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概要

l EMM/EMUSの観測により、パッチ状のプロトンオーロラ”patchy proton 
aurora”が火星で確認された

l いくつかのイベントでは、radial IMF条件の時にpatchy proton auroraが生成
されることを示唆

l (典型的な太陽風条件の)他のイベントでは、シースプラズマ乱流に関連した新しい
形成メカニズムが必要となる。
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イントロ：火星のオーロラ
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particles (SEPs), specifically electrons or protons accelerated to energies of ∼100 keV. MAVEN/IUVS also 
discovered a third form called proton aurora occurring on Mars' dayside, caused by penetrating protons 
from the solar wind (Deighan et al., 2018; Halekas et al., 2017; Ritter et al., 2018).

The SPICAM discovery of discrete aurora was based on three ultraviolet emissions in the Cameron bands 
(the a3Π–X1Σ transition of CO from 190 to 270 nm), the ultraviolet doublet or UVD (the B2Σu

+–X2Πg CO2
+ 

transition at 289 nm), and the oxygen forbidden emission at 297.2 nm (Bertaux et al., 2005). These can all be 
generated by electron impact on CO2, similar to their generation on Mars' dayside initiated by solar extreme 
ultraviolet (EUV) flux and photoelectrons. Subsequent work (Gérard et al., 2015; Leblanc et al., 2006, 2008; 
Soret et al., 2016) expanded the list of known events to 19 spanning SPICAM's decade of observation. 16 of 
these detections were in nadir viewing, and only three in limb viewing as employed in this study. Gérard 
et al. (2015) also found the duration of events to be in the range of seconds to tens of seconds, though the 
lack of repeated observations prevented a study of recurrence rates. They also compared the latitudinal 
distribution of the auroral events observed at nadir with concurrent measurements of the electron energy 
spectra measured with the ASPERA-3 instrument on board Mars Express. They showed that the auroral 
events were correlated with locations of increased precipitated energy flux, but were not necessarily ver-
tically aligned with the UV aurora, suggesting that the magnetic field lines threading the aurora could be 
significantly tilted. Soret et al. (2016) found that the brightness of the discrete aurora was not proportional 
to the precipitated energy flux, a possible indication that the electron flux was modified between the altitude 
of the spacecraft and the atmosphere.

SPICAM detections were found to be correlated with crustal field structures based on overplotting the de-
tections on a crustal magnetic field map (Brain et al., 2007; Figure 5). This map displays the probability of 
open field lines at 400 km altitude as measured through electron distributions from Mars Global Surveyor. 
The measurements were made consistently around 2 a.m. local time on Mars' nightside due to the fixed 
orbit of the spacecraft (In the figures below, we also make extensive use of this map for context. The original 
map uses a rainbow colormap, but we have replotted the map data with a subdued blue-white colormap in 
order to allow multiple types of data to be clearly overplotted.)

The properties of the precipitating population have been studied by contemporaneous charged particle 
measurements (Brain, Halekas, et al., 2006; Gérard et al., 2015; Leblanc et al., 2006, 2008) and modeling of 
energy deposition and resultant emission (Leblanc et al., 2006; Soret et al., 2016). Taken together, they point 
to an accelerated electron population in the range of 40–200 eV depositing their energy around 135 km 
altitude.

More than a decade later, MAVEN/IUVS obtained the first images of discrete aurora, confirming their align-
ment with regions of magnetic fields likely to be open to space (Schneider18). MAVEN's Solar Wind Elec-
tron Analyzer (SWEA) has also measured electron energy and pitch angle distributions to examine more 
deeply the accelerated electron populations associated with discrete aurora (Xu et al., 2020).

Figure 1. Three types of aurora on Mars. Mars Atmosphere and Volatile Evolution (MAVEN)/Imaging UltraViolet 
Spectrograph (IUVS) apoapse images from orbits 5738, 5831, and 849.
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[Schneider et al., 2021]

Diffuse aurora
l 太陽高エネルギー粒子(>100 
keV)が火星大気全域に降り
込み、夜側全域にわたって発
光する(e.g., Schneider et al., 
2015, 2018; Nakamura et al., 
2022)

Discrete aurora
l 超熱的電子(>5eV)が火星夜
側大気に降り込み、局所的に
発光する(e.g., Bertaux et al., 
2005; Schneider et al., 2021; Lillis 
et al., 2022)

