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Abstract

Martian crustal magnetic fields influence the solar wind interaction with Mars in a way that is not fully understood. In some
locations, crustal magnetic fields act as “mini-magnetospheres”, shielding the planet’s atmosphere, while in other locations they
act as channels for enhanced energy input and particle escape. The net effect of this system is not intuitively clear, but previous
modeling studies have suggested that crustal fields likely decrease global ion escape from Mars. In this study we use data from
the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft to analyze how crustal magnetic fields influence both global
and local ion escape at Mars. We find that crustal fields only increase ion escape if ions are assumed to be so unmagnetized
that closed magnetic fields only trap 35% or less of energized Oxygen ions. In any other case, crustal fields decrease both global
and local ion escape by as much as 40% and 80%, respectively. This suggests that the presence of crustal magnetic fields has
had a moderate impact on atmospheric ion loss throughout Martian history, potentially influencing the planet’s atmospheric

evolution and habitability.
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Key Points:

+ Martian crustal magnetic fields affect global ion escape by at most 40%.
« Martian crustal magnetic fields affect local ion escape by at most 80%.
e Unless ions at Mars are very unmagnetized, crustal magnetic fields decrease both

global and local ion escape.
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Abstract

Martian crustal magnetic fields influence the solar wind interaction with Mars in a way

that is not fully understood. In some locations, crustal magnetic fields act as “mini-magnetospheres”,

shielding the planet’s atmosphere, while in other locations they act as channels for en-
hanced energy input and particle escape. The net effect of this system is not intuitively
clear, but previous modeling studies have suggested that crustal fields likely decrease global
ion escape from Mars. In this study we use data from the Mars Atmosphere and Volatile
EvolutioN (MAVEN) spacecraft to analyze how crustal magnetic fields influence both
global and local ion escape at Mars. We find that crustal fields only increase ion escape

if ions are assumed to be so unmagnetized that closed magnetic fields only trap 35% or

less of energized Oxygen ions. In any other case, crustal fields decrease both global and
local ion escape by as much as 40% and 80%, respectively. This suggests that the pres-
ence of crustal magnetic fields has had a moderate impact on atmospheric ion loss through-
out Martian history, potentially influencing the planet’s atmospheric evolution and hab-

itability.

Plain Language Summary

The loss of the Martian atmosphere over time has transformed Mars from a po-
tentially warm and wet planet to the cold, dry world we observe today. This atmospheric
loss is often suggested to be the result of Mars losing its global magnetic field three bil-
lion years ago. However, the loss of a global dynamo did not leave the Martian system
devoid of planetary magnetic fields. Rather, the crust of Mars still contains scattered
pockets of magnetic field that extend outward into the planet’s atmosphere. In some ar-
eas, these magnetic fields shield the planetary atmosphere much in the same was as the
Earth’s magnetic field, while in other areas the magnetic fields channel energy down into
the planet’s atmosphere, potentially driving enhanced atmospheric loss. In this study,
we use spacecraft data from MAVEN to analyze the extent to which Martian crustal mag-
netic fields affect atmospheric escape at Mars. We show that the shielding provided by
crustal magnetic fields reduces present-day ion escape by as much as 40%, and suggest
that over time this has likely been an important factor in the total amount of atmosphere

lost from the planet.
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1 Introduction
1.1 Background

Over the last three to four billion years, a majority of the initial Martian atmosphere
has escaped to space, leading to drastic changes in the Martian climate that may have
influenced the planet’s habitability (B. Jakosky et al., 2018). Atmospheric escape of this
kind occurs through a variety of physical mechanisms, and a primary goal of the MAVEN
mission to Mars is to directly analyze the different escape processes present at Mars in
order to determine how much atmosphere each has removed over time (B. Jakosky et

al., 2015).

In this study, we focus on those escape processes that act on planetary ions. Nu-
merous spacecraft studies have found present-day global ion escape rates of 1024—102°
particles per second (Vaisberg et al., 1977; Lundin et al., 1990, 2008; Nilsson et al., 2011;
Ramstad et al., 2015; D. A. Brain et al., 2015; Dong et al., 2015). If taken as a constant
value through time, this would only account for the loss of a small fraction of the ini-
tial Martian atmosphere (a few mbar). However, from studies of other stars it is expected
that the sun was significantly more active early in the solar system (Ribas et al., 2005;
Wood, 2006). With ~10 times the present-day EUV and X-ray intensity and ~10-100
times the present-day solar wind pressure, it is expected that ancient Mars would have
experienced much higher rates of ionization and much stronger electric fields, leading to
significantly higher ion escape. We therefore find it necessary to study ion escape as it
occurs at Mars today, such that we can understand how it may have varied throughout

Martian history and contributed to the loss of the Martian atmosphere.

Because ions carry an electric charge, their motion is guided by the local magnetic
environment, which at Mars is notably complex. Pockets of crustal magnetism are scat-
tered in clusters across the Martian surface, left in place by the global dynamo that once
existed at the planet (Acuna et al., 1999). As these crustal magnetic fields interact with
the incoming solar wind, they raise the height of Mars’ magnetic boundaries (e.g. D. Brain
et al., 2003; Edberg et al., 2008; Fang et al., 2017), alter the shape of the magnetotail
(e.g. DiBraccio et al., 2018; Xu, Mitchell, Weber, et al., 2020), and reconnect with the
IMF to form a dense network of magnetic topology (e.g. D. Brain, 2007; Xu et al., 2017;
Weber et al., 2017).
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The nonuniform distribution of crustal magnetic fields means that different regions
of the planet are likely subject to very different magnetic field environments. As a re-
sult, the solar wind interaction with Mars is unlike any other in the solar system. Rather
than an atmosphere that is shielded from the solar wind (as in the case of a global dipole)
or one that is exposed (as in the case of fully unmagnetized planets), Mars represents
a hybrid of the two situations. In some areas, crustal field structures provide shielding
analogous to that of a global dynamo, with horizontal fields deflecting low energy par-
ticles from the solar wind. Where these structures reconnect with the IMF, they create
“cusps” of vertically oriented fields that may behave similarly to the polar outflow re-
gions we observe at magnetized planets, channeling energy into localized pockets (e.g.
Mitchell et al., 2001; D. Brain, 2007). And in the unmagnetized regions of Mars, the so-
lar wind interacts directly with the top of the conducting ionosphere, creating a more
typical induced magnetosphere. To complicate matters further, the way any particular
location on Mars interacts with the solar wind varies greatly as it rotates between the
dayside and the nightside, as well as with changes in the incoming solar wind conditions
(e.g. D. Brain et al., 2003, 2020; Weber et al., 2019, 2020). Crustal fields that are just
strong enough to stand off the solar wind during typical conditions may be completely

overpowered during periods of increased solar wind pressure.

