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Abstract

Ion pickup by the solar wind is ubiquitous in space plasma. Because pickup ions are originally produced by
ionization of an exospheric neutral atmosphere, their measurements contain information on the exospheric neutral
abundance. Here we established a method to retrieve exospheric number densities, by analyzing the ion velocity
distribution functions of pickup ions measured by the Mars Atmosphere and Volatile EvolutioN spacecraft. We
successfully retrieved exospheric oxygen density distributions at altitudes ranging from 1000 to 10,000 km around
Mars except for the vicinity of the bow shock. This method can be applied to other space missions to study the
upper atmosphere of planets, moons, and other small bodies in our solar system, where pickup ions exist.

Unified Astronomy Thesaurus concepts: Mars (1007); Pickup ions (1239); Planetary magnetospheres (997);

Exosphere (499); Solar wind (1534)

1. Introduction

The exosphere is the outermost component of the planetary
atmosphere. On Mars, it extends beyond the induced magneto-
sphere and is directly exposed to the solar wind. One of the
major exospheric components of Mars is oxygen atoms that are
created by dissociative recombination of O, in the ionosphere
(e.g., Leblanc et al. 2017; Lillis et al. 2017). Once the oxygen
atoms are ionized by the solar UV radiation, charge exchange,
or electron impact of the solar wind, they are accelerated by the
motional electric field, E,,,; = —v X B, and escape the planet
(e.g., Dong et al. 2015). Here, v and B denote the solar wind
velocity and interplanetary magnetic field vectors, respectively.
This ion acceleration process is referred to as “ion pickup” and
the accelerated ions are called “pickup ions.” This is an
important ion removal process in the Martian atmosphere and
has been extensively studied through ion measurements
obtained from several spacecraft. It is known that the escape
flux of the pickup ions changes depending on the solar wind,
solar radiation flux, and seasons (Futaana et al. 2008; Nilsson
et al. 2011; Ramstad et al. 2015; Yamauchi et al. 2015; Dong
et al. 2023).

To understand the ion escape process in the Martian
atmosphere, it is also important to comprehend the temporal
and spatial variabilities of the exospheric distributions, as the
exosphere is the source of the escaping ions. However, direct
measurement of the tenuous atmosphere using particle
detectors is challenging. Thus, the exosphere has primarily
been examined by using optical instruments, such as UV
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spectrographs (e.g., Anderson & Hord 1971; Feldman et al.
2000; Leblanc 2006; Chaufray et al. 2008; Deighan et al. 2015;
Chaffin et al. 2018; Masunaga et al. 2020, 2022; Chirakkil et al.
2024; Susarla et al. 2024).

Rahmati (2016) and Rahmati et al. (2015, 2017, 2018)
established a method for retrieving exospheric H and O number
density profiles from pickup ion measurements obtained by the
Mars Atmosphere and Volatile EvolutioN (MAVEN) space-
craft. They also calculated the H and O escape rates and found
that although the H escape rate exhibits seasonal variations, the
O escape rate does not. However, this method has only been
applied to the solar wind region (>3000 km). Additionally, the
hot O densities were determined based on the flux ratio of the
observed pickup ions and the modeled ones that originated
from a spherically symmetric O exospheric model, indicating
that the retrieved O densities were highly dependent on the
exospheric model used as the input.

In this study, we established a retrieval method that extends
the density distribution down to the magnetosheath
(~1000 km) by analyzing the initial phase of the pickup ion
ring distributions. This corresponds to the pickup ions being
accelerated nearly along the motional electric field to the
spacecraft. By analyzing a number of ring distributions
observed not only in the solar wind but also in the
magnetosheath, the 3D density distribution around Mars can
be obtained. Section 2 briefly describes the instruments used in
this study and illustrates how the atomic oxygen density can be
retrieved at approximate pickup locations by applying
Liouville’s theorem to O™ pickup ions in the initial phase of
the ring distribution. Thereafter, two retrieval results for two
orbits are presented in Section 3, which are then discussed and
summarized in Section 4.
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2. Instruments and Methods
2.1. Instruments

