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Abstract In December 2022, an extremely low-density solar wind stream encountered first the Earth and
then Mars, shortly after the radial alignment of the two planets (i.e., Mars opposition). As the low-density
stream passed Mars, the properties of the Mars-solar wind interaction changed dramatically in response to the
low solar wind Alfvénic Mach number and dynamic pressure. The Martian magnetosphere and its boundaries
expanded by thousands of kilometers, extending outside of the nominal average bow shock location. The low
upstream Mach number resulted in a low ratio of plasma to magnetic field pressure in the magnetosheath,
allowing the formation of a very high but stable ion temperature anisotropy, together with a very low level of
electromagnetic instabilities. Meanwhile, the decrease in solar wind dynamic pressure caused the Martian upper
ionosphere at the terminator to transition from a magnetized state to an unmagnetized state. This event provides
an opportunity to study a unique end-member state of the Mars-solar wind interaction.

Plain Language Summary The solar wind consists of a supersonic flow of hot ionized gas (plasma)
from the Sun that flows outward through the solar system. The solar wind interacts with planetary atmospheres
and magnetic fields, which form shielded regions known as magnetospheres. The characteristics of the solar
wind, including its density and speed, vary over a wide range. The shape, extent, and physical characteristics

of planetary magnetospheres in turn respond to these changes in the solar wind. In this work, we study the
response of the Martian magnetosphere to an extremely low-density solar wind stream. During the passage of
this stream, the Martian magnetosphere expanded by thousands of kilometers, and its physical characteristics
changed dramatically. This event reveals a unique outlier state for the Mars-solar wind interaction.

1. Introduction

Mars has a unique interaction with the ambient space plasma environment, thanks to the combination of its
atmosphere, exosphere, and remanent crustal magnetic fields (Acufia et al., 1998; Bertucci et al., 2011; Dubinin
et al., 2006; Mazelle et al., 2004; Nagy et al., 2004). These elements of the Martian obstacle together produce a
unique “hybrid” interaction with the solar wind and interplanetary magnetic field (IMF), not entirely like either
the intrinsic magnetosphere of Earth or the more purely induced magnetosphere of Venus, but with aspects of
both (Brain et al., 2003; DiBraccio et al., 2018; Dubinin et al., 2023; Halekas et al., 2021).

Planetary magnetospheres facilitate the interactions between planets and the impinging solar wind, controlling
the flow of energy and momentum through the system. The properties of these magnetospheres (e.g., intrin-
sic, induced, or hybrid) determine which physical processes dominate in diverting the solar wind flow around
the obstacle, and control how efficiently the solar wind can couple to the planet and deposit energy into the
system. The Martian magnetosphere (including the upper atmosphere and ionosphere) and its boundaries react to
a variety of internal and external drivers, including solar wind and IMF conditions, seasonal and other changes
in the upper atmosphere and exosphere, and the orientation of the planet (and thus the location of the crus-
tal magnetic fields). The bow shock (BS) size and shape have been shown to respond to changes in the solar
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wind dynamic pressure, Mach number, IMF direction, extreme ultraviolet (EUV) flux, and the orientation of the
crustal magnetic fields (Edberg et al., 2008, 2009, 2010; Garnier et al., 2022; Gruesbeck et al., 2018; Halekas,
Ruhunusiri, et al., 2017; Hall et al., 2019; Sui et al., 2023; Trotignon et al., 2006; Verigin et al., 1993; Vignes
et al., 2002; Wang et al., 2020). The magnetospheric boundaries, such as the nearly co-located induced magneto-
sphere boundary (IMB), magnetic pileup boundary (MPB), ion composition boundary (ICB), and photoelectron
boundary (PEB), also shift in response to external and internal factors (Edberg et al., 2008; Garnier et al., 2017;
Halekas et al., 2018; Holmberg et al., 2019; Matsunaga et al., 2017; Trotignon et al., 2006; Vignes et al., 2000;
Xu et al., 2016, 2023). Furthermore, the force balance and the morphology of the flows and fields in the magne-
tosheath and magnetosphere react to many of the same drivers (Halekas, Brain, et al., 2017).

At the Earth and Venus, periods of abnormally low solar wind density result in substantial increases in the spatial
extent (i.e., standoff distance) of the BS and the magnetospheric boundaries (Cairns et al., 1995; Fairfield, 1971;
Hajra & Tsurutani, 2022; Russell & Zhang, 1992; Steinolfson & Cable, 1993; Tatrallyay et al., 1983; Wei
etal., 2012; T. L. Zhang et al., 2008). One particularly dramatic case observed at the Earth was dubbed “The Day
the Solar Wind Disappeared” (Fairfield et al., 2001; Janardhan, 2006; Janardhan et al., 2008; Lazarus, 2000).
At Mars, such events remain comparatively less studied, though examples do exist in the literature (Verigin
et al., 2004).