The overall influence that this complex system has on atmospheric escape is not
immediately clear. The presence of magnetic shielding on a local scale would seem to
inhibit escape to some degree, but the prevalence of energized cusp regions could do just
as much to funnel enhanced escape through these channels (Nilsson et al., 2011; Ma et
al., 2014; Brecht & Ledvina, 2014; Ramstad et al., 2016; Dubinin et al., 2020). Alter-
natively, it could be just as possible that the effects of the crustal magnetic fields are neg-
ligible when compared to the other sources of atmospheric escape at Mars, particularly
when considering the planet’s relatively weak gravitational pull. In any case, further anal-
ysis of how the crustal fields affect atmospheric escape should be illuminating, both in
constraining the evolution of Mars and in understanding how planetary magnetic fields
affect atmospheric escape on a broader scale. This paper presents initial results of such

an analysis.
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1.2 Analyzing ion escape at Mars

Ton escape from Mars can occur through a several different channels and processes,
but all forms of ion escape involve the completion of three general conditions. First, the
presence of ions is required (an obvious detail, but an important one). Second, these ions
need to be energized such that they reach escape energy. Third, the escaping ions must
have a viable, unhindered path through which they can leave the system. In other words,
the supply, energization, and transport of ions each play an important role in driv-
ing ion escape at Mars. Each of these steps could represent a bottleneck for escape un-
der certain conditions. If the supply of ions through ionization is low, then escape rates
will be low regardless of how much energy is delivered to the system. If many ions are
created but energy input is low, then few will reach the velocities necessary to leave the
planet. And even if many ions are brought to escape energy, they still might fail to be
transported out of the system, perhaps due to the loss of energy through collisions or

the presence of magnetic fields hindering their escape.

In this study, we use this three-step framework to analyze ion escape at Mars. Us-
ing data from the MAVEN spacecraft, we measure the supply, energization, and trans-
port of ions in the Martian system. We interpret this information specifically in the con-
text of understanding how these processes are affected by the presence of crustal mag-
netic fields. We then use our understanding to estimate the extent to which crustal mag-

netic fields influence ion escape at Mars.

In section 2, we discuss the data products and instruments used in this study. In
section 3, we present results regarding the supply, energization, and transport of ions on
the dayside of mars. In section 4 we present comparable results for the Martian night-
side. In section 5 we link our dayside and nightside analyses together through a study
of variations with solar zenith angle. In section 6 we provide a condensed summary of
our results thus far. In section 7, we use the previous results to formulate estimates of
crustal field influence on Martian ion escape. And in section 8 we summarize our find-

ings and discuss their associated implications.

2 Data and instrumentation

This work uses ion densities and fluxes that were measured by the Suprathermal

and Thermal Ion Composition (STATIC) instrument aboard MAVEN (McFadden et al.,
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2015). STATIC is an electrostatic analyzer that also makes use of time-of-flight analy-
sis to measure ion fluxes across a range of masses (1 - 70 amu), energies (0.1 €V - 20 keV),
and look directions (360° by 90°). Here we use measurements from the instrument’s D1
mode of operation, which samples particle distributions across 32 energy bins, 8 mass
bins, and 64 directional bins. Our analysis uses three and a half years of data, spanning
from April 14, 2016 through Sept 2, 2019. Data sampled below 200 km altitude are ex-
cluded from this study due to ion suppression issues that cause unreliable measurements
in that region. Each individual measurement represents an instantaneous ion distribu-
tion function that is then corrected for both spacecraft velocity and spacecraft poten-
tial, with measurements of spacecraft potential coming from a multi-instrument anal-
ysis technique that uses information from SWEA, STATIC, and LPW. Moments of the

distribution are then taken to obtain ion densities and fluxes.

In this study we also use measurements of vector magnetic field from MAG (Connerney
et al., 2015) and energetic electron fluxes from SWEA (Mitchell et al., 2016) in order to
determine magnetic field topology using a method outlined in Xu et al. (2019). This method
analyzes (1) the presence of loss cones in electron pitch-angle distributions (PADs) to
determine when a field line is connected to the collisional atmosphere, (2) the presence
of photoelectron energy signatures to determine when a field line is connected to the day-
side ionosphere, (3) the presence of solar wind electron energy signatures to determine
when a field line is connected to the IMF, and (4) the presence of suprathermal electron
depletions to determine when a field line is located in a closed loop on the nightside of
Mars. From these pieces of information, we are able to deduce whether a magnetic field
line being measured by MAVEN is topologically open, closed, or draped, and we are also
able to infer whether the field is connected to the dayside, the nightside, or both. For
a complete explanation of our topology identification technique, see sections 2.2 and 2.3

of Xu et al. (2019).

3 Dayside Results

We begin our analysis on the dayside of Mars, using measurements taken between

0° and 90° solar zenith angle.
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3.1 Supply

In Figure 1 are shown geographic maps of Q" density on the dayside of Mars. As
one would expect from a typical ionospheric profile, the density of O2™ decreases with
altitude, and we can also see that at higher altitudes there are geographic variations in
density that appear to correspond to crustal field locations. In the lowest altitude bin
(200 - 288 km), Oy densities are fairly uniform across the planet, but at the higher al-
titudes we see that densities are largest in the southern hemisphere near 180° longitude,

where the strongest crustal field regions are located.

