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Abstract Amongst various escape channels, ion outflow is a major contributor to atmospheric loss at
Mars over geologic time. On Mars’ nightside, observations have indicated that cusp regions within crustal
magnetic fields are associated with phenomena such as accelerated particle populations, discrete auroral
emissions, and ionospheric outflow; however, the kinetic physics occurring within crustal magnetic cusps
is poorly understood. Here, we present 1.5-dimensional particle-in-cell simulations of magnetospheric-
ionospheric interactions within martian crustal magnetic cusp regions of varying strength. Simulation
results demonstrate the formation of quasi-static, field-aligned potentials pointing away from Mars

that accelerate electrons into the martian atmosphere while accelerating ions away, thereby enhancing
ionospheric escape. Escaping ionospheric flux scales with crustal field strength, with 160 nT crustal fields
yielding >2X the ion escape flux than in the case with no crustal fields. We discuss these results and
conclude that magnetic cusp regions may be significant sources of ion loss at Mars.

Plain Language Summary Over 4.5 billion years, Mars’ atmosphere has gone from warm
and dense to cold and thin. An enduring scientific question is how and why Mars lost nearly its entire
atmosphere. One possible mechanism for atmospheric loss at Mars is ionospheric escape. Neutral

atoms in Mars atmosphere become ionized by gaining a charge after which they are subject to strong
electromagnetic forces, which may be sufficient to overcome Mars’ gravity and allow the ion to escape
Mars completely. Here, we examine a particular environment at Mars, namely, regions on the nightside
of Mars that possess strong crustal magnetic fields that are “open,” meaning one end of the field line
connects to Mars while the other is open to space. We use a “particle-in-cell” model that tracks the
behavior of individual ions and electrons as they interact with both magnetic and electric fields. Overall,
the model predicts that in regions of strong open crustal magnetic fields, electromagnetic forces stimulate
excess ionospheric escape, more than twice the escape in cases with no crustal magnetic fields. These
findings are significant as they suggest that regions of open magnetic fields may have contributed
significantly to the loss of Mars’ atmosphere over geologic time.

1. Introduction

Over its ~4.5 billion years history, Mars has lost its atmosphere. While there exists a preponderance of evi-
dence that the early martian climate was warm and wet, with relatively high global atmospheric pressures
(e.g., Davis et al., 2016; Owen, 1992; Poulet et al., 2005), Mars today is cold and dry, with a thin global CO,
atmosphere of <~10 mbar of pressure (Hess et al., 1979). Thus, an enduring scientific question remains:
namely, how, why, and when did Mars lose its atmosphere? Sequestration of atmospheric carbon into the
surface and subsurface of Mars is one postulated pathway, yet evidence suggests that there is an insufficient
amount of carbon in the present-day surface of Mars to account for the expected atmospheric loss (e.g.,
Bibring et al., 2005; Edwards & Ehlmann, 2015). Atmospheric escape to space is the other main loss path-
way and manifests itself in a variety of processes, including Jeans escape (e.g., Tian et al., 2009; Walterscheid
et al., 2013), photochemical escape via dissociative recombination (e.g., Cui et al., 2019; Fox & Ha¢, 2009;
Lillis et al., 2017), neutral knock-on sputtering (e.g., Jakosky et al., 1994; Leblanc & Johnson, 2001; Luh-
mann et al., 1992), and acceleration of ionospheric species away from the planet via electric fields (e.g.,
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Brain et al., 2015; Carlsson et al., 2006; Cravens et al., 2002; Dong et al., 2015; Dubinin et al., 2011). Recent
observations by NASA's Mars Atmospheric and Volatile EvolutioN (MAVEN) mission have concluded that
the sum of these loss-to-space processes can account for nearly 1 bar of atmospheric CO, pressure, thereby
representing a significant, if not dominant, source of atmospheric loss (Jakosky et al., 2018). In turn, un-
derstanding the atmospheric loss mechanisms at Mars has far-reaching implications for the habitability of
worlds in our solar system and in exoplanetary systems (e.g., Airapetian et al., 2017; Dong et al., 2017, 2018;
Seager, 2013).