We used the data obtained from the SupraThermal And
Thermal Ion Composition (STATIC) instrument installed on
MAVEN (McFadden et al. 2015). STATIC is an energy and
mass spectrometer comprising an electrostatic ion energy-to-
charge analyzer and a time-of-flight mass-to-charge analyzer. It
measures 3D ion velocity distribution functions across an
energy range of 0.1-30keV and a field of view of 360°
(azimuth) x 90° (elevation). In this study, we used the “d1”
data product comprising 32 energy, 8 mass, 16 azimuth, and 4
elevation bins. We also used data obtained from the Solar Wind
Ion Analyzer (SWIA), magnetometer (MAG), Solar Wind
Electron Analyzer (SWEA), and Extreme Ultraviolet Monitor
(EUVM) to calculate the motional electric field and ionization
rates of O atoms. The details of these instruments have been
explained by Connerney et al. (2015), Halekas et al. (2015),
Mitchell et al. (2016), and Eparvier et al. (2015).

2.2. Methods

We analyzed O ion velocity distribution functions (VDFs)
measured by STATIC to retrieve the Martian exospheric O
densities. In collisionless plasma, pickup ions exhibit an E x B
drift motion. When the magnetic field and the electric field
point to the y- and the z-axes in a rest frame, respectively, the
motion of the E x B drift lies on the xz plane as shown in
Figure 1(a). The position of a pickup ion is described by
cycloid motion as follows:

xpur = Xo + 7g(0p — sinfp) (D
zpur = 20 + 1g(1 — cosOp), 2

where x( and z, denote the pickup location, and r, denotes the
gyroradius of the pickup ion (mvswper/eB, where m is ion
mass, e is the elementary charge, vswyper is the ion velocity
perpendicular to the magnetic field vector, and B is the
magnitude of the magnetic field). Additionally, fp denotes the
phase angle, which corresponds wyf, where w, is the
gyrofrequency and ¢ is the time elapsed since pickup
(Figure 1(b)). As xpy; and zpy; correspond to the spacecraft
position and r, and fp can be obtained from the measured ion
velocity and magnetic field vectors, we can calculate the
original pickup location by assuming the pickup ions are on the
initial gyromotion of the E x B drift as follows:

X0 = Xpur — l’g(9P — sindp) (3)
20 = zpur — Tg(1 — cos Op). )

In the velocity space, cycloid motion is described as a ring
distribution as shown in Figure 1(b) (also see Dubinin et al.
2006; Coates & Jones 2009; Masunaga et al. 2016;
Rahmati 2016; Masunaga et al. 2017; Lin et al. 2022). In the
initial phase of the ring distribution, which is defined as one-
eighth of the ring (0° < p < 45°, where 0p is the phase angle,
as shown in Figure 1(b)) in this study, pickup ions are
accelerated nearly along the electric field (i.e., the angle
between the ion velocity and the electric field direction is
<22°%5, which corresponds to a single angular width of the
STATIC instrument). This motion can be approximated as a
simple acceleration motion along the electric field. As
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illustrated in Figure 1(c), exospheric oxygen atoms are ionized
at the ionization rate R; thereafter, the newly formed O" ions
are accelerated by the motional electric field E,,., (along the z-
axis) and are detected by STATIC. STATIC measures the O
ion phase space density (PSD) f (W) for viewing directions of
each azimuthal and elevation channel at spacecraft location
(z=2z;) at t=t;, which also provides individual O" ion
velocity vectors and fluxes. Using Liouville’s theorem, we
assumed that the observed PSD is conserved from the pickup
location to the observation location. This enabled us to
associate the PSD measured at the spacecraft location with
that at the pickup location,

[z, Wo, o) = f (21, Wi, ). &)

Here, the pickup location is approximated as z = 7, where the
newborn ions have an energy of W, which corresponds to half
of the energy width (= dW/2) after ionization (at time = f;),
as shown in Figure 1(d). Assuming a quasi-steady condition,
Equation (1) is transformed into

1z, Wo) = f(z1. W). (©6)

