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Abstract—A set of scientific instruments capable of high temporal resolution measurements onboard the
Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft made it possible to study the structure and
properties of the dayside Martian magnetosphere. The Mars plasma envelope on the dayside of the planet was
discovered based on observations on the first orbiters of Mars (Vaisberg et al., 1976; Gringauz et al., 1976).
The high temporal and mass resolution of MAVEN instruments made it possible to study the structure and
processes in the plasma of the dayside magnetosphere, the plasma layer that exists between the solar wind
heated by the shock wave and the ionosphere (Vaisberg et al., 2017). It is shown that, under different external
conditions, two different types of plasma layers are formed between the ionosphere and magnetosheath on
the dayside of the planet: (1) mixture of heated ionospheric ions and picked-up exospheric ions and (2) a layer
of ionospheric ions accelerated by the solar wind motional electric field called “plume” (Dong et al., 2015).
The first type of the Martian daytime magnetosphere is formed as a result of the interaction of oxygen exo-
spheric ions captured and accelerated by the solar wind with the upper part of the Martian ionosphere (Vais-
berg and Shuvalov, 2021). The second type of the Martian dayside magnetosphere is formed by the accelera-
tion of an ion beam from the outer ionosphere, which then passes into a more energetic plume beam in the
magnetosheath. This article discusses typical plasma populations, their properties and conditions that lead to

the formation of the daytime magnetosphere from the material of the upper ionosphere.
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The first close flyby of Mariner-4 near Mars on
July 14—15, 1964 at a minimum distance of 13300 km
showed that Mars does not have a strong magnetic
field, and the solar wind can directly interact with its
atmosphere (Dryer and Heckman, 1967).

The first crossings of the Martian magnetosphere
were carried out by the Mars-2, Mars-3 and Mars-5
spacecraft in the 1970s and found an increase in the
magnetic field up to ~30 nT (Dolginov et al., 1976)
and the presence of ions with a lower energy than in
the magnetosphere, both on the dayside and well
downstream (Bogdanov and Vaisberg, 1975). Unlike
Earth, Mars lacks its own global magnetic field, mak-
ing the Martian plasma environment much smaller. In
the early years of space exploration, it was thought that
the obstacle to the solar wind was formed by the mag-
netic field from ionospheric currents induced by the
motional electric field of the solar wind. (see e.g.,
Dessler, 1968).

The term “Martian magnetosphere” was first
introduced at the beginning of Mars exploration
(Van Allen et al., 1965) and was used to describe the
Martian magnetospheric tail, while the dayside mag-
netosphere remained unexplored for a long time. The
region between magnetosheath and ionosphere was

interpreted in terms of existence of a boundary layer
on the day side of Mars (Szego et al., 1998). The Mars
Express (MEX) spacecraft measured the plasma ion
composition in this region (Dubinin et al., 2008a,
2008b). Magnetic pile-up with a discontinuity (called
a magnetic compression boundary) was found,
although it was absent in some cases. A “boundary” of
ionospheric photoelectrons was also observed, often
accompanied by a sharp increase (up to ~10° cm~3) in
the number density of the ionospheric plasma.

Only in September 2014, the Mars Atmosphere and
Volatile Evolution (MAVEN) spacecraft, carrying a
comprehensive complex of plasma instruments,
arrived in Martian orbit and provided an opportunity
to study the region between the Martian magne-
tosheath and ionosphere in detail. There are several
works that discuss the structure of the boundary and
the processes inside it (Holmberg et al., 2019; Espley,
2018; Halekas et al., 2015, 2018). According to Halekas
et al., 2017, “the Martian magnetosphere is formed as
a result of direct and indirect interaction of the solar
wind with the Martian ionosphere through a combina-
tion of induction and mass loading processes.” How-
ever, knowledge about the magnetoplasma shell of the
dayside of Mars was not enough to understand its
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structure and the processes of interaction between the
shocked solar wind and the ionosphere. There are
many designations of boundaries and envelopes in this
part of the Martian magnetoplasma environment, not
to mention the processes occurring in this part of the
Martian magnetosphere.

In this paper, we consider two different types of the
magnetosphere structure between the shocked solar
wind and the ionosphere. The first is characterized by
the presence of plasma, which is a mixture of picked-
up exospheric ions and heated and accelerated iono-
spheric ions (Vaisberg and Shuvalov, 2021). The sec-
ond type is characterized by the presence of a layer
with low-temperature ionospheric ions accelerated by
the electric field of the solar wind and called the “ion
plume” (Kallio and Koskinen, 1999; Kallio et al.,
2006, 2008, Boesswetter et al., 2007; Dubinin et al.,
2006, 2011; Liemohn et al., 2014; Dong et al., 2015).
The low-energy part of the plume is located below the
boundary of the Martian magnetosphere. In this paper
we analyze and compare the structure of both types of
magnetosphere structure.

INSTRUMENTATION

The MAVEN spacecraft arrived at Mars in Sep-
tember 2014 to study processes in the upper atmo-
sphere and ionosphere and their interaction with the
solar wind, and for atmospheric losses estimation
(Jakosky et al., 2015). MAVEN was set into an ellipti-
cal orbit with a periapsis of approximately 150 km, an
apoapsis of 6200 km, and a period of ~4.5 h.

The MAVEN instruments measurements data are
publically available. Project specialists are happy to
answer questions. In this paper we discuss observa-
tions primarily made with the Supra-Thermal and
Thermal Ion Composition (STATIC) instrument
from July to October 2019, during solar minimum.
The STATIC instrument, mounted on an Actuated
Payload Platform (APP) driven payload platform, is
used to study the characteristics of various ions popu-
lations as the solar wind interacts with Mars.