As the primary source of atmospheric ions, the martian ionosphere plays an important role in mediating
the loss of both neutral and ionized material to space. On Mars' nightside, the ionosphere is controlled by
processes such as neutral atmospheric dynamics, day-to-night bulk plasma transport, meteoritic ablation
and ion deposition (e.g., Haider et al., 2013; Withers et al., 2008), solar energetic particle deposition (e.g.,
Girazian et al., 2017a), crustal magnetic field topology, suprathermal electron precipitation (e.g., Adams
et al., 2018; Akbari et al., 2019; Brain et al., 2006; Girazian et al., 2017b; Lillis et al., 2009), and field-aligned
potentials from ambipolar ionospheric expansion (e.g., Dubinin et al., 2008a; Xu et al., 2018). While un-
magnetized to first-order, Mars possesses remanent crustal magnetic fields distributed in-homogeneously
over the surface that are known to significantly alter its interaction with the solar wind and space plasma
environment. In particular, the cusp regions of crustal magnetic fields, where field lines on the nightside
are most likely to be open to the martian magnetotail, are associated with a plethora of physical process-
es due to the exchange of charged particles between the ionosphere and magnetosphere. These processes
include discrete UV auroral emission (e.g., Bertaux et al., 2005; Gérard et al., 2015; Leblanc et al., 2006),
electron precipitation into the nightside atmosphere (e.g., Brain et al., 2006; Lundin et al., 2006a; Bisikalo
et al., 2017), and small-scale horizontal perturbations to the magnetic field (e.g., Brain et al., 2006). Associ-
ated phenomena include enhanced ionization signatures (e.g., Safaeinili et al., 2007; Némec et al., 2011) and
escaping ionospheric ions (e.g., Lundin et al., 2006b; Dubinin et al., 2020). It seems plausible that magneto-
spheric-ionospheric coupling within martian magnetic cusps is a root driver of much of the above phenom-
ena, in analogy to similar processes that are known to operate in the terrestrial magnetospheric cusp and
polar regions (e.g., Reiff et al., 1988; Schriver & Ashour-Abdalla, 1993; André & Yau, 1997; Schriver, 1999).

Despite these observations associating martian crustal magnetic fields with various phenomena, we still do
not fully understand the kinetic physics present within martian magnetic crustal cusp regions. While there
have been a plethora of modeling-based studies of the martian magnetosphere in a global sense (e.g., Ma
et al., 2004; Dubinin et al., 2008b; Brain et al., 2010; Dong et al., 2014; Holmstrom & Wang, 2015; Brecht
et al., 2016; Jarvinen et al., 2016, 2018; Ledvina et al., 2017; Egan et al., 2018) and in particular, the role of
crustal magnetic fields in altering global martian ion escape (e.g., Fang et al., 2010, 2015; Brecht & Ledvi-
na, 2014; Romanelli et al., 2018), there has been to date no fully kinetic model of the magnetospheric-ion-
ospheric interaction within a crustal magnetic cusp region that can resolve both ion and electron physics.
Here, we present 1.5-dimensional particle-in-cell (PIC) modeling results of the ionospheric-magnetospher-
ic plasma interaction along a crustal magnetic field cusp connected to the martian nightside ionosphere. In
particular, these simulations are designed to quantify the formation of field-aligned electrostatic potential
drops within magnetic cusps formed by differential penetration of magnetospheric ions and electrons and
the effects of these field-aligned potentials on martian ionospheric ion escape. In Section 2, we describe the
PIC model including its basic principles, operations, and assumptions. In Section 3, we present the results
of the PIC simulations focusing on the dependence of the results on changes in the strength of the martian
crustal magnetic field magnitude. Finally, in Section 4, we discuss the results and conclude.

2. Model Description

We have used a 1.5-dimensional particle-in-cell (PIC) code to model the kinetic interaction of magneto-
spheric and ionospheric plasmas in the martian nightside ionosphere, adapted from a similar (albeit sim-
pler) 1.5-d PIC model previously used to investigate the solar wind interaction with lunar crustal anomaly
cusps (Poppe et al., 2012). The 1.5-d PIC model traces both particle ions and electrons along a single spatial
dimension and in two velocity dimensions, see cartoon in Figure 1a. By virtue of having a single spatial
dimension, the modeled magnetic topology is restricted to following a single field line that is open to the

POPPE ET AL.