The Martian atmosphere and ionosphere play a particularly important role in the Mars-solar wind interaction.
Appreciable fluxes of planetary ions are observed at the interaction boundary, in the magnetosheath, in the magne-
totail, and even in the near-Mars upstream solar wind, where they can affect the pressure balance and the kinetic
state of the plasma. “Space weather” events such as coronal mass ejections and flares, as well as solar wind struc-
tures such as stream interaction regions, introduce extremes of external conditions that produce Martian magne-
tospheric disturbances far different from Earth's geomagnetic storms (Jakosky et al., 2015; Luhmann et al., 2017).
Periods of low solar wind density represent a distinctive solar wind transient that has received less attention
as both a solar/heliospheric phenomenon and as a driver of the Mars-solar wind interaction. Given the above
considerations, we expect that low-density events may have implications for escape of planetary ions from Mars.

Periods of low solar wind density typically result in smaller values of the dynamic pressure Py, = py,02, (With
p,, and v_ the solar wind mass density and speed) and the Alfvén and magnetosonic Mach numbers M, =v_ /v,

and My,c=v, /v),s (Withvs = B//(uop) andvys = 4/ c? + v the solar wind Alfvén and magnetosonic speeds).
These changes in the solar wind in turn lead to expansion and changes in the shape of the BS and the magne-
tospheric boundaries. Furthermore, since § (the ratio of thermal pressure nk,T to magnetic pressure B%/2yu,) in
the magnetosheath scales with upstream M, low Mach numbers affect the growth and evolution of $-dependent
plasma instabilities in the magnetosheath (Gary et al., 1993; Halekas, Brain, et al., 2017; Hill et al., 1995). This
may have particularly interesting effects at Mars, which has a relatively small magnetosheath thickness in terms of
relevant ion scales, leaving little room for solar wind ions to fully thermalize (Brecht, 1997; Moses et al., 1988).
The unique hybrid Martian magnetosphere may therefore react to unusual solar wind conditions in different ways
than a more purely intrinsic or induced magnetosphere such as those of the Earth and Venus.

In this manuscript, we describe a recent “disappearing solar wind” event observed by the Mars Atmosphere
and Volatile EvolutioN (MAVEN) spacecraft (Jakosky et al., 2015) in December 2022 at Mars. We discuss the
upstream conditions and the response of the magnetosheath and the magnetosphere of Mars in the following
sections. The purpose of this paper is to provide a general overview of the characteristics of this event and to
identify aspects of the event deserving of more detailed analysis in future studies.

2. The Upstream Conditions

On 2022 December 25 an extended region of very low-density solar plasma (0.1-0.2 cm~3) passed the Earth.
Roughly a day later, on December 26, a similar structure passed Mars. Fortuitously, this event took place just
a few weeks after Earth-Mars opposition on December 08, so Earth and Mars encountered very similar plasma
structures, as shown in Figure 1. We utilize measurements made by the MAVEN Solar Wind Ion Analyzer
(SWIA, Halekas et al. (2015)) and Magnetometer (MAG, Connerney et al. (2015)) to characterize the region
upstream from the Martian BS, as well as the magnetosheath and magnetosphere. We utilize Mars-Solar-Orbital
(MSO) coordinates, defined with +x toward the Sun, +z northward and normal to the orbital plane, and +y
completing the right-handed coordinate system. To specifically identify the upstream region and isolate the inci-
dent solar wind and IMF parameters, we utilize the algorithms described in Halekas, Ruhunusiri, et al. (2017).
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Figure 1. Solar wind and interplanetary magnetic field (IMF) observations near Mars and Earth. The first, third, and fifth
panels show solar wind density (n), velocity (V), and IMF (B) measured by Wind at the Earth-Sun L1 point. The second,
fourth, and sixth panels show orbit-average solar wind and IMF values measured by MAVEN (colored diamonds, nu, Vu,
Bu) upstream from the Martian bow shock (BS), compared to time-shifted Wind observations (colored dots, ns, Vs, Bs,

with propagation delays calculated as described in text). Panel 2 also shows instantaneous densities measured by MAVEN
(blue dots, nm) inside the BS, in addition to those in the upstream region. Vector quantities measured by Wind utilize
Geocentric-Solar-Ecliptic (GSE) coordinates and those measured by MAVEN utilize Mars-Solar-Orbital (MSO) coordinates;
these coordinate systems are aligned to within 10 degrees at this time.

