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Abstract Using data from the National Aeronautics and Space Administration Mars Atmosphere and
Voltatile EvolutioN and the European Space Agency Mars Express spacecraft, we show that transient
phenomena in the foreshock and solar wind can directly inject energy into the ionosphere of Mars. We
demonstrate that the impact of compressive ultralow frequency waves in the solar wind on the induced
magnetospheres drive compressional, linearly polarized, magnetosonic ultralow frequency waves in the
ionosphere, and a localized electromagnetic "ringing" at the local proton gyrofrequency. The pulsations
heat and energize ionospheric plasmas. A preliminary survey of events shows that no special upstream
conditions are required in the interplanetary magnetic field or solar wind. Elevated ion densities and
temperatures in the solar wind near to Mars are consistent with the presence of an additional population
of Martian ions, leading to ion-ion instablities, associated wave-particle interactions, and heating of the
solar wind. The phenomenon was found to be seasonal, occurring when Mars is near perihelion. Finally, we
present simultaneous multipoint observations of the phenomenon, with the Mars Express observing the
waves upstream, and Mars Atmosphere and Voltatile EvolutioN observing the response in the ionosphere.
When these new observations are combined with decades of previous studies, they collectively provide
strong evidence for a previously undemonstrated atmospheric loss process at unmagnetized planets:
ionospheric escape driven by the direct impact of transient phenomena from the foreshock and solar wind.

1. Introduction

Without a global magnetic dipole field, the barrier to the solar wind at Mars and Venus is the conductive
ionosphere. Interplanetary magnetic field (IMF) lines frozen into the solar wind flow collide with the iono-
sphere and pile up on the dayside, resulting in the generation of an induced magnetosphere. This induced
magnetic field is an obstacle to the supersonic and super-Alfvénic solar wind, and thus, a supersonic and
super-Alfvénic bow shock is generated (Ness et al., 1974; Russell et al., 1979). Just as at Earth, upstream of Mars
(Brain, 2004; Grard et al., 1991; Mazelle et al., 2004; Russell et al., 1990) and Venus (Crawford et al., 1993a, 1993b,
1998; Orlowski & Russell, 1991) lies a region called the foreshock (Asbridge et al., 1968; Eastwood et al., 2005;
Greenstadt et al., 1968). At Earth, the particles and waves in the foreshock generate and drive numerous tran-
sient phenomena which can have a global impact on our magnetosphere (Eastwood et al., 2008; Sibeck et al.,
1998, 1999). Recent simulations by Omidi et al. (2017) show that, despite their diminutive size with respect
to the ion gyroradius, the foreshocks of unmagnetized planets are nevertheless essentially identical to that
at Earth, albeit in miniature. The foreshocks of Venus and Mars exhibit the same plethora of transient phe-
nomena as at Earth, such as whistler waves (Brain et al., 2002; Orlowski & Russell, 1991), hot flow anomalies
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(Collinson, Sibeck, et al., 2012, Collinson et al., 2014, 2015; Slavin et al., 2009), short large amplitude magnetic
structures (Collinson, Wilson lll, et al., 2012), and spontaneous hot flow anomalies (Collinson et al., 2017).

One phenomenon found upstream of all planetary bow shocks are ultralow frequency (ULF) electromagnetic
waves, which are thought to be driven most efficiently by field-aligned ion beams reflected at the bow shock
(Hoppe &Russell, 1983; Wilson, 2016) or produced locally (Ruhunusiri et al., 2016) from the pickup of ions from
the geocorona of hot neutral hydrogen (Carruthers et al., 1976; Chaufray et al., 2008, 2012) and oxygen (Licht-
enegger et al., 2009). At Earth, ULF waves are driven unstable by field-aligned ion beams through the ion/ion
right-hand resonant instability (e.g., Wilson, 2016, and references therein). ULF waves have been observed
ubiquitously upstream of both Mars and Venus (e.g., Brain et al., 2002; Crawford, 1995; Crawford et al., 19933,
1993b; Delva & Dubinin, 1998; Delva et al., 2008; Dubinin & Fraenz, 2016; Dubinin et al., 2000; Franz et al.,
2017; Greenstadt, 1986; Wei et al., 2011). The intensity of ULF waves upstream of Mars (Halekas et al., 2017)
and Venus (Delva et al., 2015) is strongly dependent upon the orientation of the interplanetary magnetic field,
with more intense waves being observed when the IMF is radial, for example, parallel to the Sun-Planet line.
At Mars, ULF waves exhibit a strong seasonal variation, with stronger waves closer to perihelion (Romanelli
et al.,, 2016) due to the exospheric hydrogen that gets heated and enhanced at higher altitudes due to the
brightening sunlight (Yamauchi et al., 2015). These waves attempt to propagate upstream (sunwards) but are
blown backward toward the bow shock by the solar wind. As they approach the bow shock, they can "steepen”
(Tsubouchi & Lembeége, 2004; Wilson et al., 2009), roughly analogous to an ocean wave growing in height as it
approaches the shoreline (although the underlying physics is completely different), becoming more oblique
and compressional the deeper they go into the foreshock.

Magnetosonic ULF foreshock waves are thus packets of concentrated magnetic and plasma pressure that
rain down upon a planetary bow shock. When they steepen and convect toward the shock, they can create
their own localized wakes which affect the dynamic pressure locally exerted upon the bow shock, in some
cases, creating strong enough wakes that they eventually become the new bow shock (e.g., Wilson, 2016, and
references therein). It has been long known at Earth (Fairfield, 1976), and at Venus (Luhmann et al., 1983),
that upstream pulsations and waves pass through the bow shock into the magnetosheath, especially at the
quasi-parallel bow shock (Luhmann et al., 1987). At Earth, the magnetosphere mediates and absorbs much of
the impact of foreshock processes (e.g., Eastwood et al., 2008; Russell et al., 1983; Sibeck et al., 1999; Sibeck
et al, 1998). However, compressive ULF waves have been observed to penetrate Earth’s magnetosphere
(Du et al., 2010; Potapov & Polyushkina, 2010) and have been observed by ground stations in the Arctic and
Antarctic (Du et al.,, 2010; Francia et al., 2012; Regi et al., 2014), albeit with only ~5-10% of the wave energy
than in the solar wind (Villante et al., 2011).