Unfortunately, these maps suffer from relatively low data density. Many of the longitude-
latitude bins contain only 10-20 points, and statistical noise seems fairly prevalent. In
the context of this study, however, we are less interested in distinguishing between spe-
cific crustal field structures than we are in understanding the general trends that sep-
arate magnetized and unmagnetized regions of Mars. To that end, Figures 2a-d contains
plots of ion density as a function of altitude, crustal magnetic field strength, and mag-
netic elevation angle. For both OF and O2™T ions, we observe the same trend seen in Fig-

3 are observed consis-

ure 1. At low altitudes (near 200 km), ion densities of ~10* cm"
tently across all magnetic field strengths. This is to be expected, as these ions are pri-
marily created through photoionization, a process that is unaffected by local magnetic
fields. Moving to higher altitudes, we can see O, densities decrease, and that this de-
crease is more gradual in regions of strong magnetic field. As a result, at any given al-
titude above 300 km we observe higher ionospheric densities in crustal field regions than
we do in unmagnetized regions of Mars. This result was previously observed using MAR-
SIS radar soundings by Andrews et al. (2015), though that study was unable to make
measurements below 350 km altitude. They suggested that the vertical fields associated
with crustal field structures allow for increased transport of particles to the upper iono-
sphere, whereas ions in unmagnetized regions are constrained to low altitudes by hor-
izontal induced magnetic fields. Here we support this interpretation, and suggest that

in addition to transporting ionospheric plasma up to high altitudes, strong crustal fields
are also likely able to effectively trap and recycle ions. Since collisions are unlikely above
the exobase, many ions at this altitude will mirror within the field, remaining trapped

in the crustal field structure until they are scattered into the loss cone or diffuse to high

enough altitudes to encounter the solar wind. This leads to a build-up in density, as was
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Figure 2. Three sets of plots containing results from the dayside of Mars (SZA 0°-90°).

(A-D): Density of Os* and O™ ions. (E-H): Flux of O>" and O ions traveling upward with
energy in excess of the local escape energy for that ion. (I-L): Frequency of observing specified
magnetic topologies. In the left column, plots are a function of altitude and crustal magnetic field
strength as modeled at a reference altitude of 150 km by the Morschhauser model (Morschhauser
et al., 2014). In the right column, plots are a function of altitude and the absolute value of mag-
netic elevation angle, from 0° (horizontal fields) tgo 90° (vertical fields). Bins with fewer than 50

points are colored gray.
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reported by Lundin et al. (2011) and Nilsson et al. (2011). Those authors used Mars Ex-

press observations to make global maps of ion densities and fluxes, respectively, at Mars.

In panels (a) and (c) of Figure 2 we can also see a particularly steep drop off in ion
density that occurs at ~ 500 — 600 km altitude in weakly magnetized regions, rising
up to ~ 1000 km altitude in strongly magnetized regions. This drop off represents the
transition region between the Martian ionosphere and shocked solar wind plasma. Over
years of study, this boundary has been referred to by a bevy of different names, includ-
ing the “ionopause”, the “photoelectron boundary”, or the “ionosphere boundary” (see
Espley, 2018, for a full discussion of terminology). These names each carry slightly dif-
ferent physical implications, so in this work we refer to this boundary region using the
most general term of “ionosphere boundary” (IB). A few hundred kilometers above the
IB lies a second boundary region, wherein the induced magnetic fields and thermal pres-
sure of the ionosphere are at balance with the ram pressure of the solar wind. This bound-
ary has also garnered a series of names over of the years, but in this work we will refer

to it by the catch-all term “induced magnetosphere boundary” (IMB).

In Figures 2a and 2c¢ we see how crustal fields affect the altitude of the IB. Strong
crustal fields deflect incoming sheath plasma at high altitudes, pushing the boundary fur-
ther from Mars and allowing ionospheric plasma to extend up to 1000 km altitude. This
finding is in agreement with previous studies, several of which have found large asym-
metries in boundary region altitudes between the strongly magnetized Southern hemi-
sphere and the weakly magnetized Northern hemisphere (Mitchell et al., 2001; Crider
et al., 2002; Fang et al., 2017; Matsunaga et al., 2017). A similar result was also reported
by D. Brain et al. (2003), who showed that these variations also occur on a local scale

around crustal field structures.

Overall, we find that the dayside supply of ions at mars is consistently large at low
altitudes, and that this supply extends to higher altitudes in crustal field regions. Whether
the ion supply is effectively energized and transported will be investigated in the next

sections.

3.2 Energy

To study where ions at Mars gain enough energy to escape the planet, we present

Figures 2e-h. These plots contain measurements of the flux of ions traveling upward with

—10-
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escape energy on the dayside of Mars. Here we once again see the effects of the IB in the
top left of each of the four panels. Fluxes of ionospheric particles are primarily found
below the IB, as the sheath plasma located above is composed primarily of protons. If
we compare the IB as mapped out in Figures 2a-d to what we see in Figures 2e-h, we
find small fluxes of energetic ions extending out past the boundary. Ions that make it

to these altitudes are a primary source for ion pickup, and are all likely to escape the
system provided that they do not collide with Mars as they are carried away by the so-

lar wind.

Below the IB, we find high fluxes of energetic ions, and here we observe differences
in the energization of O™ and Oy%. O ions reach escape energy fairly uniformly across

all crustal field strengths, and appear to typically be sufficiently energized even at our

lowest sampled altitude of 200 km. This means that very quickly upon reaching the exobase,

O is accelerated to escape energy. Here we do not identify a definite source for this en-

ergization, but suggest that much of it is likely due to field-aligned electric potentials,

which have been measured throughout the Martian ionosphere. Xu et al. (2018) and Collinson

et al. (2019) used electron energy spectra measured by MAVEN to infer the magnitude
of field-aligned potentials at Mars, determining that potential drops on the order of -1.0
V to -1.5 V exist around the planet. The authors of those studies did not distinguish be-
tween source mechanisms, but suggested that ambipolar electric fields are likely the pri-
mary driver. The field-aligned potentials were also found to be strongest near the ion
exobase, where they could play a role in pulling ions out of the collisional atmosphere
and toward escape. Here we potentially see the result of this process, with O travel-

ing upwards at escape energy across the planet.