During the deepest portion of the density minimum, the Martian BS expanded to such a degree that MAVEN
did not directly sample the upstream solar wind for over a day. To characterize the upstream solar wind, and for
comparative purposes, we therefore also show measurements made by the Wind spacecraft near the Earth-Sun
L1 Lagrange point (well upstream of the region of terrestrial influence, even during these unusual conditions).
Specifically, we utilize ion data from the Solar Wind Experiment (SWE, Ogilvie et al. (1995)) and magnetic field
data from the Magnetic Field Investigation (MFI, Lepping et al. (1995)) to characterize the solar wind and IMF
near Earth.
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nation of radial propagation and co-rotation of structures. We do not scale

Figure 2. Distribution of solar wind dynamic pressure and Alfvén Mach the Wind observations in any way; however, we do expect lower magnitudes

number measured by MAVEN in the undisturbed solar wind upstream from of both density and magnetic field at Mars due to the expansion of the wind.
the Martian bow shock from 2014 November to 2023 February (one average
upstream value per orbit). Orange arrows show the range of minimum and We find that the time-shifted Wind observations correspond quite well with

maximum values for dynamic pressure and Mach number, for the low-density the MAVEN upstream observations. The solar wind velocity matches very

period on 26-27 December 2022 estimated from L1 and MAVEN data as

described in text.

closely in magnitude, and even has similar off-axis components. As expected,
the solar wind density at Mars appears generally reduced from that observed
at Earth, but not always to the ~40% of the Earth value one would predict for
an r~2 reduction between the radial locations of the two planets at this time. Both the MAVEN and Wind meas-
urements have been calibrated to absolute standards (i.e., the plasma frequency), so the smaller than expected
reduction in density likely represents a real physical effect; however, the mechanisms remain unclear. In any case,
the MAVEN and time-shifted Wind observations of the plasma density and velocity have very similar temporal
behavior, suggesting that the time-shifting procedure we adopted captures the propagation of the large-scale
structures from Earth to Mars, at least to first order. On the other hand, the magnetic fields correlate somewhat
less well than the plasma parameters. Before the low-density period, the Wind and MAVEN magnetic field
measurements match fairly well, with quite similar features, and roughly the expected reduction in magnitude
from Earth to Mars. The IMF orientation generally appears less radial at Mars than at Earth, consistent with the
larger expected Parker spiral angle at Mars. After the low-density period, however, the magnetic field observed at
Mars differs more significantly from that at Earth in both polarity and magnitude. This suggests a more complex
evolution of the fields in these structures, possibly resulting from the interaction between the faster stream trailing
the slower stream at the end of the low-density period.

To estimate the solar wind parameters during the density minimum, we utilize the parameters measured by Wind,
with a range of scaling assumptions between the expected radial scaling and the observed scaling before/after
the event. We assume that the solar wind density lies between the values observed at 1 AU and 50% of those
values, a range of 0.05-0.2 cm~3. We assume that the solar wind speed lies within the range observed by Wind,
400-700 km/s. We assume that the magnetic field magnitude lies between the values observed at 1 AU and 60%
of those values, a range of 3-5.8 nT. Given this conservatively broad range of values, we infer that the upstream
dynamic pressure at Mars during the density minimum most likely lies in the range P, ~ 1.34 X 1071 — 1.64 x
1071° Pa, and that the Alfvén Mach number most likely lies in the range M, ~ 0.7 — 4.8. Even the upper ends of
these ranges lie far from the typical solar wind parameters at Mars, P, ~ 5 X 1071 - 10-° Pa and M, ~ 10 — 20.

We next evaluate how these fundamental solar wind parameters compare to the range of solar wind condi-
tions typically encountered at Mars. In Figure 2, we compare the estimated low-density event parameters to
the frequency distribution of the same parameters computed from the upstream solar wind values observed by
MAVEN from 2014 November to 2023 February, derived from MAG and SWIA observations using the algo-
rithm described in Halekas, Ruhunusiri, et al. (2017).

We find that, even if the dynamic pressure and Mach number for the 2022 December event lie at the upper ends
of the ranges inferred from time-shifted Wind measurements, they still represent extreme outliers in the distri-
bution of solar wind parameters observed by MAVEN. MAVEN upstream observations include no more than a
few other orbits with comparable conditions over the entire mission. We note that extremely low-density events
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such as this one will not necessarily be represented in the upstream parameter data set, since the BS can expand
well outside of the apoapsis of the MAVEN orbit under these conditions, making direct solar wind measurements
impossible. Regardless, this event represents a unique opportunity to investigate the Mars-solar wind interaction
under end-member solar wind conditions.