The PSD and measured differential particle flux J are related as
follows (Baumjohann & Treumann 2012):

2
m
=—J, 7
f W (N
where m and W denote the mass and energy of the particle,
respectively. Given that the pickup ions in the initial phase of
the ring distribution are accelerated nearly along the electric
field, Equations (6) and (7) result in the differential particle flux
at the pickup location z = z;:
Wo
Jo=—J. 8
0= (3)
We assume that the number of O ions with energy of W, in
the volume dV, (= dAdz, where dA indicates the instrumental
effective area) is equal to the number of O ions produced by
the ionization of O atoms at the pickup location:

noRdVpdt = JodWdAdAdt, C))

which leads to

W
no = = , (10)
Rdz 2Rz
where dz = dW/e| E o, Wo = dW/2, and W = e|E ,o(|z;. Note
that z; is the distance along which the O™ ions are accelerated
by the electric field. The ionization rate of O atoms is expressed
as

R = Rpy + Rcx + Rgp, (11)

where Rp;, Rcx, and Rgp are the photoionization, charge
exchange ionization, and electron impact ionization rates,
respectively, which are calculated as

Rp = j; opt (V) F (A)dA (12)
Rex = ocxnswVsw (13)
Rer = fE e (W) F.(W)dW, (14)
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Figure 1. Motion of a pickup ion in the real space (E x B drift). (b) Distribution of pickup ions in the velocity space (ring distribution). (¢) Approximate motion of
pickup ions in the initial phase of the ring distribution. (d) Acceleration of pickup ions in the phase space.

where opy, 0cx, and og are the cross sections of photoioniza-
tion, charge exchange, and electron impact, respectively; F(\)
is the solar flux; ngw and vsw are the solar wind proton density
and velocity, respectively; and F.(W) is the omnidirectional
electron differential flux (Rahmati 2016; Rahmati et al. 2017).
We calculated these ionization rates based on the locally
obtained EUVM, SWIA, and SWEA measurements. These
rates could significantly differ between the spacecraft and the
pickup locations. We discuss this effect by comparing the
locally calculated ionization rates with statistically calculated
ionization rates in Section 4.

J1 and W, were measured by STATIC and E,,,(= —v X B)
by SWIA and MAG. Note that we only used data outside the

ion composition boundary defined by r = "O*;& <1
H+
(Matsunaga et al. 2017); therefore, protons were dominant

species in the STATIC VDF, and the observed plasma bulk
velocity corresponded to the solar wind or magnetosheath
velocity. Rpy, Rex, and Rgy were calculated using the solar UV
flux measurements performed by EUVM, solar wind’s proton
density and velocity by SWIA, and electron fluxes by SWEA.
Using these measurements and Equation (10), we calculated
the exospheric O density at the pickup locations. By repeating

this calculation for every ion measurement in the initial phase
of the ring distribution, we obtained the spatial distribution of
the exospheric O density nearly along the MAVEN orbit.

The error of each retrieved density was also evaluated using
the standard deviations of O™ differential particle flux (AJ,),
ionization rates (AR), and the accelerated distance (Az,),

(i = AJ)dWA

= s 15
°T2RE ARz £ Az) ()

I’lo:i:Al’l

where Ang is calculated by considering the propagation of
error:

Ano

2
awdQ) | AL 2 Ji
= =1 + AR)? + (RAZ)? | .
2 \/( Rz ) (R2112 \/(Zl ) (RAz)

(16)
AJ; was calculated based on the square root of O ion counts
in each bin of the dl data. AR was calculated by
AR = \/ ARZ + ARZx + AR, where ARp, ARcx, and
ARgy are the standard deviation of each ionization rate during

a single ion VDF observation time. Az, was calculated by the
error of Equation (4). That corresponds to Ary(1 — cos0p),
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Figure 2. MAVEN position where pickup O" ions were observed in the solar wind (red diamonds) in the (a) XZ and (b) cylindrical planes of the Mars-centered Solar
Orbital (MSO) coordinate system. The pickup locations of these pickup ions are denoted by the black “4-” symbols. (c) O™ ion differential particle fluxes (DPFs) are
projected onto the plane perpendicular to the local magnetic field. The dotted red curve indicates the expected ring distribution calculated using the local proton
velocity and magnetic field vectors. The initial phase of the ring distribution is bound by the blue curves. The gray filled circles indicate each data point in the field of
view of STATIC in the perpendicular plane. (d) Retrieved O number densities at the pickup locations. (e)—(h) Magnetosheath measurements are shown in the same

format as those in (a)—(d).