20f 11



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters

10.1029/2020GL090763

(a) PIC DOMAIN (b) 200 T
MAGNETOSPHERIC MAGNETOSPHERIC 40 nT BG + 0 nT crustal 1
IONS ELECTRONS [ 40 nT BG + 20 nT crustal 7
r 40 nT Bg + 38 n¥ crus}a: ——————— B
L 40 nT BG + 80 nT crustal —-—-—-—-—--
M?E'L“;ST'C 150 - 40 nT BG + 160 nT crustal _
= L |
5 r 4
e} . 7
ic L _
5 100 . 1
@

c . « 4
(o] [N N 4

& .
= N |
) 50~ SNreAL I oo
D RN | ]
IONOSPHERIC ELECTRONS [ ]
IONOSPHERIC IONS ol . o L ]

/ / / \ \ 0 200 400 600 800 1000
EXOBASE \ VI \ ;
( d) Altitude above Exobase [km]
(C) B,+B,=40nT +0nT B,+B,=40nT + 160 nT
107 ‘ 107

[T

-
(=]
>

magnetospheric ions magnetospheric ions
magnetospheric elec
ionospheric ions

ionospheric elec

magnetospheric elec
ionospheric ions
ionospheric elec

TTTT

-
o
>

e F i e F E
2z . o 1 2 o ]
B 10° = 3 10° -
g ERN E
10 = 10 <]
10°[ ‘ ‘ ‘ ‘ [l 10° ‘ ‘ ‘ ‘ i

0 200 400 600 800 1000 0 200 400 600 800 1000

Altitude above exobase [km] Altitude above exobase [km]

Figure 1. (a) A cartoon of the martian crustal magnetic cusp region, including magnetic fields, the four simulated particle species, and the PIC domain
region along a single field line. (b) The magnetic field magnitude vs. altitude above the nightside exobase. All simulations have a spatially constant 40 nT
magnetospheric field plus varying levels of dipolar, crustal magnetic field strengths. (c) and (d) The particle densities as a function of height above the exobase
for the B, = 0 nT case and the B, = 160 nT case, respectively. The black dashed line in both panels denotes the initially preloaded ionospheric ion and electron

density.

nightside martian ionosphere, i.e., the lower end point of the field line connects to the martian ionosphere
and the upper end point is open to the downstream martian magnetosphere. The magnetic field is preset in
the simulation and remains constant, as this study focuses on electrostatic phenomena as opposed to fully
electromagnetic phenomena. Simulations of more complex magnetic topologies are beyond the scope of
the current study, as they would require higher-dimensionality models (e.g., Fang et al., 2015; Romanelli
et al., 2018). The two velocity dimensions track particle velocities parallel and perpendicular to the mag-
netic field line, respectively, with positive parallel velocities directed away from Mars. Parallel velocities
are dynamically calculated according to local electrostatic fields, the magnetic mirror force, and gravity,
while the perpendicular velocity is updated via a simple analytic expression, assuming conservation of the
first adiabatic invariant for all particles (u = mv? / 2B). As is standard in PIC codes (e.g., Birdsall & Lang-
don, 1985), the electrostatic field is determined by first calculating the charge density on a spatially discre-
tized grid, then calculating the electrostatic potential, ¢, via Poisson's equation, and finally by interpolating
E = —V¢ to the particle positions. For the gravitational force, we use an artificially large mass for Mars to
ensure that the heavy ionospheric ions are gravitationally bound (i.e., the thermal ion velocity is approx-
imately less than the gravitational escape velocity), given the relatively light mass for heavy ions used in
the PIC model, as described below. We note that this 1.5-d PIC model for the martian nightside ionosphere
shares many similarities with previous 1.5-d PIC simulations of the terrestrial auroral zone (e.g., Schriver &
Ashour-Abdalla, 1993; Schriver, 1999).