3. The Magnetosheath

In the terrestrial magnetosphere, low-M, solar wind flows lead to a number of unusual conditions, including
the development of asymmetries in the magnetospheric boundaries and flows, and changes in the operation of
magnetic reconnection and instabilities (Lavraud & Borovsky, 2008). In addition, the ion temperature anisot-
ropy T,/T) in the magnetosheath increases at low M, (Dimmock et al., 2015), particularly downstream of the
quasi-perpendicular shock (Soucek et al., 2015). This high ion temperature anisotropy results in large part from
the low S that prevails in the magnetosheath during low-M, conditions. Passage through the BS naturally heats
solar wind ions in the perpendicular direction, by a factor of as much as ~10 — 20 (Sckopke et al., 1983, 1990;
Thomsen et al., 1985). For high-f conditions, the thresholds for perpendicular anisotropy-driven instabilities such
as mirror mode and kinetic Alfvén-ion cyclotron waves remain low, and plasma instabilities act to reduce the ion
anisotropies and bring the ion distributions closer to isotropy (Gary et al., 1993, 1994; Hill et al., 1995; Sckopke
et al., 1990; Soucek et al., 2015). In low-f conditions, on the other hand, larger ion anisotropies can persist with-
out triggering instabilities. Similar considerations apply at Mars, and statistical studies using MAVEN observa-
tions have confirmed that higher average ion temperature anisotropies occur in the Martian magnetosheath under
low-M, conditions downstream of the quasi-perpendicular BS (Halekas, Brain, et al., 2017).

In Figure 3, we compare ion and magnetic field observations made by MAVEN before and during the low-density
period. In the pre-event orbit, MAVEN encounters the magnetosheath from 04:05-04:20 and from 05:57-06:45
UT, and the solar wind during the intervening time period. In the low-density orbit, MAVEN encounters the
magnetosheath from 09:45-11:30 UT, and does not directly sample the solar wind. During both orbits, one can
infer a comparable IMF orientation, given the +B,, —B, orientation observed in the magnetosheath (also consist-
ent with the IMF orientation seen in the solar wind on the pre-event orbit). Therefore, we expect that the signif-
icant differences in the observed magnetosheath characteristics on the two orbits result mainly from the very
different plasma parameters, rather than geometric effects. Given that MAVEN's apoapsis lies in the +Y hemi-
sphere at this time, this nominally places it downstream from the quasiperpendicular BS for the magnetosheath
portion of both orbits.

The vector magnetic field and ion spectra during the low-density orbit appear much more smooth and laminar
than in the pre-event orbit, with few fluctuations apparent. In order to characterize the level of magnetic field
fluctuations as a function of frequency, we compute a wavelet transform of the vector magnetic field, utilizing
a Morlet wavelet. We find a lower level of fluctuations by an order of magnitude or more in the magnetosheath
at all frequencies during the low-density orbit, and an almost complete lack of magnetic field fluctuations at
frequencies above the proton cyclotron frequency €, ~ 0.2 sl

Moments computed by direct integration over the measured ion distribution have high inaccuracies during the
low-density time period, due to the combination of low signal to noise and high ion anisotropy. We therefore
estimate the ion temperature components by fitting the SWIA 3-d coarse distributions (Halekas, Ruhunusiri,
et al., 2017) to the convecting bi-Maxwellian distribution function

m (v11 — Uh1)2 + (V12— Ub2)2 + (v — Ub3)2>] )

o m

f('“’””)z"(znkB) T_l—eXp[_ﬁ< T T T

\/ﬂ B L L I
where 7 is the bulk density, v, is the ion velocity component parallel to the magnetic field, v, and v, are the
two velocity components perpendicular to the magnetic field, v,; are the bulk velocity components, and 7, and
T, are the temperature components perpendicular and parallel to the magnetic field. We utilize a least squares
fitting method with a gradient descent algorithm to retrieve the fit parameters, incorporating an additional fit
parameter to account for the instrumental background due to galactic cosmic rays and natural radioactivity in the
microchannel plate detectors (constant count rate over energy). See Figure S1 in Supporting Information S1 for an
example of these fits. The lower angular and energy resolution of the coarse SWIA data we utilize for this fitting
procedure limits our ability to resolve very low temperatures, so we consider the results only an upper limit in the
solar wind, and more appropriate for the hotter ion distributions of the magnetosheath.
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Figure 3. Comparison of MAVEN time series observations for one pre-event orbit (top four panels) and one orbit during the low-density event (bottom four panels),
with each orbit starting at periapsis, outbound to apoapsis, then inbound to periapsis. Panels show magnetic field vector components (MSO coordinates), wavelet
spectra of magnetic field fluctuations, ion differential energy flux [eV/(cm? s sr eV)], and ion temperatures parallel and perpendicular to the magnetic field, derived
from the fitting procedure described in text.
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The results from this fitting procedure reveal a very high ion anisotropy during the low-density event, peak-
ing at T, /T ~ 8 in the sub-solar region of the magnetosheath, consistent with the large compression ratio and
quasi-perpendicular geometry expected there for the observed IMF conditions. The perpendicular temperature
reaches 200-300 eV, an order of magnitude larger than the typical solar wind temperature, consistent with the
expected heating at the quasi-perpendicular BS. During the pre-event orbit, on the other hand, we find compa-
rable temperatures in the outbound magnetosheath (closer to the subsolar point, and coincident with high levels
of magnetic field fluctuations), but only minor departures from isotropy. In the solar wind, we interpret the fit
results as an upper limit, particularly for 7|, since the presence of the alpha particles erroneously increases this
value (Halekas, Ruhunusiri, et al., 2017). Finally, in the inbound magnetosheath (closer to the flank), we find
a much lower temperature and moderate anisotropies, but none that exceed ~2.5 (other than a few points right
at the shock). The combination of significant total heating and high anisotropy in the magnetosheath during the
low-density event appears completely unlike the conditions observed in either the outbound or inbound magne-
tosheath on the pre-event orbit.