O, ions, however, only acquire escape energy upon reaching higher altitudes, as
shown in Figures 2e and 2f. At 200 km altitude, outward fluxes of O5™ ions with escape
energy are comparatively low. Only upon reaching ~300-400 km altitude do the ions be-
gin reaching escape energy. It makes intuitive sense that O2™ ions would need to be ac-
celerated over a larger distance than O™ ions to reach escape energy, as their escape en-
ergy is twice as large. Moreso, a 1.5 V field-aligned potential drop alone is unable to pro-
vide the ~4 eV required for Oo" escape. However, even a moderate potential drop of
~(0.5 eV is able to loft ions upward past the exobase to higher altitudes where they can
gain energy through plasma waves and other heating mechanisms, as was suggested by

Ergun et al. (2016). We suggest that such a process is likely happening here, and that

—11—
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these heating mechanisms are able to bring O to escape energy more quickly than O™

upon their motion to higher altitudes.

In Figure 2e we also find that O,™ fluxes vary substantially with crustal field strength.
Specifically, fluxes in crustal field regions (>20 nT) are higher than those in the unmag-
netized regions, and the altitude at which this flux enhancement occurs moves upward
with increased crustal field strength. In the strongest crustal field regions (500 - 1000
nT), peak energetic O2™ fluxes are found near 1000 km altitude, just below where these
crustal fields stand off with the solar wind. For the more middling strength crustal fields
(~50 nT), peak fluxes are found at 500 km altitude, once again just below where these
fields interface with the IB. In general, we see here that the loop-tops and outer edges
of crustal field structures show enhanced ion fluxes, while the inner, low-altitude sections

of crustal field structures remain comparatively unenergized.

The resulting situation looks somewhat similar to that of electrons trapped in crustal
fields on the nightside of Mars. In that circumstance, the outer edges of crustal field struc-
tures are filled with mirroring energetic electrons, while the inner sections are severely
depleted of particles. In the case we observe here, a strong supply of ions exists through-
out the entire crustal field structure (as seen in Figure 2a), but on the outer edges the
particles are much more energetic and more likely to reach escape energy. We suggest
two possible causes for this trend. First, it may be that only the high energy tail of par-
ticles found within the crustal fields are able to diffuse upward to the outer edges, while
low energy ions bound to the central loops of a field structure are confined to stay there.
Second, particles that reach the outer edges of crustal field structures are more likely to
absorb energy from the incoming solar wind. That is, crustal field loop-tops interface
directly with shocked solar wind plasma, and particles located at these loop tops may
be susceptible to energization via plasma waves (e.g. Ergun et al., 2006), magnetic pump-
ing (e.g. Lundin & Hultqvist, 1989), or other such heating mechanisms. The true cause
may, of course, be a combination of these two hypotheses. Upon close inspection, a sim-
ilar enhancement can be seen in the O" fluxes in Figure 2g, though it is less exagger-

ated due to the generally higher fluxes exhibited by that particle species.

In addition to the heating mechanisms mentioned above, some fraction of the flux
we observe in strong crustal field regions was likely accelerated by the large field-aligned

potentials that are found in crustal field cusps. Cusp potential drops in excess of 100 V

—12—
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have been reported by several studies (Lundin et al., 2006; Dubinin et al., 2008), includ-
ing a recent work that found such potential structures in association with observations
of discrete aurora (Xu, Mitchell, McFadden, et al., 2020). These field-aligned potentials
should be able to bring oxygen ions far above escape energy, driving large fluxes as they
do. However, it is currently unclear how frequently potentials of this magnitude occur
at Mars, so we do not speculate here on the extent to which they are responsible for the
ion fluxes shown in Figure 2e-h. We can posit, however, that most of the escape flux driven
in this way would be located on more vertically oriented crustal fields, and thus may be
responsible for the flux enhancement we observe at high altitudes and high elevation an-
gles in the upper right of Figure 2f. This section of the parameter space contains some
of the highest O™ fluxes we observe on the dayside, despite hosting comparatively low
O, ™ densities in Figure 2b. This suggests that the particles traveling through this re-

gion are very highly energized.

In summary, ion energization is present across the dayside of Mars, but is strongest
in the crustal field regions. Ions in non-crustal field regions (of which there is a large sup-
ply) are comparatively unenergized, suggesting that dayside escape is at least partially
energy-limited. Whether the strong fluxes we observe in crustal field regions are effec-

tively transported from the system is investigated in the next section.

3.3 Transport

With maps of energetic ion fluxes in hand, we next use calculations of magnetic
topology to analyze whether these particles are likely to escape. Figure 2i-1 contains plots
of the frequency of observing specified field topologies on the dayside of Mars. Specif-
ically, we identify when magnetic field lines being measured by MAVEN are connected
to the Martian atmosphere at both ends (“closed”), connected to both the Martian at-
mosphere and the solar wind (“open”), or connected only to the solar wind (“draped”,
not shown here). As stated previously, the method of topological analysis used here is

described in full detail in Xu et al. (2019).

On the dayside, closed fields are more common at low altitudes and in strong crustal
field regions. In fact, at our lowest studied altitude of 200 km, fields are almost uniformly
closed across the dayside. This is a somewhat surprising result that was initially out-

lined by Xu et al. (2017). In interpreting this finding, it may be imporant to recall that
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our method of identifying topology determines whether field lines are connected to the
collisional atmosphere, rather than to crustal field sources locked the planet’s surface.
This means that many of the closed fields we observe at 200 km may truly be draped

or induced field lines that thread through the collisional atmosphere multiple times. When
we sample a field line of this kind while between its two points of connectivity, we ob-
serve a field that is closed in the context of electron transport. At higher altitudes, we
would expect that it would become more common for these draped and induced fields

to only thread through the atmosphere once, causing an increase in open field topology.
We can see this feature in Figures 2i and 2k. Here we observe a transition region located
between 300 and 600 km where open field topology becomes more common. The alti-
tude at which this transition occurs increases with increasing field strength, and by com-
paring this to our previous analysis of the IB location we can see that open field lines
are found predominantly in an altitude band located between the IB and low-altitude
closed fields. This transition region is also where oxygen ion fluxes above escape energy
reach their peak values in Figures 2e and 2g, suggesting that many of the energized ions
should have a direct path through which they can escape. Closed topology, however, still

remains dominant in this region, with 50% or more of the measured field lines being closed.