Unmagnetized planets such as Venus and Mars have no such protection: The boundary between the iono-
sphere and magnetosheath, the magnetopause, lies at the location where there is a sensitive balance between
the internal pressure of the ionosphere and the total external pressure exerted by the shocked solar wind
(Brace & Kliore, 1991; Brace et al., 1980; Martinecz et al., 2008; Russell et al., 1988). It has thus been hypoth-
esized that foreshock processes may directly impart energy into the ionospheres of unmagnetized planets
such as Venus and Mars (Collinson et al., 2015; Collinson, Sibeck, et al., 2012).

At Mars, solar wind plasma has been observed deep inside the magnetopause (Lundin et al., 2004), and com-
pressive, linearly polarized ULF waves are frequently observed on both sides of the magnetopause (Bertucci
et al,, 2004), especially during solar storms (Espley et al., 2005). These results suggest that the magnetopause
is far from an impenetrable shield to phenomena in the solar wind. Using ion and electron observations by
the ESA Mars Express, Lundin et al. (2011) found electron fluctuations consistent with intense magnetosheath
ULF waves entering the Martian ionosphere. They found a close correlation between solar wind dynamic pres-
sure, ULF wave power, and O* outflow rates. Winningham et al. (2006) also reported electron pulsations in the
Martian ionosphere observed by Mars Express with frequencies consistent with the typical Ot gyrofrequency
in the magnetosheath, further suggesting connectivity between waves in the sheath and the ionosphere.
However, with no magnetometer aboard Mars Express, the magnetic fluctuations assumed to correspond
with these plasma oscillations could not be confirmed, and their origin could not be investigated. Conversely,
Espley et al. (2006) reported the observation of magnetic ULF waves in the Martian ionosphere by Mars
Global Surveyor and suggested they may be due to "magnetosonic perturbations produced at higher alti-
tudes in the Mars-solar wind interaction". However, the spacecraft carried no ion spectrometer and operated
in a 400-km circular science orbit, so this could not be investigated. Recently, Halekas, McFadden, et al. (2015)
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discovered and mapped bursts of time-dispersed energetic ions at Mars, with frequencies near the upstream
proton cyclotron frequency, suggesting that upstream solar wind pressure perturbations may be a driver.
Additionally, Fowler et al. (2017) found that electric field wave power, whose source was assumed to be within
the magnetosheath, penetrates down to ~200-km altitude into the dayside upper ionosphere, further sug-
gesting a non-Martian source of waves in the Martian ionosphere. Dubinin and Fraenz (2016) gave a recent
overview of our current state of knowledge of ULF waves at Venus and Mars, clearly demonstrating connec-
tivity between waves in the magnetosheath and ionosphere, speculating that ULF waves "take their origin
in the foreshock/magnetosheath and then propagate to the ionosphere and further to the tail". Thus, whilst
direct connectivity between solar wind/foreshock-driven processes directly impacting the ionopshere has
been strongly suggested by decades of previous work, it has yet to be demonstrated experimentally.

Understanding how, and indeed if, waves in the solar wind can penetrate into the ionosphere of an unmag-
netized planet is important, because it may have direct implications for our understanding of the physical
processes that underly the evolution of the atmosphere and the dynamical interaction between the plane-
tary magnetosphere/ionosphere system with the incident solar wind. Indeed, Ergun et al. (2006) argued that
plasma waves, generated by the Mars-solar wind interaction might be a significant source of oxygen loss
through heating of ionospheric particles. However, the evidence for this at the time was largely circumstantial,
and thus, Ergun et al. (2006) strongly advocated for further observations.

Using in situ observations from the NASA Mars Atmosphere and Voltatile EvolutioN (MAVEN) Mars Scout, we
show that the impact of compressive magnetosonic waves, from the upstream solar wind, drives linearly
polarized, compressive magnetosonic waves in the ionosphere, inducing a localized "ringing" in the induced
magnetosphere at the local proton cyclotron frequency. We show that these waves heat and compress the
atmosphere and drive time-dispersed ions as hypothesized by Halekas, McFadden, et al. (2015), likely enhanc-
ing ion escape from the upperionosphere as proposed by Ergun et al. (2006), Lundin et al. (2011), and Dubinin
and Fraenz (2016). Expanding on this single case study to a preliminary survey of the phenomenon, we find
that no special conditions are required in the interplanetary magnetic field or solar wind for waves upstream
to drive compressive waves in the ionosphere. We also find that, consistent with a driven oscillator, the fre-
quency of waves in the ionosphere linearly correlates with the frequency of waves upstream and in the solar
wind. Additionally, we discover this to be a seasonal phenomenon, occurring when Mars is closest to the Sun
(perihelion). Finally, we describe how a fortuitous alignment of the ESA Mars Express and the NASA MAVEN
spacecraft enabled simultaneous multipoint observations of this phenomenon, with Mars Express acting as
an upstream solar wind monitor and MAVEN observing the resulting driven ULF compression and "ringing" in
the ionosphere.

A companion paper, Fowler et al. (2018), examines the impact of these ULF waves on the ionosphere of Mars in
detail, finding that the magnetosonic waves drive large variations in ionospheric density and temperature and
that the wave energy is absorbed by the dense ionosphere, leading to significant ion heating and substantial
ion outflow.