During the low density time period, multiple orbits occurred that would under nominal conditions pass through
the BS. The high ion anisotropy observed suggests that the solar wind has interacted with a BS, which indicates
that the BS has expanded past the orbit of MAVEN to an altitude >4,500 km (MAVEN's apoapsis during this
period). In contrast, the nominal maximum extent of the BS lies closer to ~2,000 km altitude on the day side
(Gruesbeck et al., 2018).

The juxtaposition of low levels of magnetic fluctuations and very high ion anisotropies observed in the magne-
tosheath during the low-density event is unusual and interesting. The very low level of instabilities suggests at
least marginal stability of the ion distributions. We find a proton §, ~ 0.1 — 0.3 in the magnetosheath at this
time, with a very low f, < 0.05. This would imply anisotropy thresholds for the proton cyclotron instability of
T,/T, ~ 3 (Gary et al., 1994), smaller than what we observe. However, we note that ion distributions with aniso-
tropies higher than the proton cyclotron threshold do occur at these low f, , values in the solar wind (Hellinger
& Mangeney, 1999). If the ion distributions observed by MAVEN are in fact stable, this may suggest that the ion
temperatures we observe during the low-density event provide a relatively unmodified view of the heating due to
the passage of the ions through the shock. With comparisons to theoretical models and/or simulations, this could
allow one to make inferences about the nature of the shock during these unique solar wind conditions. In any case,
the low level of instabilities observed by MAVEN suggests that these highly anisotropic conditions likely prevail
throughout the magnetosheath, as they do in the portion that MAVEN accesses. This may also result in alterations
from the typical field and flow patterns in the magnetosheath, as well as a somewhat unusual balance of forces at
the MPB and ICB. These rare conditions could also alter the Martian magnetosphere.

4. The Magnetosphere

As the solar wind approaches Mars, the incoming IMF geometry is distorted, due to a combination of mass load-
ing and draping around the conductive obstacle formed by Mars' ionosphere. This interaction results from the
presence of the Martian hybrid magnetosphere, which at high altitudes strongly resembles the induced magne-
tospheric interaction at Venus (e.g., Cloutier et al., 1999; Law & Cloutier, 1995; Luhmann, 1986; Luhmann &
Russell, 1997; McComas et al., 1986). Recent findings have extended this theoretical picture to the now extensive
observations of MAVEN, by showing that the full three dimensional IMF geometry, particularly the radial (X in
MSO) component affects the dayside draping in predictable ways, when considering Mars as an induced obstacle
(Azari et al., 2023). Further studies have shown the global repercussions of Mars' planetary ion plume, which
perturbs this basic picture and alters the draped field line morphology (Chai et al., 2019; C. Zhang et al., 2022).

However, at low altitudes (particularly under 800 km), the Mars interaction differs markedly from that in typical
induced magnetospheres, due to the presence of remanent crustal magnetic fields that alter the draping morphol-
ogy, from the day side to the tail (Azari et al., 2023; DiBraccio et al., 2018, 2022). This leads to a strong altitude
dependence in magnetic field geometry over the day side, as a result of the interplay of the IMF, the induced
magnetic field, and the crustal fields. Under nominal conditions, this creates a dynamic system in which magnetic
field draping depends on the upstream IMF geometry and the observer location in both MSO (to capture the
induced/solar wind interaction) and areographic coordinates (to capture the crustal field interaction).

Under the low density conditions of this event, we would expect this nominal draping picture to differ. As previ-
ously mentioned, during this period of low solar wind density, MAVEN does not encounter the BS for almost
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Figure 4. Three-dimensional magnetic field configuration over one MAVEN

Z a day, between December 26 at 10:00 and December 28 at 02:00 UT. The
observed expansion of the BS suggests that the magnetic field draping over
the day side should also effectively increase in altitude in comparison to

X nominal conditions. The observations from MAVEN and at L1 (see Figure 1)
suggest that the IMF geometry also changes over this low density period, as
the IMF direction before and after the event (+B,, —B, vs. +B, respectively)

ouT differs.