Thus far we have been using magnetic topology as a determination of where ions
can travel. However, our calculations of topology were made using electrons, and will
not apply to energetic ion fluxes in all situations. We therefore need to determine how
readily our definitions of “closed” and “open” truly apply to ions at this energy. Depend-
ing on the extent to which ion fluxes we measure are frozen onto the local magnetic field,

the fraction of ions that are escaping could vary substantially.

To determine whether gyrating charged particles are effectively bound to a mag-
netic field, we take a commonly used comparison between the particle gyroradius and
the length-scale of the local magnetic field field. Following the methods of several pre-
vious studies, we calculate R,/L, where R, is the ion gyroradius (mv, /|g|B) and L is
a characteristic magnetic length scale given by |B|/|VB| (Biichner & Zelenyi, 1989; Zhang
et al., 2016). We calculate the gradient of the magnetic field (VB) using statistically av-
eraged maps of magnetic field, as measured by MAVEN’s MAG instrument over five years
of data. We then used the magnetic field magnitude to calculate the local gyroradius of
an O2™ ion at escape energy (~4 eV). This calculation assumed an average particle pitch

angle of 45°. We then estimate particle magnetization as Ry/L. Values much less than
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1 suggest that a particle is likely to follow magnetic field lines closely, often referred to
as “magnetized”, while values much greater than 1 suggest a particle is only weakly bound
to the magnetic field, or “unmagnetized”. Additional details of this method are included

in the supplementary materials of this paper.

In Figure 3, we present our calculations of O™ magnetization as a function of al-
titude, magnetic field strength, and magnetic elevation angle. Before comparing these
plots to those made in previous sections, we should first address several caveats associ-
ated with this calculation. First, our analysis has only accounted for spatial variations
in magnetic fields. Magnetic fields also vary in time, potentially quickly enough that any
trapped ion might encounter different field topologies over the course of one 10 - 50 sec-
ond bounce period. Second, we did not account for electric fields at all in this analysis,
which in many circumstances are just as important if not more important than magnetic
fields in the context of driving ion motion at Mars. Third, our calculation of gyroradius
assumed the particles to have exactly escape energy, when in reality many of the fluxes
we’ve observed were of higher energy than this by more than a factor of two. Each of
these three caveats has the effect of making particles less magnetized than we calculate
here. This means that we should treat these plots as representing a lower bound to R,/L

(or as an upper bound to the extent to which these ions are magnetized).

With this in mind, Figure 3 illustrates that only in the strongest crustal field re-
gions and at low altitudes are O, T particles at escape energy effectively magnetized. This
means that much of the flux that we analyzed in Figure 2e-h may be able to escape Mars,
even if found on a topologically closed field line. This is not to say that field topology
makes no difference — closed field lines are still likely to disrupt ion flows and impede es-
cape — but particles are only truly frozen onto their local magnetic field in the center of
strong crustal field structures. At the tops of these structures, the magnetic field becomes
weak enough that particles are only slightly magnetized, if at all. More specifically, the
band of white extending from 100 nT and 300 km altitude to 1000 nT and 800 km al-

titude signifies the transition to unmagnetized particles.

In summary, we find that open fields are present in the regions where dayside ion
energization is strongest, and should therefore be able to transport some fraction of these
particles. What fraction are actually transported to escaping is difficult to determine,

due both to the presence of many closed fields and the ions being relatively unmagne-
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tized. We therefore will need to consider a range of possible transport efficiencies when

making estimates of total ion escape later in this paper.
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Figure 3. Magnetization of O™ ions at escape energy, calculated through a comparison be-
tween ion gyroradius and the length scale of the local magnetic field. The figure on the left plots
magnetization as a function of altitude an modeled magnetic field strength. The figure on the
right plots magnetization as a function of altitude and local elevation angle, from 0° (horizontal

fields) to 90° (vertical fields). Bins with fewer than 50 points are shaded gray.

4 Nightside Results

Turning to the nightside of Mars, we next present Figure 4 using the same format
as Figure 2. Once again we analyze ion density, ion flux, and magnetic topology, but this

time we only use data sampled at solar zenith angles greater than 120°.

4.1 Supply

In Figures 4a-d we plot O and Oy densities on the nightside of Mars, where the
supply of ions has a very different structure than on the dayside. Note that the these
plots use a different color scale than those investigating the dayside in Figure 2; plasma
densities are several orders of magnitude lower on the nightside. Immediately we can see
that these plots show a much weaker dependence on altitude. Across the full altitude
range, nightside densities vary only from ~10 - 60 cm™ for O," and from ~1 - 5 cm™

for OT, as compared to the several orders of magnitude variation observed on the day-
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side. This ionospheric structure is in agreement with Fowler et al. (2015), who showed
that above 200 km nightside electron densities measured by LPW are roughly constant
with altitude. That study also showed that a modest nightside ionosphere is sustained
at low altitudes (<200km) by precipitating electrons. Though our observations are un-
able to extend to such low altitudes, we can see the edge of this feature at the bottom
of our O™ plots. Near 200 km in panels (a) and (b) we see a slight enhancement in O2™
density as compared to higher altitudes, and from panel (b) it seems that this enhance-
ment is most prominent on vertically oriented fields. These fields (particularly those as-
sociated with crustal field cusp regions) are the most likely to facilitate precipitation of
electrons into the nightside atmosphere, and here we see traces of the resulting produc-

tion of ions through impact ionization.

Figures 4a-d illustrates that the nightside of Mars has a sparse and tenuous ion pop-
ulation, with low densities of ions flowing away from the planet fairly uniformly. The lack
of any incoming solar wind ram pressure on this side of the planet means that particles
are not compressed down to low altitudes as severely as on the dayside. The relatively
weak ionization source, however, means that ion densities remain low across all altitudes,

particularly above the exobase.

Here we should also note that although these observations are taken on the night-
side of Mars, the ions that we measure at high altitudes did not necessarily originate in
the nightside ionosphere. As ions flow away from Mars, they are pushed in the antiso-
lar direction by the solar wind. Particles from the dayside frequently flow around Mars
and into the nightside magnetotail, where they are measured as nightside ions. We can
see signatures of this flow in Figure 4, particularly in panels (b) and (d). While the lower
right corners of these plots show enhanced densities due to electron precipitation along
vertical fields, there is a separate slight enhancement found along the left sides of these
plots. Moving to higher altitudes, this enhancement can be found at steeper and steeper
elevation angles. This geometry corresponds to magnetic fields that drape around the
planet and extend directly down the magnetotail, many of which carry ions flowing from
the dayside. At low altitudes near the terminator, draped fields are nearly horizontal to
the planet, but as they extend downtail they become increasingly vertical relative to the
surface below them. Ion densities on these field lines do not appear to be appreciably

larger than they are throughout the rest of the nightside.