Proton aurora
l 太陽風プロトンが水素コロナ
と電荷交換して生成された
H-ENAsが火星大気と電荷交
換をさらに繰り返す際に発光
(e.g., Deighan et al., 2018; Hughes 
et al., 2019)



イントロ：プロトンオーロラとは

Deighan et al. (2018) used data from the Imaging UltraViolet Spectrograph (IUVS) (McClintock et al., 2015)
onboard MAVEN to show that the penetrating proton population observed by Halekas et al. (2015) in SWIA
in situ data were correlated with spectroscopic observations of emission enhancements in hydrogen Lyman‐
alpha (H Ly‐α) emission profiles (i.e., the ultraviolet [UV] signature of proton aurora; e.g., Figure 1). Ritter
et al. (2018) presented observations of proton aurora using UV data from the Spectroscopy for the
Investigation of the Characteristics of the Atmosphere of Mars (SPICAM) spectrograph onboard the Mars
Express spacecraft. The combination of these two previous UV observational studies provided fewer than
10 examples of definitive Martian proton aurora detections. We expand on these previous studies to include
the entire IUVS dataset (spanning nearly two Martian years), identifying over four thousand new proton
aurora detections and characterizing their phenomenology and variability over time.

Proton aurora on Earth were first observed by Vegard (1939) as doppler shifted hydrogen Balmer‐alpha and ‐
beta spectral lines within other auroral emissions. These phenomena were later characterized in detail in a
review paper by Eather (1967). At Earth, proton aurora are strongly influenced by our planet's magneto-
sphere: protons are directed along Earth's magnetic field lines and deposited at the magnetic poles, where
they create proton aurora.

The formation process of proton aurora at Mars is notably different than at Earth. Because hydrogen is the
lightest constituent of the Martian upper atmosphere, the H corona is the most extended portion of the exo-
sphere and influences initial interactions with the solar wind. The lack of aMartian global intrinsic magnetic
field allows the solar wind to interact with the H corona on the sunward facing side of Mars before reaching
the bow shock and being diverted around the planet by the magnetic structure of Mars' near‐space environ-
ment (i.e., the induced magnetic field; e.g., Akalin et al., 2010). Martian proton aurora form when solar wind
protons strip electrons from H atoms in the extended corona and convert into energetic neutral atoms
(ENAs) (e.g., Kallio & Barabash, 2001). The thermal H+ ions produced in this way are then picked up by
the solar wind convection electric field and mostly escape Mars' gravity (e.g., Rahmati et al., 2017). The cre-
ated H‐ENAs pass unimpeded through the bow shock andMPB and subsequently undergo additional charge
exchanges and collisions with neutrals in the lower atmosphere. In so doing, the energetic hydrogen atom
can be excited and emit Lyman alpha photons, creating proton aurora (Figure 1, left). Note that unlike

Figure 1. Left: Proton aurora formation mechanism (modified from Deighan et al., 2018) showing how solar wind protons charge exchange with coronal H and
convert to energetic neutral atoms (ENAs), which pass unimpeded through the bow shock and subsequently undergo additional charge exchanges and collisions
with neutrals in the lower atmosphere to create proton aurora. Right: Example H Lyman‐α altitude profile for coronal H (dark grey) and profile with proton
aurora detection (blue) including a heuristic estimated coronal background profile for reference (light grey; note that the background coronal profile is not dis-
tinguishable from proton aurora in the data). We detect and characterize proton aurora using themethod indicated in the figure, where the second highest intensity
in the peak altitude range is subtracted from the high altitudemedian of a profile; emission enhancement differences above a predetermined threshold (described in
Figure 2) are considered detections.
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l 電子オーロラの発光と異なり、大気分子が光るのではな
く、降り込むプロトンの電荷交換によって生じる高速水素
原子(H-ENAs(energetic neutral atoms))からの発光
（降り込む粒子自体からの発光）

l 火星では固有磁場がない。太陽風プロトンはBow shock
を通過できない。

Ø H coronaがBow shockよりも広がっていれば、太陽風プ
ロトンはBow shock到達前にH coronaとの相互作用で電
荷交換、energetic neutral atom (ENA) 生成 (高速の水
素原子)。これはBow shockを通過(太陽風fluxの2%、
Wang et al., 2018)し、火星大気に深く侵入してさらに
複数回大気分子と電荷交換を繰り返す過程でLyαを放出

l 以下の衝突反応で生成される
H+ + Hcorona → Hf(*) + H+pickup
Hf + CO2 → Hf* + CO2
Hf + CO2 → H+ + e- + CO2
H+ + CO2 → Hf* + CO2+