The PIC model domain extends ~1,000 km tailwards from the martian nightside exobase, which we take to
be at an altitude of 250 km above the martian surface. The PIC model uses a variable grid spacing throughout
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such that the local Debye length at any point in the simulation is resolved by at least a factor of two. At the
lower boundary, the Debye length is on the order of ~3 m while at the upper boundary, the Debye length is
~160 m (see discussion of particle parameters below). We used a time step of, 5¢ = 0. lco;e1 ~ 1.0 usec, where
wpe is the highest plasma frequency expected in the model. Each simulation was run for 10 s and particle and
field quantities were periodically printed out. The results were confirmed to have achieved a steady-state
equilibrium before terminating the simulation.

The PIC model includes two sources of magnetic fields: magnetospheric fields, B,,, and crustal magnetic
fields, B,. For all simulations, the magnetospheric field is set to a spatially constant B,, = 40 nT, which is
somewhat higher in magnitude than typically observed at the near-martian nightside; however, a stronger
background field allows us to keep the domain smaller by ensuring that the magnetic field at the upper
boundary is predominantly background field. The crustal magnetic field is modeled as dipole source buried
in the martian crust, oriented such that the cusp field line is parallel with the magnetospheric field and thus,
the two magnetic fields add constructively. The crustal field dipoles are placed at ~150-km depth below the
martian surface, slightly deeper than—but nevertheless on the order of—previous estimations for magnetic
sources (e.g., Nimmo & Gilmore, 2001; Voorhies, 2008). The primary external variable of interest in our
simulations is the strength of the crustal magnetic field. Thus, we ran five simulations with crustal magnetic
field strengths at the lower simulation boundary of B, = 0, 20, 40, 80, and 160 nT, respectively, and kept all
other simulation variables identical. The first of these simulations, with no crustal field contribution (and
thus, a constant B,, = 40 nT field throughout the domain), serves as a “control” simulation to quantify the
strength of ambipolar field-aligned potentials expected to be generated from polar-wind type outflows, as
seen both at Earth and Mars (e.g., Collinson et al., 2015; Dubinin et al., 2008a; Xu et al., 2018). The following
four simulations increase the crustal magnetic field strengths by factors of 2, starting at 20 nT (for a total
field strength at the exobase of B,, + B, = 40 + 20 nT = 60 nT), up to 160 nT (for a total field strength at the
exobase of 200 nT). Figure 1b shows the magnetic field magnitude vs. altitude above the exobase for all five
simulations. When compared to the control simulation with no crustal magnetic field, these simulations
quantify the strength of additional field-aligned potentials generated from differential penetration of mag-
netospheric ions and electrons into the martian crustal magnetic cusp region.

The magnetospheric plasma consists of ions and electrons, injected at the upper boundary as drifting Max-
wellians with a drift velocity of —250 km/s marsward, isotropic temperatures of T; = T, = 50 eV, and den-
sity of 0.1 cm™. The magnetospheric ion to electron mass ratio was set to m;/m, = 1,600, very close to the
physical value for protons (m,/m. = 1,836). The marsward velocity of the magnetospheric plasma is higher
than observed in the martian magnetotail (e.g., ~50 km/s as reported by Harada et al., 2015); however, a
higher inflow velocity allows the model to obtain equilibrium faster. The ionospheric plasma consists of
“heavy ions” and electrons, preloaded into the simulation at time, ¢t = 0. The initial ionospheric plasma has
zero drift velocity, temperature, T; = T;, = 1 eV (where the subscripts ii and ie refer to “ionospheric ions”
and “ionospheric electrons,” respectively), and a density profile with an exponential scale of H = 175 km.
The density at the lower boundary (i.e., the exobase) is set to be 5 cm™. With this exobase density and
scale height, the initial density of ionospheric species at the upper boundary of the simulation domain
(~1,000 km above the exobase) is ~0.005 cm ™, a factor of ~20 less than the incoming magnetospheric plas-
ma. The ionospheric ion to electron mass ratio was set to, m;;/m, = 3,200. We note that this ionospheric ion
mass is much less than occurs physically, where the dominant nightside ion is O3 (mg, / m, =59,000) (e.g.,
Girazian et al., 2017a; Wu et al., 2019); however, such an approximation is necessary and standard practice
for PIC models to achieve computational closure.