—17—



Nightside

T 800 =
é ‘, = 1 [ | = -3
Ost & 600 ' - : = [em]
2 o i ] 60
< 400 | i
D it 200 I ;
ensi
y 1000 [C | 8
T 800
2,
+
O g 600 1
< 400 4
200
1 10 100 10000 30 60 90
Modeled |B| at 150 km [nT] |B Elevation Angle|
1000 [E]| [F]
T 800
=,
O2" 8§ e00
< 00
Flux above 200
escape energy 1000
T 800
3
O* & eo0f
2
< 400
200
1 10 100 10000 30 60 90
Modeled |B| at 150 km [nT] |B Elevation Angle|
1
E
=,
@
Closed =
=z
Topology 0
Frequency o5
€
3
(]
Open E
=<
0.0

1 10 100 1000 O 30 60 90

Modeled |B| at 150 km [nT] |B Elevation Angle|

Figure 4. Three sets of plots containing results from the nightside of Mars (SZA 120°-180°).
(A-D): Density of O2* and O" ions. (E-H): Flux of O2" and O" ions traveling upward with
energy in excess of the local escape energy for that ion. (I-L): Frequency of observing specified

magnetic topologies. Plots and axes are organized in the same manner as in Figure 2.
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Overall, the supply of ions on the nightside of Mars is much lower than on the day-
side, and shows only slight variation with crustal magnetic field strength. As with our

dayside analysis, we will next investigate the energization and transport of this supply.

4.2 Energy

As shown in Figure 4e-h, fluxes of O" and O™ ions on the nightside of Mars dis-
play very similar behavior. At low altitudes, fluxes at escape energy are low, despite the
O>™ density enhancement due to precipitating electrons that was observed in Figures
4a-d. Moving to higher altitudes, particles are eventually accelerated to escape energy,
and by 300-400 km altitude we see an increase in escaping fluxes at all crustal field strengths.
In strong crustal field regions, appreciable O, escape fluxes are observed at a lower al-
titude than in the non-crustal field regions, likely due to the aforementioned higher sup-

ply found in those locations.

As on the dayside, many escaping oxygen ions are likely accelerated via field-aligned
potentials. Since there is no standoff with the solar wind on this side of the planet, up-
ward traveling ions that reach escape energy are able to flow downtail unimpeded, cre-
ating a steady flow of ions up through our highest analyzed altitude of 1000 km. Just
as in our plots of nightside ion density (Figure 4a-d), little variation is seen with crustal
field strength. We can however, see the same signature of dayside ion fluxes flowing tail-
ward through the nightside that was noted previously. On the left hand side of Figures
4f and 4h, we see an enhancement of flux that moves to higher elevation angles as it reaches
higher altitudes. These fluxes are carried on magnetic field lines connected to the day-
side ionosphere that stretch directly downtail. Modeling studies have suggested that this
may be an important pathway for ion escape (Liemohn et al., 2007). By comparing the
left and right sides of Figure 4f, we can make a direct comparison between fluxes sourced
from the dayside and the nightside of Mars, respectively. For both O and O,™, the fluxes
coming from the dayside appear to be stronger by roughly half an order of magnitude.
This is in agreement with previous maps made using Mars Express measurements of high
energy ion fluxes (Nilsson et al., 2011). Our analysis extends this result to include par-

ticles that have only just reached escape energy.

To summarize, nightside ion energization occurs across all crustal magnetic field

strengths, above any regions where there are notable ion densities. This suggests that
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nightside ion escape is limited by supply, and that if more ions were created they would
likely be energized as well. Energized ion fluxes are much lower on the nightside than

on the dayside, likely due once again to the low supply of ions.

4.3 Transport

In Figures 4i-1 we present plots of the frequency of observing specified field topolo-
gies on the nightside of Mars. Here we find somewhat similar trends to those we observed
on the dayside. Closed fields are found most frequently at low altitudes and in strong
crustal field regions, while open fields are more common in weakly magnetized regions
and at higher altitudes. Unlike on the dayside, open fields are found down through the
exobase, particularly in weakly magnetized regions, and they also freely extend out through
1000 km altitude. Additionally, Figure 41 allows us to identify two separate populations
of open field lines. At low altitudes, we can see one grouping of open field lines found
with mostly horizontal elevation angles (0°), and a separate grouping of open field lines
found at near vertical elevation angles (90°). As discussed in the previous two sections,
these correspond to open fields connected to the dayside and the nightside of the planet,
respectively. Escaping ion fluxes corresponding to both of these populations can be found

in Figure 4h, with ions reaching escape energy at roughly 400 km altitude.

It therefore appears that open field lines are available for the transport of most of
the energized ions found in Figures 4e-h, suggesting again that nightside escape is likely

supply-limited.

5 Trends with solar zenith angle

To link together our dayside and nightside analyses, we next present a set of plots
that describe the supply, energization, and transport of oxygen ions as a function of al-
titude and solar zenith angle. This is shown in Figure 5. In each panel, we have plot-
ted dotted lines showing standard locations of the IB and IMB as modeled by Ramstad
et al. (2017), and have also included a line marking the geometric shadow of Mars. Here
we observe a few noteworthy features. Densities and fluxes on the dayside (0-90° SZA)
are stronger than on the nightside (90-180° SZA) by an order of magnitude or more. Once
again we can see the IB in the form of a steep ion density gradient, and as in our day-

side analysis, we find that just below the IB lies a region of increased flux and open field
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lines that could potentially facilitate escape. As expected, the IB and IMB are closest

to the planet at the subsolar point, flaring out at the planet’s flanks. Finally, we can once
again see that densities, fluxes, and open field lines on the nightside all extend through
the entirety of our sampled altitude range. This includes a band of enhanced ion den-
sity and flux that begins at 90° SZA and 200 km altitude, curving upwards and reach-
ing 1000 km altitude at ~ 120° SZA. This maps very closely to the path made by a line
that extends directly tailward from the planet’s terminator. We can interpret this band
as representing dayside ions flowing around the planet and downtail on the nightside,

tracing out the edge of Mars’s geometric shadow.