Hf* → Hf + hv [Hughes et al., 2019]



イントロ：proton auroraによるLyα emission
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p Lyαemission
lH coronaと太陽光のresonant 
fluorescenceによってbackground
で光っている。

lProton auroraとH coronaの違い
ØH corona emissionは光学的にthick, 
Hの大きいscale height によって高度
方向にflat

ØProton auroraはdoppler shiftによ
り光学的にthin & energy deposition 
processによってpeaked なprofile

[Hughes et al., 2019]



イントロ：プロトンオーロラのLT・季節依存性 (Hughes et al., 2019)
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described above. During this season and latitude, the SZA histogram exhibits the expected shape of a proton
aurora SZA histogram: having highest occurrence rates at low SZAs and dropping off sharply at higher SZAs.
We also observe high occurrence rates (>60%) and a similar decreasing histogram shape at mid‐latitudes
during this season. While the majority of bins have lower occurrence rates (averaging ~25%, with the
exception of the before‐mentioned Ls 270 season), an apparent exception to the very low occurrence rates
outside of Ls 270 may be the southern and mid‐latitude plots in the Ls 360 bins, having occurrence rates
between 40 and 50%. Although these rates are still far below the highest values observed near Ls 270, they
are likely due to the extended period of high occurrence rates near orbit 1000 (see Figure 4), which began
just after Ls 270 and continued into the beginning of Ls 360; hence, these are associated with a prolonged
period of proton aurora events at the end of southern summer.

3.2. Variables With no Apparent Correlations: Geographic Location and Spacecraft
Observation Parameters

Due to the minimal data available at northern latitudes and low SZAs during the Ls 270 season (and
because there are far fewer total data counts in the mid‐latitude bin in Figure 6), it would be inaccurate
to infer a latitudinal dependence from Figure 6. High occurrence rates in the orbit 1000 range are from
mid‐latitude data, and southern latitude data in the orbit 4200 range. Because the MAVEN spacecraft
periapsis was primarily located in the southern hemisphere around Ls ~270, when the highest proton
aurora rates occur, comparable periapsis data for northern hemispheric summer months are not abun-
dant. This data bias, therefore, gives the appearance of a latitudinal dependence that likely does not
exist (e.g., Figures 3 and 4). We further discuss the geographic dependence of proton aurora (or rather,
lack thereof) in section 4.

Figure 5. Proton aurora variations with respect to (A and B) solar zenith angle, (C) local time, and (D–F) season (Ls). Color represents emission enhancement per-
centile bin (as in Figure 2, right), and proton aurora detections correspond with percentiles greater than ~90th percentile. Note that local time data have been subset
to include only low‐latitude and midlatitude data (discussed further in text). Proton aurora display high intensities, large peak enhancements, and low solar zenith
angles (occurring in daytime), and display highest intensities, enhancement, and altitudes near southern summer solstice (Ls ~270).
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p Daysideで主に発生する

p Ls~270(南半球夏)で発生頻度最大
l H coronaの季節変動
ü Hの存在量、高度ともにLs270付近で
最大[Chaffin et al., 2014]

l CO2大気の季節変動
ü Ls270ではCO2密度増加
[Bougher et al., 2017]

ü => Lyαのpeak高度が上昇
ü Dust storm による気温上昇、水の高
高度輸送はH corona 増大を促し、
proton auroraの高度・強度・頻度を
増加させる



イントロ：proton auroraの空間スケール
l上流の太陽風密度・速度空間変動スケールは火星より大きい (Marquette et al., 2018)
lHコロナの空間的変動もgradual (Chaufray et al., 2015)
➡ 典型的な太陽風条件だと、 H-ENAsの降り込みfluxはdaysideで一様となる(Wang et al., 
2018)。

