetary orbit, and

Z Completm right-handed set pointing up out of the plane of the ecliptic out of the northern

hemisphe he orbit of the MAVEN Mars Scout is shown in maroon, with a model bow shock

and ma, ileup boundary (ionopause) in black, according to Vignes et al. [2000].

Table 1§ Preliminary survey of Trans-terminator potential drops
Orbit N ate/Time (GMT) Alt(km) SZA. (O) (I)TOTAL (V) CI)SC (V) q)Mav-s (V)

795 @15—02—26 14:28:03 166 96 115+41.0 -1.1402 12.6%1.1
795 15-02-26 14:29:51 195 102 9.0+£0.8  -0.7£0.1  9.7+£0.8
798 15-02-27 04:00:41 188 100 11.541.0  -1.9404  13.4+1.1
7@15-02-27 04:02:17 226 104 11.541.0  -3.940.8 15.4+1.3
799, 2Q15-02-27 08:31:25 195 101 9.040.8  -1.14£0.2  10.140.8
79 15-02-27 08:33:27 248 106 72406  -1.9404  9.1+0.7
800 15-02-27 13:03:47 247 106 9.040.8  -1.540.3  10.540.9
805 15-02-28 11:37:00 292 108 9.04+0.8  -1.540.3  10.540.9
818 15-03-02 22:11:18 242 100 9.04+0.8  -1.3+£0.3  10.340.8
8415—03—03 11:45:25 323 106 6.54+0.5  -1.240.2  7.740.6
Mean: 232 km  103° 93408V -1.640.6 V 10.9409 V
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Figure 4. Magnetic and electron observations from the NASA MAVEN Mars Scout on orbit
Ne867. A - Spacecraft altitude; B - MAVEN Magnetometer observations in the Mars Solar
Orbital ddinate system; Panel C - Electron spectrogram from MAVEN SWEA; and three
electr.on L scanls (e, B,7), showing energy vs. differential energy flux and energy vs. the ratio
betweeLuﬁﬁowing and inflowing electron fluxes. Scan « - Closed magnetic field line with both
footpoi@ the dayside ionosphere; Scan ( - Closed trans-terminator magnetic field line with

no evicgaof an electric potential drop; Scan ~ - Closed trans-terminator magnetic field line

with a E! eSsctric potential drop.

=

Figuref._Full pitch-angle distributions for each of the three electron scans: Scan « - Closed
magnet@d line with dayside photoelectron sources at both ionospheric footpoints; Scan S -
Closedﬁtermina‘cor magnetic field line with a single source of photoelectrons on the dayside,
and bagkscattered photoelectrons returning from the nightside resulting in an anisotropic distri-

bution;ﬁ v - Closed trans-terminator magnetic field line with a single source on the dayside

ionosph&nd semi-isotropy below 7eV resulting from electrostatic mirroring.
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