6 Interpretation

The information provided in the preceding sections is summarized in the follow-

ing main points:

1. At low altitudes on the dayside, ion densities are uniformly high. Crustal field re-
gions allow for the transport of these particles to higher altitudes, leading to lo-
cal enhancements in density and flux. The escape of ions on the dayside therefore

appears to be limited by energization and transport, rather than by supply.

2. Below the IMB and above the tops of crustal field structures, there is an interac-
tion region where dayside ions readily gain escape energy. This region also marks

a transition to increased open magnetic field topology.

3. On the nightside, particles flow away from the planet more freely than on the day-
side, with escape fluxes appearing wherever there are notable ion densities. This

suggests that the escape of ions on the nightside is limited by supply.

4. Overall, escape fluxes from the nightside ionosphere appear to be significantly lower

than those from the dayside ionosphere.

5. Oxygen ions at escape energy are only strongly magnetized in strong crustal field
regions at low altitudes. In regions of Mars containing no crustal fields, oxygen

ions are only weakly affected by local field topology.
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Figure 5. As a function of altitude and solar zenith angle, the supply, energization, and trans-
port of O2™ and O ions at Mars. This three-step framework for analyzing escape is discussed
throughout this paper. The top row contains plots of ion density [cm™]. The middle row contains
plots of ion fluxes traveling upward with escape energy [cm™ s]. The bottom plot shows the
observation frequency of open field topology around Mars. In each panel, dotted lines show mod-
eled locations of the IMB and IB, as well as the geometric shadow of Mars. Bins containing fewer

than 50 points are colored gray.
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7 Estimates of crustal field contribution to ion escape

The primary goal of this work is to use in-situ spacecraft measurements to constrain
how crustal magnetic fields influence ion escape at Mars. Here we present two calcula-
tions toward that end. The first is an estimate of the net effect that crustal magnetic
fields have on global ion escape at Mars. The second is an estimate of the net effect caused

by a single crustal field structure on ion escape in its local environment.

7.1 Effect of crustal magnetic fields on global ion escape

In Figures 2e and 2g we showed measurements of upward traveling ion flux above
escape energy. Combining these measurements with our knowledge of topology and par-
ticle magnetization, we can construct a rough estimate of how crustal fields influence ion
escape at Mars. For the purposes of this calculation, we divide the crustal magnetic fields
of Mars into three groupings: weak fields (0 - 20 nT), medium fields (20 - 100 nT), and
strong fields (100-1000 nT), where the nT values given here correspond to modeled field
strength at 150 km (the x-axis in Figures 2e and 2g). For each of these groupings, we
will calculate an estimate of ion outflow using measurements of fluxes, topology, mag-

netization, and the total surface area covered by that strength field.

From Figure 3, we can see that energetic ions found in weak field regions are sub-
stantially unmagnetized. We therefore take all of the upward flux measured at escape
energy in those regions as successfully escaping the planet. Focusing on O,™ initially,
we use fluxes measured between 400 and 600 km altitude for weak field regions, as this
is the altitude range at which we observe ions typically reaching escape energy in Fig-
ure 2e. We find typical Oy fluxes for weak field regions to be ~6.5 x 10° ecm™ s°!. For
medium and strong field regions, we assume that particle escape is occurring near the
top of crustal field structures, in the region of peak energization and increased open topol-
ogy that we discussed in previous sections. For medium strength fields, this corresponds
to an altitude of 400-700 km, while for strong fields it corresponds to an altitude of 600-
1000 km. In each of these regions, we assume that any upward flux measured at escape
energy on an open field line is escaping. Flux measured at this energy on a closed field
line, however, we take to only potentially be escaping, as Figure 3 suggests that these
particles are still partially magnetized. To account for this, we assign each region a scale

factor (« for medium fields, and S for strong fields) representing the fraction of escape
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energy flux on closed field lines that succeeds in escaping the planet. Combining the crustal

field groupings, we then calculate total escape as:

Total Outflow = F} A
4 ngenA;P€7l 4 aFchosedAglosed (1)

open 4open closed gclosed
+ FPTASTTY 4+ BFY AS

Here, the subscripts 1, 2, and 3 correspond to weak, medium and strong fields, re-
spectively. The superscripts open and closed specify the measured field topology. F rep-
resents ion flux, and A represents the area covered by fields of the specified strength. For
example, ASP“" represents the area covered by medium strength fields with open topol-
ogy, while A§°%¢d represents the area covered by strong fields with closed topology. Fi-
nally, @ and g are the factors that determine what fraction of flux found on closed topol-

ogy escapes in medium and strong fields, respectively.

Results of this calculation are shown in Figure 6a, which provides O3 escape rates
as a function of @ and 8. We can see in this figure that even with a = 0 and 8 = 0,
we find an ion escape rate of 7x1023s~!. This encompasses all escape occurring in weak
field regions and on open field lines in medium and strong field regions. If we increase
a from 0 to 1, effectively assuming that all ion flux at escape energy in medium strength
field regions will escape, this raises the ion escape by a factor of 1.5 to 1.1 x 10?4571,
From here, increasing 8 from 0 to 1 (assuming that all flux at escape energy in strong
field regions escapes the planet) raises the total ion escape to 1.3 x 1024 s7!  a factor
of 1.2 increase. This last increase in particular is a relatively small effect. This is due
to the fact that strong crustal fields as they are defined here only make up ~10% of the

Martian surface.