lMAVEN/IUVSの観測で、proton auroraの高度profileの変動が確認されたが、MAVENはlimb 
scanごとに数百km移動するので、空間変動か時間変動か切り分けることはできなかった(Hughes, 
2021)。
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Figure 3. The H-ENA precipitation for the low solar wind pressure case. (a), (b), and (c) show the H-ENA precipitation fluxes (equation (1)) on the reference sphere
at an altitude of 200 km from the Martian surface. White curves are contours of the solar zenith angle (SZA) with a 30∘ step. The upper (lower) half of (a)–(c)
corresponds to the +Ec (and −Ec) hemisphere. (d), (e), and (f ) show the same H-ENA precipitation flux as a function of SZA, as color-coded dots with the clock
angle (CLK). The red dashed curves show the functional shape of cos(SZA) for comparison. The rows, from top to bottom, are the fluxes of all solar wind H-ENAs
(a and d, total precipitation rate 7.32 × 1023 s−1), the upstream H-ENAs only (b and e, total precipitation rate 2.60 × 1023 s−1), and the magnetosheath H-ENAs
only (c and f, total precipitation rate 4.72 × 1023 s−1). The upstream H-ENAs include the extrapolated H-ENAs. H-ENA = energetic neutral hydrogen atom.

3. Simulation Results: Solar Wind H-ENAs

In the first run, we use the solar wind conditions of the LP case (Table 1). The density and velocity correspond to
typical slow solar wind parameters at Mars. We will first investigate the spatial, angular, and energy distribution
of the precipitating H-ENAs, followed by their dependences on the upstream conditions.

The results of the H-ENA precipitation for the LP case are shown in Figure 3. The left column shows the
H-ENA flux on the reference sphere of 200-km altitude (i.e., precipitation map). The maximum precipitating
flux is 2.19 × 1010 m−2 s−1 at the subsolar point. This value contains the extrapolated H-ENA flux generated
outside of the collection region and is thus the total precipitating solar wind H-ENAs. The flux consists of
H-ENAs generated in the upstream solar wind (Figures 3b and 3e) and the magnetosheath (Figures 3c and 3f).
These two populations have different characteristics, and therefore, we will describe them separately in the
following sections.

3.1. Upstream Population
The precipitation map of the upstream population for the LP case is shown in Figures 3b and 3e. The max-
imum flux is 7.32 × 109 m−2 s−1 at the subsolar point (y ∼ z ∼ 0). This flux corresponds to ∼0.73% of the
undisturbed solar wind proton flux. As the SZA increases, the flux penetrating the reference sphere decreases

WANG ET AL. 8735
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観測装置：EMM/EMUS
The Emirates Mars Mission (EMM) “Hope (Al Amal, in Arabic)” (Amiri et al., 2022)
lアラブ首長国連邦の火星探査機
l2020年7月に種子島宇宙センターからH-IIAで打ち上げ
l高高度軌道(20,000km-43,000km, 1 orbit = 55 hours)
➡ 火星の全球remote観測に特化

l３つの観測器を搭載
1. EMIRS (赤外分光器)
2. EXI (UV-Visの6band: 220, 260, 320, 437, 546, 635 nm)
3. EMUS (The Emirates Mars Ultraviolet Spectrometer)
(Holsclaw et al., 2021)

• 波長範囲は100-160 nm
• Observation StrategyのOS1(OI 130.4, 135.6 nm), OS2(Lyα, β)を使用

2023/05/16 ⽕星勉強会 8

4 Page 6 of 46 H.E.S. Amiri et al.

Fig. 1 Cartoon of the size and inclination of Hope’s orbit relative to the orbit size of the Martian moons
Phobos and Deimos, as well as several active Mars missions at the time of launch of EMM

chosen to acquire the observations needed to retrieve the key quantities for characterizing the
lower atmospheric state, which include surface and atmospheric temperature, column optical
depth of dust and water ice aerosol, and column abundance of water vapor and ozone.

Two key gaps in our current understanding are the diurnal variation of atmospheric state
quantities and a global-scale view over short time periods. In the lower atmosphere the diur-
nal cycle drives atmospheric circulation and solar tides, surface-atmosphere interactions in-
cluding dust lifting and water exchange, and the diurnal variation of the water cycle through
condensation processes. A global synoptic view of Mars will permit characterization of the
time evolution of dust storms, cloud formation, and their associated radiative effects. The
unique orbit of EMM (Fig. 1) has been designed to enable atmospheric state quantities to
be retrieved globally for all local times in just 10 days (see Sect. 3.3 for details). These
novel observations from EMM will greatly help in understanding these important drivers
for energy exchange between the lower and upper atmosphere.