At the upper boundary, magnetospheric particles are continuously injected per the prescribed initial con-
ditions while any particles that reach the upper boundary with positive velocity are removed from the sim-
ulation. We assume particles that cross the upper boundary to be “lost” to the magnetotail. At the lower
boundary, any particles (ionospheric or magnetospheric) that cross the boundary with downwards velocity
are immediately reintroduced into the simulation at the lower boundary with velocities taken from the cold
ionospheric distribution. This choice essentially assumes that any particle that crosses the exobase will
eventually become thermalized to the cold, background ionospheric plasma. We note that we do not in-
clude either energy-dependent electron impact ionization of martian neutrals (e.g., Haider et al., 1992; Lillis
et al., 2009, 2011, 2018) or ion-electron recombination in this version of the model (although both effects
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Figure 2. The parallel velocity distributions for the B,, + B, = 40 nT + 160 nT case, including (a) magnetospheric ions,
(b) magnetospheric electrons, (c) ionospheric ions, and (d) ionospheric electrons at the lower boundary (“exobase”;
blue) and the upper boundary (“exobase + 1,000 km”; red). Dotted black curves are the initial or injected distributions
for each species, respectively. Particular features of note discussed in the text are labeled with lowercase Roman
numerals (e.g., i, ii, ...).

can be plausibly added in future studies). Thus, we are not self-consistently “generating” the nightside ion-
osphere, but rather presupposing its existence and focusing instead on its interaction with crustal fields and
precipitating magnetospheric plasma.

3. Model Results

Panels 1c and 1d show the final particle densities at the end of the simulation time for all four species as a
function of altitude above the exobase for the B, + B. = 40 nT + 0 nT case and the B,, + B.=40nT + 160 nT
case, respectively. Note that while not easily discernible from panels 1c and 1d, the plasma is quasi-neutral
throughout the domain to values on the order of 10~%to 10™*. In both panels, the black dashed line denotes
the initial density profile for both ionospheric ions and electrons, namely a exponential distribution with a
scale height of 150 km and exobase density of 5 x 10° m™>. In both cases, the magnetospheric ion and elec-
tron species (black and red curves, respectively) penetrate through the domain down to the lower boundary
of the model at the exobase. The ionospheric ion and electron densities (blue and orange, respectively)
deviate slightly from their original distribution. The increase in ionospheric densities at the lowest altitudes
(>~50 km above the exobase) is due to the reemission of magnetospheric particles as ionospheric particles.
By comparing the case without a crustal field, panel 1c, to the case with 160 nT crustal field, panel 1d, one
can see several differences including decreased magnetospheric electron densities especially in the lower
200 km of the simulation and increased densities of ionospheric ions especially above ~800 km above the
exobase. The presence of the strong crustal magnetic field in the latter case causes magnetospheric elec-
trons to mirror above the exobase, thus decreasing their density at low altitude. The differential penetration
of magnetospheric ions and electrons also stimulates the formation of increased field-aligned potentials,
which contribute to increased densities of outflowing ionospheric ions at high altitudes.

Figure 2 shows the parallel velocity distributions at the end of the simulation time period for (a) magneto-
spheric ions, (b) magnetospheric electrons, (c) ionospheric ions, and (d) ionospheric electrons, at both the
lower boundary (“exobase”; blue curves) and upper boundary (“exobase + 1,000 km”; red curves), respec-
tively, for the run with B. = 160 nT. Additionally, for comparison, each panel shows the initial or injected
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Figure 3. The (a) total potential for all cases and (b) difference in
potential between the four cases with crustal magnetic fields (B, = 20 nT,
40 nT, 80 nT, and 160 nT, respectively) and the B, = 0 case, as a function
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acceleration via field-aligned potentials. At maximum for this simula-
tion, the magnetospheric electrons impact the exobase at velocities up to
~—5x%10°m/s, equivalent to ~70 eV.