2, Spacecraft Instrumentation

Here we present a brief overview of the instruments aboard the MAVEN and Mars Express spacecraft used for
this study. Magnetic field data were measured by the MAVEN magnetometer (Connerney et al., 2015), con-
sisting of two tri-axial fluxgate magnetometer sensors, with a resolution of 0.008 nT and a sample rate of 32
vector samples per second. lon observations are presented from the MAVEN SupterThermal And Thermal lon
Composition (STATIC) instrument (McFadden et al,, 2015), which measures ions over an energy range of 0.1 eV
to 30 keV, a time resolution of 4 s, and with a 360° x 90° field of view and the ability to resolve H*, Het*,
He*, O*, 03, and COj. Electron observations are presented from the MAVEN Solar Wind Electron Analyzer
(SWEA; Mitchell et al., 2016), which has an energy range of 3-4,600 eV, a 360° x 120° field of view, and 2-s mea-
surement cadence. Solar wind measurements are presented from the MAVEN Solar Wind lon Analyzer (SWIA;
Halekas, Taylor, et al., 2015), which measures ions over an energy range of 5 eV to 25 keV, and a 360° x 90° field
of view. Additionally, this paper presents data from the Mars Express Analyzer of Space Plasmas and Energetic
Atoms (ASPERA-3) Electron Spectrometer (ELS; Barabash et al., 2006), which measures electrons over an
energy range of 0.01 to 20 keV, a 4-s time resolution, but a limited 2-D field of view (10° x 360°).
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Figure 1. (a-c) Map of MAVEN orbit Ne 4346, with nominal bow shock (BS = solid black) and magnetopause (MP = dashed) according to Vignes et al. (2000).

Units are in planetary radii, where 1R, =

3,390 km. MAVEN = Mars Atmosphere and Voltatile EvolutioN.

3. 25 December 2016: Foreshock-Driven ULF Waves in the lonosphere of Mars

3.1. MAVEN Orbit N2 4346

Figures 1a—1c shows a map of MAVEN orbit Ne 4346, occurring on Christmas Day, 25 December 2016. This
paper uses the planet-centric Mars solar orbital coordinate system, where X points from the center of the
planet towards the sun, Y points back along the tangent to the planet’s orbit around the sun, and Z completes
the right-handed system, pointing up out of the plane of the Martian ecliptic. Orbital maps show time inter-
vals, average bow shock, and magnetopause positions and are color coded: Gold denotes passage through
the ionosphere; red shows periods when the spacecraft was in the magnetosheath; and purple shows when
the spacecraft was in the solar wind. Periods when ULF waves were observed are denoted in blue. MAVEN orbit
Ne 4346 was a polar pass, inclined roughly along the Mars-Sun line, with periapsis over the south pole. MAVEN
crossed the magnetopause into the magnetosheath at ~02:11:30 Greenwich Mean Time (GMT) and crossed
into the solar wind at ~02:37:00 GMT. MAVEN then returned to Mars, crossing from the solar wind to the mag-
netosheath at #04:10:00 GMT and back through the magnetopause at ~05:00:00 GMT. MAVEN observed ULF
waves while in the ionosphere, in the magetosheath, and through the bow shock into the solar wind.

Figure 2 shows MAVEN magnetic field and particle observations from orbit Ne 4346: Figures 2a-2d show
50 min of data, covering passage from the ionosphere into the solar wind; Figures 2e-2h show a close-up
of the magnetopause crossing, so that the ULF waves observed in the ionosphere may be better compared
to those in the sheath. Figures 2a and 2e show a color-coded time line of the orbit (colors consistent with
Figure 1). Figures 2b and 2f shows MAVEN Magnetometer data in Mars solar orbital coordinates, with mag-
netic field magnitude (|B|), three component magnetic field, and a wave-power spectrogram calculated using
Morlet wavelet analysis (e.g., Torrence & Compo, 1998), where the y axis denotes the frequency of oscillations,
and the color denotes the wave power at that frequency (in nT2/Hz). Figures 2c and 2g show ion observa-
tions by the STATIC instrument (McFadden et al., 2015; time/energy spectrogram in differential energy flux
(cm?-sr-s- eV)~"; plus density, temperature, and velocity of H*, O*, and O;), and Figures 2d and 2h show elec-
tron observations by the SWEA (Mitchell et al., 2016; time/energy spectrogram in log,, counts per bin; plus
electron density and temperature).

We shall now describe observations in each region in reverse order to which they were encountered (i.e., solar
wind, magnetosheath, and ionosphere), because this makes the most logical sense for the scientific narrative,
since the waves are forming upstream (Ruhunusiri et al., 2016) and transiting into the ionosphere and not
vice versa.
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3.2. Compressive Magnetosonic ULF Waves Form Upstream of Mars and Steepen as They Approach
the Bow Shock

ULF waves were observed upstream of the Martian bow shock, consistent with previous observations of this
phenomenon by Ruhunusiri et al. (2016) and recent statistical studies of compressive foreshock waves at Mars
by Halekas et al. (2017). Using Minimum Variance Analysis, hodograms of the fluctuations in a field-aligned
coordinate basis (Figure 3a) were found to exhibit an elliptical polarization. Consistent with these waves
being compressive, magnetic field magnitude (|B|) and plasma density (both electrons and ions) oscillated in
phase. Thus, we find that the waves were compressive in density and magnetic field with the magnetic field
exhibiting elliptical polarization (the main components of the oscillation being the Bx and By components).
Consistent with being fast/magnetosonic mode waves, they exhibit density and magnetic field magnitudes
oscillating in phase, combined with a right-hand polarization with respect to the background field.

The majority of upstream ULF wave amplitudes exceeded 3 nT, well above the background 1.5-nT interplan-
etary magnetic field. As the waves approached the bow shock, their amplitudes steepened. In particular, two
ULF waves (at 02:38:50 GMT and 02:39:25 GMT) had compression ratios (5|B|/|B|,) > 2.

3.3. ULF Waves Steepen, Pile Up, and Form the Quasi-Parallel Bow Shock and Magnetosheath

As the ULF waves entered the magnetosheath, they strengthened and abruptly steepened further
(58/80 = 6). Between 02:30 and 02:35 GMT, just inside the nominal location of the bow shock (Figure 1,
02:36:45 GMT, red circle), each wave crest rose to a mean |B| of 9.4 nT at the crests and returned to an IMF-like
strength (|B] = 1.6 nT) and orientation in each trough (Figure 2b). This is exactly as one would expect at the
quasi-parallel bow shock, where each wavefront acts as its own localized quasi-parallel shock (Mann et al.,
1994). As the amplitude of a wave increases, its phase speed also increases (Omidi & Winske, 1990). Thus,
while still being blown backwards by the solar wind, these steepened waves can make more headway against
the magnetosheath flow than their weaker siblings in the foreshock, and their velocity relative to the planet
decreases. Just as at Earth, the result is that the waves pile-up and coalesce together to form the complex
three-dimensional patchwork of the quasi-parallel shock and magnetosheath (Lucek et al., 2008; Schwartz
& Burgess, 1991). The ULF waves had a frequency of ~0.03 Hz (~30-s period) in both the foreshock and
magnetosheath, near the upstream proton cyclotron frequency, indicated by a horizontal line in the wave
power spectrogram (Figures 2b and 2f—dashed line at 0.03 Hz). Hodogram analysis of waves in the sheath
(Figure 3b) show them to have retained their elliptical polarization.