2.2.2 Objective B: Correlate Rates of Thermal and Photochemical Atmospheric Escape
with Conditions in the Collisional Martian Atmosphere

Unlike EMM’s Objectives A and C which each focus on understanding a region of the
atmosphere independently (e.g. lower atmosphere, exosphere), Objective B targets the con-
nections between regions. Many recent results (described in detail below) suggest that the
lower and upper atmosphere of Mars are intimately linked in ways that were not fully ex-
pected. Objective B focuses on understanding and constraining these connections through
correlation analysis and related modeling studies.



結果１： 2021/8/11, EMUSイメージ
l2021/8/11に、LyβとLyα両方で
patchy emissionが確認された

lこのorbitの観測で、唯一この観測で
のみ、patch発光が捉えられた

lH原子が生成するLyβとLyαで増光
し、O130.4と135.6nmでは対応す
る増光がない
➡ ENAに関連する外来起源が強く示唆
される。Hコロナ起源ではない
(理由)
l局所的な加熱源によって光学的に厚い
Hコロナからより多くの太陽光が散乱
されたとすると、O発光にも影響を与
えたはずだから
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solar wind for this event, but a combination of upstream and magnetosphere observations at Venus by Zhang 
et  al.  (2009) demonstrate that under radial IMF conditions the organized and strong sheath magnetic field 
observed during Parker spiral IMF gives way to a disorganized low-intensity sheath magnetic field similar to that 
observed by MAVEN during our event, increasing the likelihood that these observations occurred during radial 
IMF conditions.

Regardless of inferences about upstream conditions, MAVEN/STATIC and SWIA observe cold, heavy iono-
spheric plasma intermingled with high-energy Marsward-traveling solar wind plasma throughout most of 
MAVEN's periapsis pass, indicating that the solar wind is being directly deposited into the ionosphere and ther-
mosphere during this event. Together with the widespread occurrence of proton auroral emission in EMUS 
images, we conclude that the solar wind is being directly deposited into the thermosphere in patches that span 
the visible dayside. The incident fluxes are sufficient to support the auroral brightness observed: in southern 
summer 1%–10% of the upstream solar wind flux is converted into ENAs (Halekas, 2017), powering several kR 

Figure 1. Emirates Mars Ultraviolet Spectrometer (EMUS) and Mars Atmosphere and Volatile EvolutioN (MAVEN) observations during a patchy proton aurora event 
on 11 August 2021. Top left shows the Emirates Mars Mission and MAVEN spacecraft orbits and the view of Mars and the MAVEN orbit from EMM. Swaths numbers 
indicate time order, and a dot marks MAVEN's periapsis location. The surface image for Mars includes the crustal magnetic field radial component shown on a linear 
scale, with red outward capped at 220 nT. Bottom left shows four spectral emission lines observed by EMM/EMUS, with Ly β/α sensitive to both planetary H and 
proton aurora, and O 130.4/135.6 nm sensitive to the thermospheric state. Patchy enhancements most visible in Ly β that are shared with Ly α but not present in the O 
emissions are caused by proton auroral emission. Top right shows data from MAVEN Solar Wind Ion Analyzer (SWIA), SupraThermal And Thermal Ion Composition 
instrument (STATIC), and magnetometer (MAG), as well as the spacecraft ephemeris and magnetic field cone and clock angles (see Marquette et al. (2018) for 
definitions). Units for SWIA/STATIC spectrograms are differential energy flux, (eV/q)/(cm 2 s sr [eV/q or amu/q]). Regions indicated in the MAVEN altitude plot are 
based on typical boundary locations. Below the altitude plot, the colormap for the MAVEN orbit is given, along with the EMM/EMUS swath timing. Bottom right 
panels show Mars, MAVEN's orbit, and MAVEN measurements of the magnetic field from MAG (black) and H + flux from STATIC (blue). STATIC H + is not shown 
near periapsis when the instrument energy range is limited (see STATIC spectrogram panel). As discussed in the text, these observations indicate direct precipitation of 
the solar wind across the full dayside of the planet, producing patchy and time-variable proton aurora.