Figure 4 shows the magnetic field observed by MAVEN, in MSO coordi-
nates, during the minimum solar wind density period on December 26. At
10:00 UT, in the magnetosheath region, the magnetic field configuration

B.InT] generally follows a draped configuration, lying mainly in the +Y and —X

1 22 MSO direction, which aligns with the most recent observation of the solar

40 wind. However, near ~11:30 UT, the magnetic field decreases dramatically

33 in magnitude and changes direction. The very low magnetic field strength

3(5) continues until the spacecraft encounters strong crustal magnetic fields after

15 12:00 UT, which dominate the measured magnetic field near periapsis. The

. ;O region of near-zero magnetic field will be discussed further below.

0

Changes in the upstream solar wind conditions like those during this
low-density solar wind event can impact the Mars-solar wind interaction and

orbit during the low-density minimum, on 26 December 2022 (same orbit the physical processes that control it. The transition region from shocked
as Figure 3, bottom panels). The cyan whiskers along the orbit depict the solar wind to ionospheric plasma in the Martian magnetosphere contains
direction and magnitude of the measured magnetic field in MSO coordinates. multiple boundary layers, with disparate definitions that depend histori-

Periapsis occurs above the night side of the planet, where the spacecraft passes
through strong crustal fields. Orange points on the orbit indicate the UT time
of each observation. Mars is represented by a sphere, with the model crustal

cally on the specific instruments available on specific spacecraft. Below the
magnetosheath, the transition regions observed by MAVEN include the ICB,

field magnitude from Morschhauser et al. (2014) overlaid in color. The black the IMB, and the PEB. These boundaries can consist of sharp transitions;

dashed line on the sphere indicates the terminator location, with the day side however, they often extend over a range of altitudes, forming boundary layers

to the right.

(Holmberg et al., 2019). The locations of these boundary layers, and the char-
acteristics of the plasma above and below the boundaries, offer insight into
the structure and extent of the Martian ionosphere and magnetosphere.

The IMB (Bertucci et al., 2011; Dubinin et al., 2006; Lundin et al., 2004) represents a transition below which
suprathermal electrons with energies higher than 100 eV are no longer observed and magnetic field fluctuations
decrease. A rotation in the magnetic field is often observed across the boundary. The IMB represents a transition
from shocked solar wind plasma to ionospheric plasma. The IMB typically lies at an altitude between 650 and
800 km above the Martian day side (Holmberg et al., 2019; Matsunaga et al., 2017). We manually identify the
IMB in this study by using SWEA (Mitchell et al., 2016) observations to determine where electrons with energies
near 100 eV dissipate and MAG (Connerney et al., 2015) measurements to locate a coincident rotation in the
magnetic field.

The ICB (Breus et al., 1991; Halekas et al., 2018; Sauer et al., 1994) represents the transition from light ion
species of solar wind origin at higher altitudes to heavy ionospheric species at lower altitudes. The ICB typically
lies at 600—-650 km; however, it sometimes coincides with the IMB or even lies above it in altitude (Holmberg
et al., 2019; Xu et al., 2016). In this study, we utilize ion measurements from STATIC (McFadden et al., 2015)
to locate this boundary, by determining where the ion composition transitions from light ion (H* and He*) domi-
nated to heavy ion (O* and O,*) dominated.

The PEB (Dubinin et al., 2006; Garnier et al., 2017; Mitchell et al., 2001; Xu et al., 2023) represents a topolog-
ical boundary that separates magnetic field lines having access to the dayside ionosphere (open or closed) and
primarily populated by ionospheric photoelectrons from those connected to the solar wind on both ends (draped)
and populated by electrons of solar wind origin. The PEB on average lies at approximately the same altitude as
the ICB and within the ICB transition region (Xu et al., 2023). In this study, we utilize photoelectron energy and
pitch angle distributions to locate the PEB, using the methodology described in Xu et al. (2023). We use a shape
parameter less than 0.7 to define the highest altitude location of the PEB in closed-to-day, cross-terminator, and
open-to-day directions. We utilize the more strict 0.7 threshold (compared to the more typical value of 1), because
we observe photoelectrons originating from flux tubes of differing origins.
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Figure 5. Locations of the bow shock (BS, red points), induced
magnetosphere boundary (IMB, orange points), and ion composition boundary
(ICB, purple points) for three orbits, in MSO coordinates. From top to bottom,
the orbits shown by the gray solid line occur before, during, and after the
low-density solar wind period. During the low-density event, MAVEN does
not observe the BS, so the center panel contains no red points. Black dashed
lines indicate the nominal location of the BS and magnetic pileup boundary
(Vignes et al., 2000). The MAVEN orbit follows a counterclockwise trajectory
in each panel.