3.4. Collision With the Magnetopause Driving Compressive Magnetosonic ULF Waves

in the lonosphere

As can be seen in the wave power spectrogram (Figure 2b), compressive ULF waves were observed contin-
uously from the solar wind, through the magnetosheath, and into the ionosphere, with broadband wave
emission observed at the magnetopause (Figure 2f). Using Minimum Variance Analysis, it was discovered that
the polarization changes from circular near the bow shock to linear in the ionosphere (Figure 3c) and is trans-
verse fast-mode waves. The frequency of oscillation increased slightly to 0.04 Hz (25 s) in the ionosphere, but
there is nevertheless a clear continuum of the compressive wave activity in the solar wind and sheath. Two
types of magnetic response are evident; the driven 0.03-Hz oscillation and a 2.5-s period localized "ringing" at
the local proton cyclotron frequency (~0.3 Hz, see thin black line in wavelet plot, Figure 2f). These local "ring-
ing" waves, observed in the troughs of the ULF oscillations, are also linearly polarized magnetosonic-mode
waves.

At Earth (Farrugia et al., 1989; Sibeck et al., 1989), Mercury, and Jupiter (Glassmeier et al., 2004), the impact of
pressure pulsations in the solar wind is known to drive regular large-amplitude oscillations throughout the
magnetospheric cavity and can result in electromagnetic "ringing" within the magnetosphere. At Mars, the
polarization and frequency change between the sheath and ionosphere suggest that an analogous process
may be occurring. In this instance, the waves are not directly penetrating into the ionosphere themselves.
The sudden pulse of magnetic and plasma pressure associated with the impact of each wave crest on the
magnetopause boundary is compressing the ionosphere and driving ULF waves within.

3.5. Impact on the lonosphere

As with the magnetosonic waves in the sheath and solar wind/foreshock, the compressive ionospheric
ULF waves drove density and temperature spikes in phase with the spikes in |B| (Figures 2f-2h), consis-
tent with plasma observations by Lundin et al. (2011) and magnetic observations by (Espley et al., 2006).
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Figure 2. Penetration of upstream ULF waves into the ionosphere of Mars, observed by MAVEN on the 25 December 2016. (e)-(h) show 10 min of data to present
a close-up of the magnetopause crossing; (a)-(d) show a longer (50 min) interval of data, showing the contiguous observation of ULF waves from the ionosphere
into the solar wind. GMT = Greenwich Mean Time; MAVEN = Mars Atmosphere and Voltatile EvolutioN; MSO = Mars solar orbital; SWEA = Solar Wind Electron

Analyzer; ULF = ultralow frequency.
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Solar Wind: 02:46:06 to 02:46:38 €

t Maximum Intermediate
Minimum Minimum

Sheath: 02:32:27 to 02:33:02

Figure 3. Hodograms of Mars Atmosphere and Voltatile EvolutioN magnetometer observations of waves: (a) ULF wave near the proton cyclotron frequency in
the solar wind upstream of Mars showing circular polarization; (b) steepened ULF wave in the magnetosheath of Mars with circular polarization; and (c) ULF wave
in the ionosphere of Mars showing linear polarization. Data have been passed through a low-pass (0.02 — 0.1 Hz) filter to remove the DC background

field and higher frequency oscillations. ULF = ultralow frequency.

Furthermore, MAVEN STATIC observed in-phase velocity perturbations, together with energized,
time-dispersed ions associated with the impact of each wave (Figure 2g, top panel). STATIC spectrograms in
Figures 2c and 2g are limited to plotting a maximum flux of 108 (cm?-sr-s-eV)~ to best show these dispersed
signatures, which would otherwise be washed out by the very high fluxes associated with the core of the
Martian ionosphere (white areas of the spectrogram). The bifurcation of the ion energy spectrogram is a
result of different species, with the lower energy trace being associated with light ions (H*) and the higher
energy trace with heavier ions (O* and O3). Such bursts of time-dispersed ions at close to the upstream
proton cyclotron frequency are entirely consistent with those previously reported by Halekas, McFadden,
et al. (2015) to occur globally and commonly. Halekas, McFadden, et al. (2015) hypothesized that such
time-dispersed ions may be driven by the pressure pulses associated with low-frequency plasma waves
generated upstream. The data presented here confirm this hypothesis.

The amplitude of the waves reduces from 6B/B, = 6 in the sheath to 6B/B, = 1.15 between the magne-
topause and 450 km, further reducing to 6B/B, = 1.08 below an altitude of 450 km and all but disappearing
below ~250-km altitude (02:03 GMT). One explanation for this damping is that it may be a result of the increase
in background field strength. However, the correlation with signatures of plasma energization strongly sug-
gests that this reduction in wave amplitude at lower altitudes is consistent with these waves being damped
by the ionosphere. Thus, we find that these magnetosonic ULF waves in the ionosphere, induced by magne-
tosonic waves in the foreshock, are transferring their compressive energy into the ionosphere, in the form of
heat and kinetic energy. Since all waves are below the ionospheric O gyro-frequency, the primary mecha-
nism the energization of ionospheric plasmas is unlikely to be through wave-particle resonances (although
the local "ringing" waves will excite the local protons, a minor species). Rather, since heating occurs at the
crest of each compressive ULF wave, we hypothesize that it is through compression and adiabatic heating
that energy is being transferred between the ULF waves and the ionospheric plasma.