結果１：2021/8/11, MAVENプラズマ観測データ
l誘導磁気圏は不安定
l高度500km以下の近火点付近で、太陽風起源
のH+, He++を観測

lMAGデータは、変動が激しく、弱い磁場を観
測。Parker spiral IMF条件で予想される典型
的なdrape磁場ではない

lこの時、宇宙天気イベントは発生していない
l IMFがbow shockの法線と垂直。Radial IMF
条件であることを示唆

lMAVEN/SWIAとSTATICは、太陽風起源
plasmaと電離圏起源のcold plasmaを近火点
通過期間に同時に観測。太陽風が電離圏と直接
相互作用している様子を捉えている。
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solar wind for this event, but a combination of upstream and magnetosphere observations at Venus by Zhang 
et  al.  (2009) demonstrate that under radial IMF conditions the organized and strong sheath magnetic field 
observed during Parker spiral IMF gives way to a disorganized low-intensity sheath magnetic field similar to that 
observed by MAVEN during our event, increasing the likelihood that these observations occurred during radial 
IMF conditions.

Regardless of inferences about upstream conditions, MAVEN/STATIC and SWIA observe cold, heavy iono-
spheric plasma intermingled with high-energy Marsward-traveling solar wind plasma throughout most of 
MAVEN's periapsis pass, indicating that the solar wind is being directly deposited into the ionosphere and ther-
mosphere during this event. Together with the widespread occurrence of proton auroral emission in EMUS 
images, we conclude that the solar wind is being directly deposited into the thermosphere in patches that span 
the visible dayside. The incident fluxes are sufficient to support the auroral brightness observed: in southern 
summer 1%–10% of the upstream solar wind flux is converted into ENAs (Halekas, 2017), powering several kR 

Figure 1. Emirates Mars Ultraviolet Spectrometer (EMUS) and Mars Atmosphere and Volatile EvolutioN (MAVEN) observations during a patchy proton aurora event 
on 11 August 2021. Top left shows the Emirates Mars Mission and MAVEN spacecraft orbits and the view of Mars and the MAVEN orbit from EMM. Swaths numbers 
indicate time order, and a dot marks MAVEN's periapsis location. The surface image for Mars includes the crustal magnetic field radial component shown on a linear 
scale, with red outward capped at 220 nT. Bottom left shows four spectral emission lines observed by EMM/EMUS, with Ly β/α sensitive to both planetary H and 
proton aurora, and O 130.4/135.6 nm sensitive to the thermospheric state. Patchy enhancements most visible in Ly β that are shared with Ly α but not present in the O 
emissions are caused by proton auroral emission. Top right shows data from MAVEN Solar Wind Ion Analyzer (SWIA), SupraThermal And Thermal Ion Composition 
instrument (STATIC), and magnetometer (MAG), as well as the spacecraft ephemeris and magnetic field cone and clock angles (see Marquette et al. (2018) for 
definitions). Units for SWIA/STATIC spectrograms are differential energy flux, (eV/q)/(cm 2 s sr [eV/q or amu/q]). Regions indicated in the MAVEN altitude plot are 
based on typical boundary locations. Below the altitude plot, the colormap for the MAVEN orbit is given, along with the EMM/EMUS swath timing. Bottom right 
panels show Mars, MAVEN's orbit, and MAVEN measurements of the magnetic field from MAG (black) and H + flux from STATIC (blue). STATIC H + is not shown 
near periapsis when the instrument energy range is limited (see STATIC spectrogram panel). As discussed in the text, these observations indicate direct precipitation of 
the solar wind across the full dayside of the planet, producing patchy and time-variable proton aurora.



結果２：2021/8/30, EMUSイメージ
l2021/8/30にpatchy proton 
auroraが観測された
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result in larger and more widespread excess emission for the majority species O than for H, the opposite of what 
we observe. In order to produce 135.6 nm emission visible above the dayglow, the incident beam must deposit an 
energy flux comparable to the solar ionizing flux ultimately responsible for producing the 135.6 nm dayglow. We 
can therefore rule out excitation by solar wind electrons, and predict that the incident H + beam must have a flux 
comparable to that of the upstream solar wind.