and Ar, can be calculated using the standard deviation of the
solar wind velocity and local magnetic field during a single ion
2

VDF observation, that is Ar, = % \/ (%) + (% AB)Z.

The retrieved O profile was then compared with the
Exospheric Global Model (EGM) developed by Leblanc
et al. (2017). The EGM is a 3D multispecies collisional
parallelized model that traces the nonthermal particles. It uses
inputs provided by the General Circulation Model of the
Laboratoire de Meteorologie Dynamique (LMD-GCM) for the
background atmosphere (Chaufray et al. 2014). It was also
coupled with the Latmos Hybrid Simulation (LatHyS) to
incorporate solar wind interactions with the upper atmosphere.
In EGM, nonthermal O atoms are mainly produced by the
dissociative recombination of O,", with a small contribution
from sputtering by incident pickup ions. We traced the
nonthermal O test particles in the collisional upper atmosphere,
generating a 3D nonthermal O density distribution. Using mean
solar conditions at the time of the observations as inputs for the
LMD-GCM and LatHyS, we generated a 3D distribution of the
nonthermal O atoms for comparison with our retrieval results.

3. Results

Figures 2(a)—(d) show examples of STATIC observations in
the solar wind. The red diamonds in Figures 2(a) and (b)
indicate the average position of MAVEN in the solar wind
from 03:39:10 UT to 03:40:14 UT on 2015 July 7. The average
motional electric field calculated using the SWIA and MAG
measurements is plotted by the red arrow. Additionally,
STATIC observed a VDF represented by the “d1” data product.
Figure 2(c) shows the average O" ion VDF with the expected
ring distribution. Note that we only considered ions with an
energy >50¢eV to eliminate the effects of spacecraft potential
and spacecraft velocity. We also considered ions with pitch
angles of 90422°5 as they were almost in the plane

perpendicular to the local magnetic field. As described in
Section 2, we only used data from the initial phase of the ring
distribution, which is bounded by blue curves (0° < p < 45°
and a velocity width of +10%). Moreover, we discarded data
wherein the number of nonzero count detections in the initial
phase of the ring distribution was less than four, which was
defined as noise in this study. We also discarded data obtained
within 20 minutes before and after the crossings of the bow
shock across which solar wind conditions and ionization rates
were largely different, resulting in large errors in our retrieval
results. Using these data, we retrieved the O number density at
the pickup locations, as shown in Figure 2(d). Because
MAVEN was situated in the —E hemisphere, wherein the
motional electric field points toward the planet, these ions
originated from a more distant exosphere, as shown in
Figures 2(a) and (b). Figures 2(e)-(h) show examples of
STATIC observations in the magnetosheath obtained from
21:49:52UT to 21:50:56 UT on 2015 August 19. In the
magnetosheath, the motional electric field formed by the
shocked solar wind locally accelerates the newborn O ions
(Figures 2(e) and (f)). Therefore, we observed O ions along
the expected ring distribution in the magnetosheath as seen in
Figure 2(g). Using the same approach as that for solar wind, we
obtained the exospheric O density at the pickup locations in the
magnetosheath (Figure 2(h)).