4, A Search for More Events

Expanding upon this initial case study, we searched for more events, examining 1,747 MAVEN orbits when the
spacecraft reached apoapsis in the solar wind, spanning three periods:

1.1 December 2014, orbit Ne 335, Ls 244° to 1 January 2015, orbit Ne 497, Ls 263°
2.1 August 2014, orbit Ne 1632, Ls 21° to 1 December 2015, orbit Ne 2275, Ls 75°
3.1 September 2016, orbit Ne 3750, Ls 214° to 1 March 2017, orbit Ne 4692, Ls 325°
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Table 1

Upstream Conditions for Each Event (Waves Observed in Solar Wind, Sheath, and lonosphere)

IMF strength and angles

Solar wind conditions

Mars

Orbit |Blime Omr 054 Nsw Tsw Vow Psw Ls

Ne Date (nT) () ) (cm~3) (eV) (km/s) (nPa) ()
335 01 December 2014 42 41.5 38.1 12.2 18.2 411 2.1 244
457 24 December 2014 45 235 57.0 9.2 10.0 362 1.1 258
481 28 December 2014 48 57.5 49.2 34 40.3 531 0.9 261
4193 25 November 2016 5.0 37.8 43.9 0.7 46.9 307 0.1 268
4214 29 November 2016 5.7 64.2 42.0 1.1 216 233 0.1 270
4219 30 November 2016 2.0 63.7 43.8 2.7 15.0 258 0.2 271
4346 25 December 2016 1.7 58.9 45.8 1.5 6.9 301 0.1 287
4353 26 December 2016 3.0 384 35.7 7.5 7.0 293 0.6 287
4372 29 December 2016 2.8 52.8 50.7 3.6 13.9 377 0.5 289
4403 29 December 2016 2.8 28.7 46.1 1.1 253 478 0.2 293
4415 07 January 2017 2.7 46.5 447 25 9.2 333 0.2 294
Mean 3.6nT 45.4° 45.2° 41cm™3 19.5eV 353 km/s 0.55 nPa 275

Standard dev. +1.3 +15 +5.8 +3.8 +13.4 +91 +0.62 +16

Typical 4nT 56° - 2-3 4.8 408 0.6-0.8 -

Note. Interplanetary magnetic field (IMF) strength (|B]), cone angle (8;¢), and angle between IMF and bow shock normal vector (6 ;) compared to typical
Parker Spiral conditions at Mars; solar wind total density (ng,), proton temperature (Tgy,), proton velocity (Vs ), and dynamic pressure (Ps,) compared to typical
conditions at Mars as measured by Mars Atmosphere and Voltatile EvolutioN (Halekas et al., 2017) and Martian solar longitude (Ls).

Out of these 1,747 orbits, ULF waves were observed to clearly occur continuously from the foreshock, sheath,
and into the ionosphere during 11 orbits (including Ne 4346) or 0.63% of the time. Waves were observed in the
ionosphere over a wide range of solar zenith angles (21.5° — 91.0°) but only on the day/upstream side. Waves
were observed down to a minimum altitude of 186 km, although on average ULF waves were extinguished
at a mean altitude of 412 + 208 km.

4.1. Interplanetary Magnetic Field Conditions Were Typical

Table 1 shows conditions in the Interplanetary Magnetic Field (IMF) and solar wind during each event. First, we
investigated the strength of the IMF (|B|) and the angle between the IMF and the Sun-Mars line (cone angle,
0,r). MAVEN magnetometer observations upstream were heavily smoothed to remove the distortions result-
ing from the waves and mean conditions taken over an average of 15 min of upstream observations. Halekas
etal. (2017) found that the smaller the cone angle (i.e., the more radial the IMF, ,,,-~0°), the stronger the ULF
waves are upstream of Mars. Thus, our initial hypothesis was that these events would be confined to small
cone angles. Suprisingly, however, the mean IMF cone angle during the events was 45.4° + 15°, consistent
with the typical Parker spiral angle of 56° at Mars (Parker, 1963). Similarly, foreshock-driven ionospheric ULF
waves were observed over a wide range of IMF field strengths, with a mean (3.6 + 4.2 nT) consistent with the
~4 nT expected at Mars from a typical Parker-like expansion of the solar wind (Parker, 1965, 1958). Thus, these
data do not suggest that any special conditions in the IMF are required for waves in the foreshock to excite
ULF waves in the ionosphere.

4.2, All Occurred Near to Where the IMF was Normal to the Bow Shock

Next, we investigated the angle at which the IMF makes contact with the bow shock, by taking the mean
IMF vector and extrapolating it in 3-D to where it makes contact with a Vignes et al. (2000) idealized Martian
bow shock. At the location of IMF contact with the bow shock, the angle (63 ;) was calculated between the
IMF (B) and the bow shock normal vector (7). The values given in Table 1 together with the mean angle
(05, = 45.2 = 5.8°) should be considered a rough estimate, given the strong natural variability in the bow
shock location (Mazelle et al., 2004), and that the type of ULF waves pervasive throughout these orbits is
known to drive large motions in the bow shock (Omidi et al., 2017). However, our analysis suggests that the
ULF waves were observed near to quasi-parallel conditions or, in other words, near to where the IMF was ori-
ented normal to the surface of the bow shock. These conditions are known to be particularly conducive for
the penetration of ULF waves from foreshock into the sheath (Luhmann et al., 1987), since at this location, the
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Table 2
Properties of Waves Observed in the Solar Wind, Sheath, and lonosphere
Orbit Solar wind Sheath lonosphere
Ne o (H2) dB (nT) dB/|B| 0;5) o (H2) dB (nT) dB/|B| 0;5()  (H2) dB (nT) dB/|B| 05 ()
335 0.080 033 0.08 227 0.063 4.57 0.48 86.2 0.063 0.47 0.011 76.9
457 0.073 0.32 0.07 16.6 0.073 2.42 0.22 76.0 0.073 0.25 0.008 544
481 0.036 1.21 0.25 337 0.068 2.69 0.17 70.6 0.068 0.73 0.029 86.2
4193 0.046 033 0.07 63.4 0.054 0.32 0.03 86.3 0.054 0.23 0.010 739
4214 0.031 0.39 0.07 36.3 0.029 0.37 0.05 83.0 0.029 0.19 0.008 719
4219 0.018 0.19 0.10 739 0.022 0.86 0.16 86.2 0.022 0.23 0.008 70.8
4346 0.027 0.17 0.10 33.4 0.038 0.36 0.08 88.7 0.038 0.17 0.009 73.3
4353 0.046 0.21 0.07 18.4 0.059 0.86 0.07 84.0 0.059 0.18 0.005 47.9
4372 0.056 0.16 0.06 24.2 0.054 157 0.27 74.9 0.054 0.27 0.005 79.9
4403 0.041 0.31 0.12 13.6 0.047 0.74 0.16 70.5 0.047 0.21 0.007 389
4415 0.042 0.26 0.09 15.3 0.044 1.01 0.14 73.7 0.044 0.19 0.006 15.0
Mean 0.04 Hz 0.35nT 0.097 32.0° 0.05 Hz 143 nT 0.17 80.0° 0.05 Hz 0.21nT 0.007 58.9°