Figure 5 shows three single orbits of MAVEN, on December 22 before the
low-density event, on December 26 during the solar wind density minimum
(partially overlapping with the time interval of Figures 3 and 4), and on
December 30 after the event. Colored points indicate the location of the BS,
IMB, and ICB along each of these orbits. See Figures S2-S4 in Support-
ing Information S1 for particle and magnetic field data utilized to determine
these locations. Note that the ICB and IMB are co-located on the outbound
portion of December 22 and the inbound portion of December 26. Mean-
while, Figure 6 depicts all locations of the IMB, ICB, and PEB during the
time interval from December 22 through December 30. During the solar
wind density minimum, the three magnetospheric boundaries all reach alti-
tudes outside of the nominal average BS location in the subsolar region. At
higher solar zenith angles (SZA), the boundaries exhibit large differences in
their observed location both before and after the two orbits with the minimum
solar wind density.

During the pre-event orbits, the IMB, ICB, and PEB all lie close to the nomi-
nal MPB conic shape (Vignes et al., 2000) in both the subsolar (outbound)
and flank (inbound) regions. On December 26, during the solar wind density
minimum, the subsolar location (SZA ~10°) of the three boundaries expands
from an altitude of ~500 km up to ~3,000 km over the course of about two
days before returning to pre-event altitudes one day later. On the inbound
orbit segments, at higher SZA, the three boundaries reach altitudes greater
than 3,500 km during the low-density event. After the event, from December
26 at 04:00 UT to December 27 at 06:00 UT, the observed altitude of the IMB
becomes highly variable, moving from a maximum altitude of 3,760 km at 26
December 2022/15:09:30 to a minimum altitude of 1,392 km at 26 Decem-
ber 2022/19:31:10. A separate study will discuss these boundary locations
in detail and compare to statistical distributions over the MAVEN mission.

The observed locations of the Martian magnetospheric boundaries (Figures 5
and 6) demonstrate the greatly expanded state of the ionosphere and magne-
tosphere during the low-density period. To complement this analysis, we also
investigate the pressure balance across the boundary region (Figure 7). Typi-
cally, the Martian ionosphere remains in a magnetized state, implying that
above the day side the solar wind dynamic pressure exceeds the ionospheric
plasma pressure, allowing the solar wind IMF to penetrate into the iono-
sphere. The magnetic field strength typically reaches a few tens of nanotesla
within the magnetized ionosphere in regions without strong crustal magnetic
fields. Prior to the minimum in solar wind density, and in particular, during
the orbit immediately prior to this minimum, MAVEN observed magnetic
field strengths of 2—7 nT within the upper ionosphere. However, during the
inbound segment of the orbit immediately following the minimum in solar
wind density, the spacecraft encountered a greatly expanded upper iono-
sphere at the dusk terminator north of the equator. Coincident with encoun-
tering the low energy thermal plasma of the upper ionosphere, the magnetic
field strength dropped from 7 nT in the magnetosheath to consistently <1 nT
within the upper ionosphere (see Figure 4). The lower ionosphere does not
change significantly during this time period, so this alteration in the upper
ionosphere does not appear to reflect effects from lower altitudes.

Figure 7 shows the various pressure terms calculated from MAVEN obser-
vations as the spacecraft encounters the expanded tenuous upper ionosphere,
immediately following the minimum in solar wind density. Prior to 11:20,
MAVEN lies within the magnetosheath, which has almost equal plasma
and magnetic pressures (brown and black lines) during this time period. As
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Figure 6. From top to bottom: Locations of the ion composition boundary,
induced magnetosphere boundary, and PEB in MSO coordinates for all orbits
during the 2022 December 22-31 time period, with color indicating the time
of the boundary crossing. Gray solid lines show MAVEN orbit segments.

Black dashed lines indicate the nominal location of the bow shock and

magnetic pileup boundary (Vignes et al., 2000). The MAVEN orbit follows a

counterclockwise trajectory in each panel.

MAVEN exits the magnetosheath and enters a boundary region, the plasma
pressure (brown line) drops and the magnetic pressure dominates. The drop
in plasma pressure in this boundary region is not fully understood. MAVEN
then encounters the tenuous upper ionosphere at 11:35. Here, the magnetic
pressure drops by over two orders of magnitude, and the suprathermal and
thermal electron plasma pressures (green and purple lines) increase signifi-
cantly and dominate. The measured ion thermal pressure (blue line) remains
1-2 orders smaller than the electron pressures, due to field of view limita-
tions that prevent STATIC from observing the full ion distribution. Pressure
balance holds across the transition into the upper ionosphere, suggesting
that the ionospheric plasma pressure is strong enough to stand off the solar
wind dynamic pressure at the terminator upper ionosphere and prevent
the IMF from penetrating into the ionosphere, explaining the consistently
low (<1 nT) magnetic field strength there. The near-terminator Mars solar
wind-ionosphere interaction thus changes from a magnetized to an unmag-
netized state during the solar wind density minimum. These pressure balance
observations will be discussed in more detail in a separate study.