By repeating these retrievals for every 3D VDF, we obtained
the O density distribution around the terminator for Orbit
#1495, as shown in Figures 3(a)—(d). The altitudinal profiles of
the retrieved O density for all data, the inbound leg, and the
outbound leg are shown in Figures 3(e)—(g), wherein it is
evident that the O densities were retrieved from altitudes of
1000-10,000 km. The individual measurements are indicated
by light gray and their average over 400 km bins by orange.
The blue crosses represent the O profile obtained at the
MAVEN positions in the EGM. Although the individual data
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Figure 3. (a)—(d) O number density distributions retrieved along the MAVEN orbit (gray) in the MSO coordinate system. The red and blue lines correspond to the
empirical model of the bow shock and induced magnetospheric boundary, respectively (Trotignon et al. 2006). “S” and “E” in these figures stand for the start and end
time of the observation. (e) Altitude profiles of the retrieved O number density (gray crosses) and EGM (blue) for all data, inbound leg, and outbound leg, respectively.

The orange error bars indicate the standard deviation for every 200 km bin.

has large error bars, the mean profile of our retrieval results
agreed reasonably well with the EGM results.

Figure 4 shows the retrieval and EGM results for Orbit
#1733, wherein the O density was retrieved from 4000 to
12,000 km altitudes, covering a wide range of the solar zenith
angles near the day-to-night plane. As the EGM results look
different between the inbound and outbound legs, we evaluate
the retrieved results separately. For the inbound leg, the mean
altitude profile of the retrieved O density agreed reasonably
well with the EGM results as seen in Figure 4(g) (blue crosses).
However, the retrieval results departed from the EGM results
approximately below 7000 km for the outbound leg, as seen in

Figure 4(f). This region mainly corresponds to the nightside
magnetosheath.

4. Discussion

This study reports a method for retrieving the exospheric
number density using ion measurements obtained around Mars.
We analyzed the O" ion VDFs observed in the solar wind and
the magnetosheath by MAVEN/STATIC and retrieved exo-
spheric O densities around Mars using the measurements
obtained in the initial phase of the ring distribution, where the
O™ ions are accelerated nearly along the motional electric field.
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Figure 4. O number density distributions retrieved along MAVEN Orbit #1733. The format is the same as that used in Figure 3.

We applied the retrieval method to the STATIC data of two
selected orbits (Orbit #1495, near the terminator plane, and
Orbit #1733, near the day-to-night plane) and obtained two
altitude profiles for exospheric O density. The retrieved density
profiles were compared with the EGM results. Near the
terminator plane, the mean number density profiles agreed
reasonably well with the EGM results, although the individual
data had large uncertainties. Near the day-to-night plane, the
mean profile overall agreed well with the EGM result, but the
retrieval results departed from the EGM results in the nightside
magnetosheath. The overall consistency between the retrieved
and modeled densities suggests that O atoms are mainly
produced by the dissociative recombination of O," in the
ionosphere (Leblanc et al. 2018). The large uncertainty can be
caused by various factors, such as the temporal variations in the
O" flux, solar UV fluxes, and the solar wind conditions

(velocity, density, and magnetic field) during the integration
time (64s). Spatial variations in these values between the
spacecraft and pickup locations could be another factor to cause
large errors in our retrieval results.

Although we assumed that the O™ pickup ions originated
from an approximate pickup location, it is possible that they
were picked up at further locations; that is, the pickup ions in
the initial phase of the ring distribution could contain those
picked up in subsequent gyrations. Note that O" gyroradius can
be approximately calculated by 167 x %’ and for Orbit
#1495 and Orbit #1733, it is typically 14,000 km and
17,000 km in the solar wind and 3000 km and 5000 km in
the magnetosheath, respectively. Regarding these orbits,
however, we obtained measurements primarily from the —E
hemisphere, where pickup ions produced in the distant
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Figure 5. Spatial distributions of average ionization rates (s7Y of O atoms for (a) photoionization, (b) charge exchange, and (c) electron impact based on EUVM,

SWIA, and SWEA measurements, respectively, from 2014 to 2016 October. Panels (d), (e), and (f) indicate the number of measurements in each bin. The red and blue
lines indicate the empirical model of the bow shock and induced magnetosphere boundary, respectively.