+0.02 +0.03 +0.05 +19 +0.02 +1.31 +0.12 +7 +0.016 +0.03 +0.002 +23

Note. Shown are frequency (Hz), absolute amplitude (nT), amplitude with respect to background field, and the angle between wave number and magnetic field

(©;5in°).

IMF is stabbing down into the bow shock and providing magnetic connectivity for information (in the form
of electromagnetic waves) to travel downstream.

However, one problem with this analysis is that although we are observing ULF waves in both the IMF and
in the ionosphere, we are not making these observations along the same field line. By the time that MAVEN
moves in to the ionosphere, it has traveled thousands of kilometers around Mars, and there is no way to
know what angle the ionospheric field lines were originally oriented at to the bow shock, since the draping
through the ionosphere has bent the field lines and this information has been lost. Thus, a proper investiga-
tion of the dependence on 6; , and the penetration of waves into the ionosphere will require future hybrid
modeling studies.

4.3. The Solar Wind Was Hotter and Denser than Normal, Consistent With an Admixture

of Martian lons

Table 1 also shows mean upstream conditions in the solar wind for each event, as measured aboard MAVEN
by the Solar Wind Analyzer (SWIA) instrument (Halekas, Taylor, et al., 2015). Shown are the total solar wind
density (ng,, in cm™3), proton temperature (T, in eV), velocity (Vg in km/s), and total solar wind dynamic
pressure (P, in nPa). At the bottom of the table are shown the mean and standard deviation of solar wind
conditions from the 11 orbits, below which are typical conditions at Mars according to MAVEN SWIA observa-
tions by Halekas et al. (2017). Solar wind density and temperature were slightly elevated above normal. This
is consistent with the presence of an additional population of ions (either fresh pickup or reflected ions from
the bow shock), leading to ion-ion instabilities and associated wave-particle interactions (see, e.g., Ruhunusiri
et al., 2016). Solar wind velocity and dynamic pressure were within normal limits. Thus, from these data, we
posit: (a) The solar wind was contaminated with a secondary population of Martian ions, but (b) while mea-
surement of the "clean" solar wind was not possible, there is no evidence to suggest any unusual conditions
are required in the solar wind for waves in the foreshock to excite ULF waves in the ionosphere, beyond the
presence of this admixture of Martian ions.

4.4. A Seasonal Effect, Occurring When Mars Is Near Perihelion

The final column of Table 1 shows the solar longitude (Ls) of the planet Mars during each orbit where
waves in the foreshock were observed to drive ULF waves in the ionosphere. Without exception, all occurred
near Southern Hemisphere Summer (Ls = 275° + 16°), when Mars is closest to the Sun (perihelion,
Ls251). No events were observed during the second search period, occurring near to Martian aphelion. Of
the 1,747 MAVEN orbits examined, only 583 occurred during this apparent southern summer wave season
(244 < Ls < 294). When orbits outside of these range of Ls are disregarded, we find the probability of observ-
ing ionospheric wave excitation in this southern summer wave season was closer to ~2%. However, this should
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Figure 4. Sketch showing the evolution of Mars’ hydrogen corona over the Martian year. Ls = solar longitude;
ULF = ultralow frequency.
be considered a preliminary lower bound on how often ionospheric ULF wave excitation actually occurs, since
the nature of our preliminary "by eye" search means that only events resulting in oscillations clearly visible
to the eye were found. A more thorough analysis of how often this phenomenon occurs will require a more
detailed statistical analysis and lies beyond the scope of this preliminary study.
Mars’ orbit around the Sun is far more elliptical than Earth’s (ey;,s = 0.093 vs. ¢,y = 0.017), and the result-
ing seasonal variations in the brightness of the Sun is known to drive global seasonal effects in the neutral
atmosphere and foreshock. Yamauchi et al. (2015) found that pickup ions upstream from Mars are signifi-
cantly enhanced around perihelion and suggested this was due to a seasonal enhancement in the underlying
neutral exosphere. Romanelli et al. (2016) confirmed such a seasonal variation in the neutral exosphere,
with neutral hydrogen densities (at altitides of 3 Mars Radii) at perihelion ~4x denser than at aphelion.
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Figure 5. Plots showing the mean frequency (a and b) and power (c and d) of ultralow frequency waves in the ionosphere (gold), sheath (red), and solar wind
("SW" purple), in relation to mean upstream IMF and solar wind conditions (a and c), and to the frequency (b) and power (d) of waves in the three regions of the
magnetosphere. Lines of linear best fit (using the least squares method) are overplotted for a and b. IMF = interplanetary magnetic field.
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Figure 6. Simultaneous multipoint observations of ULF waves at Mars:
(a) Map showing the locations of the MAVEN and Mars Express spacecraft
with respect to nominal bow shock and magnetopause; (b) Mars Express
ASPERA-ELS spectrogram and pseudo-density showing ULF waves in the
foreshock of Mars; and (c) MAVEN Magnetometer observations of ULF
magnetosonic waves in the ionosphere of Mars. ASPERA = Analyzer

of Space Plasmas and Energetic Atoms; ELS = Electron Spectrometer;
GMT = Greenwich Mean Time; MSO = Mars Solar Orbital; MAVEN = Mars
Atmosphere and Voltatile EvolutioN; MEX = Mars Express;

MPB = magnetopause boundary; ULF = ultralow frequency.