The ionospheric ion velocity distributions are shown in panel 2c. A cold

s
1

)’ is the dominant feature of

at the upper simulation boundary (z = exobase + 1,000 km) for all five the distribution with some heating compared to the initial distribution.
simulations. The ratios of the total tailward ionospheric ion flux, I’ forall  In addition to this cold core, the distribution also possesses a downwards

five cases to the B, = 0 nT case are listed as an inset.

tail, labeled “ii,” of ionospheric ions with velocities >200 km/s down-
wards. This tail results from downwards acceleration by ambipolar elec-
trostatic fields generated by the initial expansion of the magnetospheric
species downwards into the domain (i.e., as the magnetospheric electrons initially outrun the magneto-
spheric protons). At the upper boundary of the simulation, labeled “iii,” there exists a population of sig-
nificantly heated, upward moving ionospheric ions with median velocities of ~+80 km/s, representing
ionospheric ion outflow. This outflowing population results from both polar-wind type outflow due to the
escape of the lighter ionospheric electrons and field-aligned potentials induced by the penetration of mag-
netospheric plasma into the strong crustal cusp region. Finally, panel 2d shows the ionospheric electron
distributions, which possesses a cold core, labeled “i,” and a slightly extended tail of downwards velocities,
labeled “ii,” at the lower boundary. The downward going tail of electrons reflects the field-aligned potentials
accelerating electrons downwards in the same manner as that seen in the magnetospheric electron distribu-
tion. At the upper boundary, only very minor fluxes of somewhat heated ionospheric electrons are present.

Figure 3a shows the total potential for all five cases as a function of altitude above the exobase. The to-
tal potentials demonstrate that upward pointing electric fields exist above ~250 km for all cases includ-
ing the 0 nT crustal field case due to polar-wind type outflow where the ionospheric electrons outrun the
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ionospheric ions. The upward ambipolar potential observed even in the absence of crustal fields is higher
than those observed in-situ (e.g., maximum potentials of —1.5 V; see Xu et al., 2018), which is most likely
caused by the heated ionospheric electrons (see Figure 2d) that upwell at a greater rate. The ionospheric
heating seen in the model results here is also higher than observed in-situ (e.g., Fowler et al., 2015), ulti-
mately due to limitations on the maximum ionospheric density we can simulate with the PIC model (i.e.,
higher ionospheric densities are less susceptible to heating from precipitating magnetospheric electrons).
Nevertheless, as this study focuses on the role of crustal fields in altering the ambipolar potential, this
“background” potential can be subtracted off as discussed below. Note also that the decrease in potential
from ~250 to 0 km is due to recycling of magnetospheric particles at the lower boundary. In Figure 3b, we
show the difference in potential between the 0 nT case and the four cases with crustal fields, respectively,
in particular to highlight the contribution to field-aligned potentials that arise upon inclusion of the crustal
magnetic fields, thereby separating that contribution from ambipolar expansion potentials. For all four
cases with crustal magnetic fields, potential differences <~200 km above the exobase are near zero and thus
negligible. At altitudes above the exobase of >~200 km, the potential difference in all four cases decline with
total potential drops at the upper boundary ranging from —4 V in the B, = 20 nT crustal field case to —17 V
in the B, = 160 nT case. The potential drops correspond to upward pointing electric fields generated by
the charge separation of magnetospheric plasma within the crustal magnetic field cusp. This field-aligned
potential accelerates electrons downwards and ions upwards, thereby contributing to ionospheric outflow
from the nightside ionosphere.

In Figure 3c, we show the ionospheric ion velocity distributions at the upper boundary of the simulation
for all five cases at the end of each simulation time period. In all cases, the ionospheric ion distributions
can be described as upward drifting Maxwellians, with drift speeds ranging from 63 km/s (B. = 0 nT) to
80 km/s (B, = 160 nT). Note that for all cases, the median drift speeds are slightly higher than estimated
from the total potential drops alone, which range from 52 km/s (B, = 0 nT) to 67 km/s (B, = 160 nT). This
apparent excess in the ionospheric median velocity is due to filtering of the lower energy tail of ionospheric
ion distribution by the ~8 V downwards pointing potential seen below 200 km in panel 3a. One can also see
overall increases in the velocity distributions for the two strongest crustal magnetic field cases, B, = 80 nT
and 160 nT. To further quantify this increase, we computed the total ionospheric ion flux for each of the five
cases by integrating over the velocity distribution as, I' = [*,vf(v)dv. As listed as an inset in Figure 3c, the
total ionospheric ion flux relative to the B. = 0 nT case increases from a minimum of 1.08 for the B, = 40 nT
case to 1.53 and 2.25 for the B. = 80 nT and 160 nT cases, respectively. We do note that the 40 nT case has a
slightly lower relative flux than the 20 nT case which does not fit the overall trend; however, we suspect that
for the 20 and 40 nT cases, the effect of the crustal fields on the ionospheric outflow may not be so robust as
to produce a clear and distinguishable trend. Nevertheless, what is clear from Figure 3c is that strong crustal
field cusps, where “strong” here implies >~80 nT at the exobase, stimulate excess ionospheric ion outflow
from the nightside ionosphere.