To estimate the net effect of crustal magnetic fields, we can now compare these re-
sults to the escape rate that would result if the planet was only subject to our “weak field”
regions, as these regions tend to be dominated by induced magnetic fields. That is, we
calculate F) Ayoial, a quantity that is plotted in Figure 6 as a horizontal dashed line. In
this estimation, we see that ion escape is only increased by the presence of crustal fields
if & and B are both close to one. This seems unlikely, as this would mean that magnetic
fields present virtually no obstacle to escaping ions at Mars. If we were to assume more

conservative (though arbitrary) values of o = 0.5 and 3 = 0.2, we would find an Oy™
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Figure 6. Dayside ion escape at Mars calculated through Equation 1. « represents the frac-
tion of upward flux on medium strength closed fields that escapes, while 3 represents the fraction
of upward flux on high strength closed fields that escapes. Upward flux on open field lines is
assumed to escape the system. The horizontal dotted lines correspond to the escape rates that

result from applying fluxes found in the low-strength field regions to the total area of Mars.
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escape rate of ~ 9x10%3s7!, a 20% decrease in outflow from that of an unmagnetized
Mars. These values are chosen such that the estimate agrees with previous modeling stud-
ies of the effects of crustal magnetic fields on Martian ion escape (Fang et al., 2010; Ma

et al., 2014; Fang et al., 2015).

Repeating the process described above for O escape results in Figure 6b. The trends
exhibited are almost identical, but with escape rates that are uniformly higher by a fac-
tor of ~2. Once again, escape is only raised above that of an unmagnetized Mars if «
and [ are both close to one. In the case used above of a = 0.5, 8 = 0.2, escape is de-
creased by 30% from the unmagnetized case. Note that in this calculation we have only
considered escape from the dayside of Mars. Because nightside fluxes are a factor of 5-

10 lower and are fairly uniform with magnetic field strength (see Figures 4e-h and 2e-

h), they should have little effect on the estimations of total outflow made here.

7.2 Effect of a crustal field structure on local ion escape

Using a similar framework as in the previous estimate, we now calculate the net
effect that a crustal field structure has on local ion flux. This amounts to a simple com-
parison of the escape fluxes calculated in weak, medium, and strong field regions, with-
out accounting for the total area of Mars covered by these fields. In weak field regions,
the total escape flux of Ost and O has a median value of 1.9x10%cm=2s~'. In medium-
strength field regions, escape flux varies with our assumed value of o from 0.4x10%cm 25!
(a = 0) to 2.8 x 10° cm™2 s7! (@ = 1). This range spans from an 80% decrease to a
50% increase from the weak field regions, depending on the assumed magnetization. For
a medium-strength crustal field region to have the same escape flux as a weak crustal
field region, an « value of 0.65 would be required, implying that 65% of all flux on closed
field lines would need to escape the planet. In high-strength crustal field regions, escape
fluxes range from 0.3 x 106cm=2s7! (8 =0) to 2.9x 105cm™2s71 (8 =1). To achieve
the same escape flux as a weak field region, 60% of the flux measured on closed field lines
would need to escape the planet (5 = 0.6). This suggests that escaping ions would need
to be very unmagnetized in order for the presence of crustal fields to increase local ion

escape.
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8 Summary and Discussion

In this study we used data from the MAVEN spacecraft to investigate the effects
of crustal magnetic fields on ion escape at Mars. We analyzed the supply of ions using
maps of ion density, the energization of ions using maps of ion fluxes at escape energy,
and the possible transport of ions using maps of magnetic field topology. We used mag-
netic field data from MAVEN to make maps of particle magnetization in crustal mag-
netic fields, allowing us to gauge the extent to which escaping ions are affected by mag-

netic topology.

Together, these works provided us with an understanding of ion escape at Mars that
we then used to estimate the net effect that crustal magnetic fields have on Martian ion
escape. The results of this estimate are shown in Figure 6, where we determined that
the presence of crustal fields affects global ion escape by less than a factor of 2. Depend-
ing on the assumptions one makes regarding how effectively particles can escape from
closed field lines, the influence of crustal magnetic fields could range from a net decrease
in escape of 40% to a net increase of 20%. Under fairly typical assumptions, it seems likely
that crustal fields currently decrease global ion escape by 20-30%, a finding that is in agree-

ment with previous modeling results.

In this calculation, we did not account at all for the effects of upstream drivers, but
it is likely that escape from crustal field regions is significantly impacted by solar wind
conditions. Weber et al. (2019), for example, showed that increased solar wind pressure
tends to compress crustal fields on the dayside of Mars, leaving the ionosphere more ex-
posed. If solar wind variations occur on a fast enough timescale, it is possible that this
could leave the high ion densities found in crustal field regions suddenly exposed to the
solar wind, leading to a large increase in ion outflow. This may contribute to the 10x en-
hancement in ion escape that B. M. Jakosky et al. (2015) observed during the impact

of an interplanetary coronal mass ejection at Mars.

Finally, we estimated the effect that crustal field structures have on local ion es-
cape, ignoring the global distribution of fields. We found that both medium-strength and
strong crustal field regions could potentially increase local ion escape, but only if the ions
were sufficiently unmagnetized that over 60% of ions found on closed magnetic fields with
escape energy succede in escaping. If ions with escape energy are not unmagnetized to

this degree, then crustal fields should be taken to decrease local escape. In the future,
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the use of numerical models could help refine this result further. Test-particle models,
for example, could provide a more exact determination particle magnetization in the Mar-

tian crustal magnetic fields, allowing us to make more precise calculations of ion escape.

Through this analysis, we also found that ion escape on the nightside of Mars ap-
pears to be primarily limited by supply, and would therefore be enhanced effectively by
any processes that increase nightside ion production (e.g. energetic electron precipita-
tion). Ion escape on the dayside, however, appears to be limited by the energization and
transport of ions. Because dayside ion escape higher than nightside ion escape by a fac-
tor of ten, this may suggest that the ion escape at Mars would be drastically increased
by processes that increase energization and transport efficiency, particularly in unmag-

netized regions on the Martian dayside.

The results shown here may hold implications toward the broader question of whether
global magnetic dynamos are important for planetary habitability. In the context of plan-
etary evolution, global magnetic fields are often described as critical for the retention of
a planet’s atmosphere, but it is currently unclear whether this is the case (Moore & Hor-
witz, 2007; Strangeway et al., 2010; D. Brain et al., 2013; Egan et al., 2019). We may
be able treat crustal fields as a microcosm through which we can characterize the effects
of global-scale fields, and investigations of the kind presented here represent a significant
step toward that goal. The extent to which crustal fields can truly be used to understand
the influence of global dynamos is currently unclear, however, and is left to future stud-

ies.
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