Romanelli et al. (2016) discovered that this coincided with a significant
enhancement in the abundance of the ULF ("proton cyclotron") waves dis-
cussed in this study. Thus, our observations of foreshock-driven ULF waves
in the ionosphere of Mars coincide with this known seasonal enhancement
in the exosphere, in ion pickup, and in the abundance of proton cyclotron
waves (see Figure 4).

4.5. The Properties of the Upstream ULF Waves Were Normal

Table 2 shows the properties of the ULF waves in the solar wind, sheath,
and ionosphere; showing wave frequency (w, in Hz), absolute ampli-
tude (dB, in nT), ratio of amplitude with respect to the background field
strength (dB/|B|), and the angle between wave number and magnetic
field (°), where ©;; = 90° is fully compressive. The frequencies given
in Table 2 are the mean of a series of fits to a wavelet analysis and
should only be considered in aggregate to obtain a general feel of their
typical properties. As with our case study, all events exhibited contin-
uous ULF waves at a quasi-constant frequency throughout the system.
Curiously, the properties of ULF waves in the solar wind were within nor-
mal parameters according to the statistical study by Brain et al. (2002), and
thus, there does not appear to be anything particularly "special" about
them: they are the normal, compressive ULF waves, commonly observed
upstream from Mars.

Consistent with our expectations, as these ULF waves pile up to form
the quasi-parallel sheath, they steepen (dBs . wing = 0-35 NT, dBypeath =
1.4 nT) and become more compressive, with mean @; ; increasing from
32° +19° t0 80° + 7°. In the ionosphere, the waves were linearly polarized,
compressive @ = 59° + 23°, with mean amplitude of 0.21 + 0.03 nT.

4.6. Wave Frequency Is Conserved Throughout the System, Wave
Power Is Not

Figure 5 shows scatter plots of wave frequency (Figures 5a and 5b) and
power (Figures 5¢ and 5d) in the ionosphere (gold), sheath (red), and solar
wind (purple).

4.6.1. Frequency

Figure 5b shows a plot of the frequency of ULF waves in the solar wind (x
axis) on each orbit, compared to the frequency of waves observed down-
stream (y axis), showing a linear correlation. In other words, the higher the
driving frequency in the solar wind and sheath, the higher the frequency
of compressive waves in the ionosphere. This is as one would expect for
a driven oscillator and provides further evidence that the waves in the
ionosphere are being driven by the waves upstream. Figure 5a shows that
the frequency of waves in the solar wind (and thus in the sheath and
ionosphere) also linearly correlates with the strength of the IMF (|B]), as
one would expect a wave at the cyclotron frequency to do. Interestingly,
we observe that increasing solar wind density and dynamic pressure also
correlate with increasing wave frequency.

4.6.2. Power

Figure 5d shows a plot of the power of the ULF waves in the solar wind
(x axis) on each orbit, when compared to the power downstream. Unlike
wave frequency, there is no clear correlation nor does wave power corre-

late with upstream properties (Figure 5¢). We posit that this is a result of only being able to measure the wave
power at a single point and is suggestive that local wave power is highly dependent on where the measure-
ment is being made (as suggested by recent simulations of the Venusian foreshock by Omidi et al., 2017). Thus,
it is not possible with a single spacecraft to accurately measure how much wave energy is being transported
from the solar wind into the ionosphere but is a prime target for future simulations.
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5. Simultaneous Multipoint Observations of Foreshock-Induced lonospheric
Waves at Mars

Finally, we present one additional but intriguing case study of foreshock-induced compression and localized
"ringing" of the upper ionosphere of Mars. This event, occurred at a Martian solar longitude (Ls) of 253°, inside
the southern summer wave season identified previously in section 4.4. At the time, the orbit of MAVEN was
inclined such that it did not exit the bow shock and could not examine whether or not waves were presentin
the foreshock. Thus, while ULF oscillations were observed in the sheath, this event did not meet the stringent
search criteria for our survey, requiring the unambiguous and continuous observation of waves by MAVEN in
ionosphere, sheath, and solar wind. However, MAVEN is not the only spacecraft at Mars capable of measuring
the solar wind.

Figure 6a shows the locations of MAVEN and Mars Express on 2 November 2016 with respect to nominal mag-
netopause boundary and bow shock locations. Between 00:04 and 00:14 GMT, Mars Express was in the solar
wind, and MAVEN was in the topside ionosphere. Figure 6b shows an energy spectrogram from the Mars
Express ASPERA-ELS instrument, together with a calculation of electron density (cm~3). Note that due to the
2-D field of view of ASPERA-ELS, this has been calculated assuming isotropy and thus should be considered
as pseudo-moment. Periodic ~#30-s enhancements in electrons were recorded, identical to those observed by
MAVEN SWEA during the presence of compressive ULF magnetosonic waves (see, e.g., Figure 2d). Figure 6c
shows simultaneous MAVEN magnetometer observations from the upper ionosphere, exhibiting the exact
same response as all other events described in this paper: periodic ULF transverses oscillations near the driving
frequency, and "ringing" in the troughs, with localized oscillations at the local proton cyclotron frequency.

These simultaneous multipoint observations provide additional strong evidence that these periodic iono-
spheric compressions are being driven by periodic pressure pulses in the solar wind.

6. Discussion and Conclusions

6.1. Foreshock-Driven lonospheric Compression and "Ringing" at Mars

We show that transient phenomena in the foreshock and solar wind may directly impart energy into the
ionosphere of an unmagnetized planet. As Mars approaches perihelion, the brightening sun heats the ther-
mosphere, driving an expansion in the neutral hydrogen exosphere (Romanelli et al., 2016), which at Mars
extends far beyond the bow shock and into the solar wind. At the same time, the brightening sun increases the
rate of photoionization of the exosphere, resulting in an effectively bottomless source of protons upstream of
Mars. The result is a significant enhancement in pickup ions upstream from Mars (Yamauchi et al.,, 2015). The
presence of a second population of ions in the solar wind is a source of free energy for ULF waves to grow at
the solar wind proton cyclotron frequency (see, e.g., Halekas et al., 2017; Ruhunusiri et al., 2016). These ULF
foreshock waves, which are significantly more abundant around perihelion (Romanelli et al., 2016), steepen as
they penetrate near the quasi-parallel bow shock. The impact of these compressive magnetosonic waves in
the shocked solar wind with the magnetopause results in the generation of compressional, linearly polarized
ULF magnetosonic waves in the ionosphere. These waves heat the ionosphere, energize ionospheric plas-
mas, and drive bursts of time-dispersed ions near the upstream proton cyclotron frequency. The change in
frequency and polarization of the waves at the magnetopause suggests that the waves are not directly pene-
trating the ionosphere and that the ULF waves within are the result of a large-scale compression of the induced
magnetosphere. Figure 7 shows a sketch of this phenomenon, based on simulations by Omidi et al. (2017).