exosphere precipitate toward Mars. This means that local
ionizations of the exospheric O are the dominant source of the
observed pickup ions, and therefore, Equation (9) is thus
approximately true. In contrast, in the +E hemisphere, where
the motional electric field points outward from the planet,
pickup ions originate from an altitude lower than the spacecraft
location, such as the magnetic pileup region or the top of the
ionosphere. Because of the typically large magnetic fields and
low speed of the shocked solar wind in these regions, pickup
ions have small gyroradii (<1000 km) and therefore undergo
several gyrations before reaching the spacecraft. In this case,
the initial phase of the ring distribution could contain pickup
ions not only from the initial gyration but also from subsequent
ones, which means that the left-hand side of Equation (9)
requires another term, such as advection. To estimate this
effect, a model—-data comparison is required in future work.
The discrepancy between our retrieval and EGM results below
7000 km in the nightside magnetosheath may be related to the
ionization rates of the O atoms, defined in Equations (12)—(14)
In this study, the ionization rates of O atoms by photoionization,
charge exchange, and electron impact were derived from local
EUVM, SWIA, and SWEA measurements (i.e., spacecraft
locations). To examine the effects of the ionization rates on
the retrieved results, we also retrieved O densities based on the
photoionization, charge exchange, and electron impact ionization
rates that were statistically calculated using SWIA and SWEA
measurements between 2014 and 2016 October. Figures 5(a)—(c)
show maps of the average values in each bin on the cylindrical
coordinate system. The number of data points in each bin is
shown in Figures 5(d)—(f). Using the ionization rates at each
pickup location during each retrieval, we obtained another
retrieval result, as shown in Figure 6. For Orbit #1495, although
the data cover only the lower altitudes through which MAVEN
has passed, the O density distribution does not significantly
change from that derived from the local ionization rates
(Figures 6(a)—(c)). On the other hand, for Orbit #1733, the O

density distribution in the nightside magnetosheath during the
outbound leg agrees with the EGM result better than that of
using local ionization rates (Figure 6(e)). The O distribution
during the inbound leg in the solar wind departs from the EGM
results, which means that the use of the local ionization rates is
better in the solar wind (Figure 6(f)). These results suggest that
our retrieval method works fine by using the local ionization
rates on the dayside, but the large variations in charge exchange
and electron impact ionization rates in the nightside magne-
tosheath, seen in Figures 5(b) and (c), highly affect our retrieval
results. Statistical analysis is needed in our future study to
determine the boundary across which local ionization rates or
remote ionization rates should be applied.

The Martian exosphere is highly variable responding to the
space weather, such as solar radiation and solar wind, and to
the lower atmospheric weather, including dust storms and
atmospheric waves (e.g., Lee et al. 2018, Yigit 2021;
Masunaga et al. 2022). In future work, we will statistically
analyze the VDFs collected by MAVEN over approximately
10 yr since its launch and build empirical models of the Martian
O exosphere for different space and atmospheric weather
conditions. Additionally, the proposed retrieval method can be
applied to other space missions to study exospheres of various
planets, moons, and small bodies in our solar system
comprising pickup ions. For example, Venus has plasma and
upper atmospheric environments similar to those of Mars (e.g.,
Futaana et al. 2017). Therefore, by applying the proposed
method to VDFs measured by the Ion Mass Analyzer on Venus
Express (Barabash et al. 2007), we can examine the Venusian
exosphere distribution and its variations. We also aim to apply
this method to the ion VDFs that will be measured by the Mass
Spectrum Analyzer (MSA) on the Martian Moons Exploration
mission to study the Martian exosphere and possibly the
tenuous atmosphere of Martian moons (Yokota et al. 2021).
The high mass resolution of MSA will allow us to study
various exospheric species. Therefore, the proposed retrieval
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Figure 6. The O number density profiles that are retrieved from pickup ion measurements from Orbits (a) #1495 and (d) #1733 using the statistically calculated
charge exchange and electron impact ionization rates as shown in Figure 5. Their outbound and inbound legs are also shown in the panels (b), (c), (e), and (f),
respectively. Note that no data are plotted at the high altitudes (6500 km and higher) because MAVEN has never attained them, and no in situ SWIA and EUVM

measurements have been collected.

method can be a useful “remote sensing” tool for surveying the
spatial distribution and variations in the exospheres of solar
system bodies.
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