2.4. Other Patchy Proton Events Observed by EMM and MAVEN
The three proton aurora events described above do not capture the full range of morphologies and formation 
conditions identified in EMUS data. We provide a complete list of the 17 events so far observed in Supporting 
Information S1. Most of these are much dimmer and more spatially confined than those discussed in the main 
text. An exception is an event on 3 December 2021, when EMUS observed patchy proton aurora across the 
northwestern dayside disk lasting about 30  min. MAVEN measurements indicate that an IMF rotation from 
westward away conditions to southward toward conditions occurred near the time of the aurora. This suggests 
the aurora was caused by acceleration of solar wind and sheath protons into the atmosphere while the induced 
magnetosphere reorganized in response to upstream conditions. Modeling by Romanelli et al. (2018) showed that 
the response speed of the inner magnetosphere to an upstream rotation is several degrees per minute, roughly 

Figure 2. Emirates Mars Ultraviolet Spectrometer (EMUS) and Mars Atmosphere and Volatile EvolutioN (MAVEN) observations during a patchy proton aurora event 
on 30 August 2021. Data display is the same as in Figure 1. Excess H emission is mainly localized at the upper left of the disk and extends diagonally across the disk to 
lower right. Bottom right panels show that outside the crustal field region in the southern hemisphere, the draping field points southeast, consistent with confinement 
of the quasi-parallel interaction region (where the bow shock normal is antiparallel to the interplanetary magnetic field (IMF) direction) to the upper left of the EMUS 
images. Localization of the patchy aurora beneath the quasi-parallel interaction region indicates that this aurora results from foreshock and sheath turbulence in the 
under normal (non-radial) IMF conditions.
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結果２： 2021/8/30, MAVENプラズマ観測データ
lこのイベントでは、IMFは典型的なParker
spiral

lSWIA, STATICは太陽風H+/He++を近火点で観
測していない

lMAVEN近火点直後の磁場ベクトルの向きから
patchy auroraの位置で磁場がdrapeしている

l準平行プラズマ乱流がH+またはH-ENAのlocal
な降り込みに繋がっていることを示唆

lMAVENは直接オーロラ領域を計測していない
ので、proton, Hどちらがオーロラを引き起こ
したかはわからない。

lProtonが降り込むためには、シースや衝撃波前
面と繋がった熱圏磁力線が必要

lもしくはシースや衝撃波前面で鉛直下向きENA
が生成された可能性
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result in larger and more widespread excess emission for the majority species O than for H, the opposite of what 
we observe. In order to produce 135.6 nm emission visible above the dayglow, the incident beam must deposit an 
energy flux comparable to the solar ionizing flux ultimately responsible for producing the 135.6 nm dayglow. We 
can therefore rule out excitation by solar wind electrons, and predict that the incident H + beam must have a flux 
comparable to that of the upstream solar wind.

2.4. Other Patchy Proton Events Observed by EMM and MAVEN
The three proton aurora events described above do not capture the full range of morphologies and formation 
conditions identified in EMUS data. We provide a complete list of the 17 events so far observed in Supporting 
Information S1. Most of these are much dimmer and more spatially confined than those discussed in the main 
text. An exception is an event on 3 December 2021, when EMUS observed patchy proton aurora across the 
northwestern dayside disk lasting about 30  min. MAVEN measurements indicate that an IMF rotation from 
westward away conditions to southward toward conditions occurred near the time of the aurora. This suggests 
the aurora was caused by acceleration of solar wind and sheath protons into the atmosphere while the induced 
magnetosphere reorganized in response to upstream conditions. Modeling by Romanelli et al. (2018) showed that 
the response speed of the inner magnetosphere to an upstream rotation is several degrees per minute, roughly 

Figure 2. Emirates Mars Ultraviolet Spectrometer (EMUS) and Mars Atmosphere and Volatile EvolutioN (MAVEN) observations during a patchy proton aurora event 
on 30 August 2021. Data display is the same as in Figure 1. Excess H emission is mainly localized at the upper left of the disk and extends diagonally across the disk to 
lower right. Bottom right panels show that outside the crustal field region in the southern hemisphere, the draping field points southeast, consistent with confinement 
of the quasi-parallel interaction region (where the bow shock normal is antiparallel to the interplanetary magnetic field (IMF) direction) to the upper left of the EMUS 
images. Localization of the patchy aurora beneath the quasi-parallel interaction region indicates that this aurora results from foreshock and sheath turbulence in the 
under normal (non-radial) IMF conditions.