Expanding on our initial case study, we performed a preliminary survey for more occasions when ULF oscil-
lations were observed by MAVEN in the ionosphere, sheath, and solar wind. Eleven events were discovered,
with foreshock-driven ULF waves observed in the ionosphere over a wide range of day/upstream-side solar
zenith angles (21.5° —» 91.0°), becoming damped below a mean altitude of 412 + 208 km. Surprisingly, no
unusual upstream conditions were required to observe foreshock-induced ULF waves in the ionosphere. The
mean strength and orientation of the Interplanetary Magnetic Field (IMF) were consistent with what would
be expected at Mars from a typical Parker Spiral. Mean solar wind velocity and dynamic pressure were consis-
tent with typical conditions at Mars. Elevated solar wind densities and temperatures were consistent with the
expected presence of an admixture of Martian ions, leading to ion-ion instablities, associated wave-particle
interactions, and heating of the solar wind.
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Interplanetary All events were confined to a narrow range of Martian solar longitude
Magnetic Field (244 < Ls < 294), consistent with this being a seasonal phenomenon

occurring when Mars is closest to perihelion (at Ls251). Consistent with

777777777 a driven oscillator, the frequency of ULF waves in the ionosphere was

found to correlate with the frequency of waves in the solar wind and
sheath. However, wave power was highly randomized, from which we

posit that the strength of the waves is highly dependent on where they are
being observed.

Finally, we presented simultaneous multipoint observations of this phe-
nomenon at Mars, with the ESA Mars Express acting as an upstream solar
wind monitor and the NASA MAVEN flying through the upper ionosphere.
A periodic increase in counts was observed in the Mars Express ASPERA

Figure 7. Sketch showing the penetration of upstream ULF waves through Electron Spectrometer identical to those resulting from compressive mag-
the magnetopause of Mars, resulting in ionospheric energization and netosonic ULF waves. Near simultaneously, the MAVEN magnetometer
escape. (a) ULF waves form upstream as a result of ion-ion instabilities; observed magnetic signatures identical to the ionospheric compression

(b) ULF waves steepen and penetrate sheath; (c) The impact of each wave
compresses the ionosphere driving ULF waves and localized "ringing";
(d) waves dampen, heating the ionosphere. ULF = ultralow frequency.

and "ringing" observed on all other events presented here. These collected
observations demonstrate beyond a reasonable doubt that the ULF activ-
ity in theionosphereis a direct result of the impact of the pulses in pressure
associated with the impact of each wave-crest in the solar wind.

6.2. The Impact on an Unprotected lonosphere

Electromagnetic waves (including ULF waves) are known to play an important role in the energization and
escape of ionospheric plasmas (e.g., Lundin et al., 2011; Strangeway, 1991, 2004). Consistent with this picture,
we observe ionospheric compression and heating, demonstrating that foreshock-driven ionospheric waves
impart thermal energy into the ionosphere. Velocity perturbations and time-dispersed ions were observed at
each wave crest, demonstrating that, as hypothesized by Halekas, McFadden, et al. (2015), foreshock-driven
ionospheric waves impart kinetic energy into ionospheric particles. Particle tracing simulations by Halekas,
McFadden, et al. (2015) showed that the driving mechanism for these time-dispersed ion bursts is ion-pickup
from the variable electric field in the wave. A companion paper by Fowler et al. (2018) examines the impact
on the Martian ionosphere of this phenomenon in more detail. As with the event presented here, significant
ion heating was observed all the way down to just above the exobase, likely caused by the damping of the
magnetosonic wave by the dense ionosphere, and the density of the upper ionosphere was significantly lower
when compared to preceding and following orbits of MAVEN, as if the upper ionosphere had been drained of
plasma.

6.3. Foreshock-Driven lonospheric Escape

We thus confirm the hypothesis that magnetic ULF waves in the ionosphere of Mars may be driven by ULF
wave activity in the magnetosheath (Espley et al., 2004; Fowler et al., 2017; Lundin et al., 2011), which, in turn,
may be formed by the steepening of compressive waves that are blown into the sheath from the quasi-parallel
foreshock (e.g., Du etal, 2010; Lucek et al., 2008; Luhmann et al., 1983; Schwartz & Burgess, 1991). When these
new observations are combined with the decades of past observations outlined in this paper (particularly
Lundin et al., 2011, who found that ULF wave power closely correlated to O* outflow rates), they collectively
provide strong evidence for a previously hypothesized (e.g., Collinson, Sibeck, et al., 2012; Dubinin & Fraenz,
2016; Lundin et al., 2011) atmospheric loss process at unmagnetized planets: ionospheric heating and escape
driven directly by the impact of transient phenomena in the foreshock and solar wind. Such a mechanism
has long been presumed to occur at Mars, and the observations presented here provide the missing link that
finally and unambiguously connect ULF waves in the foreshock to those in the ionosphere.

While in this instance, the foreshock driver in question was periodic magnetosonic waves; it now seems even
more plausible that pressure perturbations associated with other transient foreshock phenomena (such as
hot flow anomalies, Collinson et al., 2014, 2015; and spontaneous hot flow anomalies, Collinson et al., 2017)
will also impact the ionosphere.

Now that the direct link between foreshock phenomena and ionospheric perturbations have been demon-
strated, this raises many more questions for the future: How common is foreshock-driven escape? What
conditions are required for it to occur? Do foreshock-driven processes significantly enhance global iono-
spheric escape rates? How much energy is transported from the foreshock to the ionosphere? And, finally
does this occur at all unmagnetized planets or only at Mars?
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