4. Discussion and Conclusion

The first fully kinetic simulations of martian crustal magnetic cusps regions presented here have quantified
the role that crustal field cusps play in generating quasi-static field-aligned potentials and stimulating in-
creased ionospheric outflow from the nightside ionosphere. Summarizing broadly, these simulations show
that field-aligned potentials in martian crustal cusp regions can be self-consistently and stably formed and
in turn, that these field-aligned potentials stimulate ionospheric ion outflow in excess of that which oc-
curs in unmagnetized regions due to polar-wind type ambipolar expansion (e.g., Ergun et al., 2016; Xu
et al., 2018). The formation of the additional field-aligned potentials arises from differential penetration
of magnetospheric ions and electrons into cusps regions, in analogy with similar processes that occur in
Earth's polar region (e.g., Schriver, 1999) and in lunar crustal magnetic field cusps (e.g., Deca et al., 2016;
Poppe et al., 2012; Saito et al., 2010). Due to the presence of additional electrostatic field-aligned potentials,
the model in turn predicts increased ionospheric ion outflow, with the total escaping ion flux correlated
with the strength of the crustal magnetic field. Given the broad extent of crustal magnetic fields across
Mars and in particular, the large cusp regions within these field topologies (e.g., Brain et al., 2007; Mitch-
ell et al., 2007; Weber et al., 2017, 2019; Xu et al., 2019), it is likely that cusp-mediated ion escape is an
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important term in atmospheric ion loss at Mars. Additional studies that attempt to calculate the globally
integrated additional ionospheric ion outflow from crustal magnetic cusp regions across the entire nightside
of Mars are encouraged as future work.

The simulation results also develop downwards accelerated electrons due to the presence of field-aligned
potentials, analogous to observations of such fluxes on the nightside of Mars within crustal cusps (e.g.,
Akbari et al., 2019; Brain et al., 2006; Halekas et al., 2008; Xu et al., 2020). Indeed, the self-consistent na-
ture of electrostatic fields ensures that the presence of upwards accelerated ions must be accompanied by
downwards accelerated electrons. Such downwards accelerated electrons have been associated with discrete
auroral emissions from Mars (e.g., Bertaux et al., 2005; Gérard et al., 2015; Soret et al., 2016; Xu et al., 2020).
Here, simulation results show electron precipitation into the martian nightside atmosphere up to energies
of at least ~70 eV for both magnetospheric and ionospheric electrons. Such electron energies are sufficient
to stimulate aurora (e.g., Gronoff et al., 2012; Shematovich et al., 2008) and thus, our results are consistent
with auroral emission generated by both direct magnetospheric electron precipitation and by the heating
and subsequent downwards acceleration of ionospheric electrons.

Building on these results, there remains a wealth of additional variables to explore including the mag-
netospheric plasma properties (e.g., density, flow speed, temperature), the ionospheric plasma properties
(density, temperature), and crustal magnetic field profile (i.e., we have assumed a dipolar structure for this
study, but that need not necessarily be the case (e.g., Brain et al., 2003)). Additionally, further simulations
using this PIC model may also be straightforwardly altered such that ionospheric species are not preloaded
into the simulation but rather generated according to the precipitating flux of suprathermal electrons (e.g.,
in the manner of Lillis et al., 2009). Given that precipitating suprathermal electrons are thought to be one
of the dominant sources of the nightside martian ionosphere, especially in the deep nightside for solar
zenith angles >~115° (e.g., Girazian et al., 2017a; Lillis et al., 2009, 2011, 2018), understanding the fully
self-consistent manner in which the magnetospheric species interact with the crustal magnetic field cusp,
associated field-aligned potentials, and stimulate ionization of martian neutrals is a natural next step.

Data Availability Statement
Model results are publicly available at https://doi.org/10.6078/D1BX2F.
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