MAVEN crosses the sun-shadow boundary at 12:07 UT. Here, the spacecraft
potential jumps by several volts, and we note discontinuities in the plasma
observations. These artificial discontinuities will be analyzed in a separate
paper, which also discusses a variety of instrumental effects that arise due to
MAVEN encountering the expanded upper ionosphere at such high altitudes,
and operating in modes optimized to observe high energy plasma rather than
cold ionospheric plasma. Later in the orbit, after 12:20, MAVEN encounters
stronger crustal magnetic fields (orange line). The upper ionosphere remains
in an expanded and unmagnetized state for two orbits during the solar wind
density minimum, before returning to a magnetized state as the solar wind
density and dynamic pressure recover to pre-event values.

5. Conclusions and Implications

The event described in this manuscript represents an extreme outlier for the
Mars-solar wind interaction. A detailed study of the solar source(s) of this
event is currently in progress. Regardless of the solar origin, the solar wind
dynamic pressure and Alfvén Mach number M, both reach low values very
seldom observed at Mars. Moreover, this combination of solar wind param-
eters likely can only occur in the inner solar system. The solar wind Mach
number generally increases with heliocentric distance, while the dynamic
pressure falls rapidly. Thus, only in the inner solar system would we expect
to encounter this combination of conditions for a solar wind-planetary inter-
action. While many of the moons of the giant planets also experience low-M,
flows, they are typically immersed in hotter sub-magnetosonic plasma, often
composed of heavier ions, resulting in a rather different interaction. There-

fore, the conditions achieved in this event may prove unique to the inner planets (at least within our solar system).

Given the unusual hybrid Mars-solar wind interaction, the MAVEN observations discussed herein therefore
represent a one of a kind opportunity to study a unique physical interaction.

While this manuscript provides a general overview of the event and its characteristics, numerous aspects of

the observations still deserve further study, through both data analysis and simulation approaches. Modern

magnetohydrodynamic and hybrid simulations will play in important role in providing context for the spacecraft
observations and establishing the global interaction. Data from other spacecraft should be incorporated in the
analysis (e.g., Mars Express made relevant observations during this time period, and other spacecraft such as
Tianwen-1 may have also returned relevant data). In addition, the current observations should be placed in context
with other similar events, as well as compared and contrasted with observations obtained under other unusual
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Figure 7. Pressure terms calculated from MAVEN observations for the inbound orbit segment immediately following the
solar wind density minimum (same time interval as the middle panel of Figure 5). MAG = magnetic pressure calculated
via B¥2u,; STA, SWE, SWI and LPW = plasma pressures calculated from STATIC, SWEA, SWIA, and LPW data via
nkgT,, where subscript s denotes ions or electrons; CF = magnetic pressure from the crustal field model of Morschhauser
etal. (2014); SWE + LPW + STA shows total ionospheric thermal plasma pressure. The vertical orange and black dashed
lines indicate the sun-shadow boundary and the periapsis locations. Note: We derive LPW thermal electron density and
temperature using empirical methods to mitigate instrumental effects. SWIA pressure becomes constant just after 11:30
at a value of ~3.6 x 107!2 Pa; this represents the instrument background level due to penetrating cosmic rays and detector
background.

solar wind conditions. The positions and shapes of the BS and magnetospheric boundaries should be more quanti-
tatively compared with the distribution of average and extreme locations previously observed. The magnetic field
draping morphology, and the interplay between temporal changes and expansion of the boundaries, should be
carefully analyzed. The escape of ions from Mars and the relative importance of different escape processes during
these unique conditions should be investigated. The kinetic microstate of the plasma and the electrodynamic
environment at all scales should also be more thoroughly characterized.

Finally, we envision several speculative possibilities potentially also worthy of investigation. The unusual magne-
tospheric morphology and the high ion anisotropies may affect the details of the pressure balance throughout the
interaction region. The extreme expansion of the ionosphere may affect the magnetic morphology and topology,
or it might lead to a more purely induced and Venus-like interaction, at least above some regions of the planet.
The extremely low density of the solar wind permits the existence of non-Maxwellian solar wind ion and electron
distributions with significant non-thermal populations; their presence may in turn affect the Mars interaction. We
hope that this manuscript provides a starting point for those interested in conducting such investigations, as well
as others that we have not yet identified.

Data Availability Statement

The research described in this manuscript utilizes publicly available data from the MAVEN mission, including
data from the SWIA, SWEA, MAG, and STATIC instruments (Connerney, 2017; Halekas, 2017; Mcfadden, 2023;
Mitchell, 2017). We also utilized data from the Wind SWE and MFI instruments (Koval et al., 2021; Ogilvie
et al., 2021) for context. All data were processed using the publicly available SPEDAS software (Angelopoulos
et al., 2019).
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