結果３：2021/12/17, EMUSイメージ
l2021/12/17、残留磁場領域で
patchy proton auroraが観測され
た（10S, 170E付近）

l8/11、radial IMF条件でdayside全
体にオーロラが発生したのとは異な
り、このイベントでは、「南半球の
最も強い残留磁場の領域」の北側の
弱い残留磁場領域に限定してオーロ
ラが発生した

lこのイベントでは、O 135.6 nmで
もLyaと同じ領域で増光が見られた
（初めての中性大気のdaysideオー
ロラ）

lO135.6 nmオーロラを光らせるため
には、dayglowを光らせる太陽EUV
による電離フラックスと同等の
proton energy fluxが振り込んでい
なければならない
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consistent with out observed IMF rotation of ∼90° and the ∼30 min duration of the EMUS observed patchy 
auroral emission. As we have no plasma measurements in the auroral region, modeling studies will be needed to 
confirm the physical plausibility of this mechanism.

As a final example, we note an extremely localized patchy aurora event observed at Lyman α only in the strong-
est crustal field regions on 2021 Nov 11, which changes intensity from one EMUS swath to the next. The small 
extent and lower energy implied by a lack of simultaneous Lyman β emission suggests the possibility of forma-
tion due to local acceleration of planetary ionospheric protons at energies between Lyman alpha (10.2 eV) and 
Lyman beta (12.1 eV), rather than solar wind deposition, analogous to proton aurora seen in Earth's polar cusps. 
Alternatively, emission of Lyman alpha but not Lyman beta could result from precipitation of a more energetic 
ENA/proton population than the typical solar wind, one capable of depositing its energy below the column depth 
at which CO2 becomes opaque to Lyman beta radiation (∼130–150 km), but above the black level for Lyman 
alpha at ∼75–85 km.

Figure 3. Emirates Mars Ultraviolet Spectrometer (EMUS) and Mars Atmosphere and Volatile EvolutioN (MAVEN) observations during a patchy proton aurora event 
on 12 December 17. Data display is the same as in Figure 1. For this observation, MAVEN's orbit allows measurement of the upstream solar wind. Aurora occurs 
exclusively in the second EMUS swath in the second half of the observation, when the upstream cone angle approaches fully radial (anti-sunward). Aurora appears 
localized near the boundary of the strong crustal fields outside the strongest crustal field regions. Excess emission at 135.6 nm and potentially at 130.4 nm co-located 
almost exactly with excess H emission suggests that solar wind deposition is exciting atmospheric auroral emission on the dayside, the first time this has been observed.



結果３：2021/12/17, MAVENプラズマ観測データ
lこのイベント時、MAVENは太陽風上流にい
て、太陽風H+ flux, near radial IMFを観測し
た
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almost exactly with excess H emission suggests that solar wind deposition is exciting atmospheric auroral emission on the dayside, the first time this has been observed.



議論：
lEMUSの火星ディスク観測のうち、2%(17/967)でpatchy proton auroraを観測した。

l2021/8/11,30, 12/3,17の特に明るいpatchy proton auroraは、dawn-noonにかけて強い残
留磁場領域で確認された（duskで見られないのはサンプリングのせいである可能性もある）

l残留磁場がterminator付近に位置するとき、シースのプロトンの流れが複雑な障害を受け、プラズ
マ乱流が増大し、プロトンがより降り込み、オーロラが明るくなる可能性がある

lPatchy proton aurora検出の多くは、北半球秋の遠日点後の2021年8月から2022年1月の
Ls80-160の間に発生し、この期間の発生率は4％で、2021年12月に顕著なスパイクを示した。

l北半球の夏はHコロナが膨らみにくく、uniformなプロトンオーロラの発光強度が小さいため、異
常なプロトンオーロラを観測しやすいと考えられるが（Hughes et al.、2021）、この場合、観測
されるような歪んだ分布ではなく、北半球の夏頃に対称的な効果をもたらす可能性がある。
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まとめと展望
lEMM/EMUSの火星昼側全球観測から、patchy proton auroraが発見された
l いくつかのイベントでは、radial IMF条件の時にpatchy proton auroraが生成されることを示唆
l (典型的な太陽風条件の)他のイベントでは、シースプラズマ乱流に関連した新しい形成メカニズム
が必要となる。

l太陽風と磁気圏の典型的な定常相互作用がdaysideに広がる乱流プラズマダイナミクスに置き換
わった時に、電離圏・熱圏ダイナミクスへの影響や、sputteringによるescapeへの影響は不明で
ある。これらの条件が火星の大気進化に与える影響を明らかにするためには、今後多くのデータと
モデリング研究が必要である。
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