The instrument consists of a toroidal electrostatic
analyzer with an electrostatic deflector at the
entrance, providing a field of view of 360° X 90°, in
combination with a time-of-flight analyzer that sepa-
rates the main types of ion species (H*, He**, He",

0%, 05, CO;). It measures the energy spectra of ions
with different (m/q) in the range of 0.1 eV—30 keV with
a minimum cadence of 4 s (McFadden et al., 2015).
These characteristics allow measuring the particles
velocity distribution function and subsequently calcu-
lating its moments (number density, bulk velocity and
temperature). Data from the STATIC level 2 d1 data
product are used to study the distribution function of
ions of various masses. This data product contains
data on differential energy fluxes for ions in 32 energy
steps, 4 polar and 16 azimuth angles for eight different
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masses. The cadence of measurements for the time
intervals presented in the article is 4 s. At high count
rates some proton data can be wrongly registered as
ions of bigger masses due to incorrect identification of
start/stop signals of the time-of flight scheme. In
order to diminish this effect, we applied a special pro-

cedure for O* and O; data, in which 8% of protons dif-
ferential energy flux was subtracted from oxygen ion
data for the same energy and angular bins.

Along with STATIC observations we used data
obtained by the Solar Wind Ion Analyzer (SWIA,
Halekas et al., 2015), a top-hat instrument with 360° x
90° field of view mounted on the solar array panel,
Solar wind Electron Analyzer (SWEA, Mitchell et al.,
2016), and by the measurements of the magnetic field
with 32 Hz cadence (MAG, Connerney et al., 2015).
For SWIA and SWEA measurements level 2 data prod-
ucts with survey spectra measurements were used,
which provide the data with 4 and 2 seconds cadence,
respectively.

OBSERVATIONS

This analysis is based on the observations made on
the dayside of the Martian magnetosphere. The used
data were selected by the following criteria: (1) during
low solar minimum (having more non-disturbed cases
for analysis), (2) dayside magnetosphere boundary
crossings (3) the regions without crustal magnetic
field anomalies (having less additional influences)
factors avoiding magnetic disturbances, implying
crossings in the northern hemisphere. Altogether 115
crossings of magnetosphere boundary were considered
within time interval from July 27, 2019 to October 31,
2019 for solar-zenith angles (SZA) from ~60° to ~ 95°
(Fig. 1). Distribution of SZAs of the observed cross-
ings is given in figure 1. This “landscape” of crossings
was classified as: (a) 65 orbits with the ion plume orig-
inated within the magnetosphere and extended far to
the magnetosheath, and (b) 50 orbits without a plume
feature but with the observations of pick-up oxygen
ions in the sheath/upper ionosphere and the cold ion-
ospheric component within magnetosphere.

We present a description of two types of formations
that separate the magnetosheath flow from the upper
ionosphere on the dayside of Mars. As for the two
types of layers separating the flow regions of the mag-
netosheath and the ionosphere on the day side of
Mars, their physical causes differ significantly. In this
paper, we mainly focus on the dayside magnetosphere
of the first type, which relies heavily on the dynamics
of ion beams.

DAYSIDE MAGNETOSPHERE—IST TYPE

This section considers two samples from 57% of 1st
type formations from the total of 115 orbits considered
in this paper.
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Figure 2 shows the data obtained on July 29, 2019
(03:10:21—03:32:09 UT). MAVEN moved from the
magnetosheath to the ionosphere at SZA ~69.5° while
crossing the upper boundary of the magnetosphere.
We used the following features in identifying the
boundary of the magnetosphere:

la—Reduction of the ion flux of the magne-
tosheath. Here we have two distinct changes in the
proton spectra: at ~03:17:30 and at ~03:20 UT. The
feature observed at ~03:17:30 UT is due to the rotation
of the platform with the STATIC spectrometer. At
~03:20 UT, we observe a splitting of the proton spectra
into two components: a low-energy (100—200 eV)
component and a high-energy component. Higher
energy protons originating from the solar wind and
magnetically trapped protons originating from an
expanded hydrogen atmosphere can penetrate deeper
into the magnetosphere due to their large Larmor
radii. The origin of the low-energy component is not
so clear. It may consist of shell protons, which gradu-
ally lose their momentum, and protons of atmospheric
origin, which receive momentum from the solar wind.

1b—The position of the boundary at ~03:20 UT is
confirmed by measurements with the SWIA instru-
ment, which does not change the viewing direction.
The boundary of the induced magnetosphere can be
easily determined by a sharp change in the ionic com-
position, as can be seen in Fig. 1 on the ion spectra,
and according to the ratio n,/(n, + ny) = 0.5, where
n, is the proton concentration, and ny, is the sum of the

number densities of O+ and O ions.

Ic—The decrease in the level of magnetic field
fluctuations observed at ~03:20 UT is consistent with
our identification of the boundary.

The third and fourth panels in Fig. 2 show the
behavior of oxygen ions. We observe fluxes of O* ions
with energies of about 100—5000 eV in the magne-
tosheath. These ions are produced in the oxygen
corona and are accelerated by the electric field of the
solar wind. They are also visible in the magnetosphere,
where some of them have higher energy. O" ions with

energies below 100 eV and O, ions with energies of
~5—330 eV are predominantly accelerated at lower
altitudes and cannot acquire higher energies.

The two boundaries within the transition from the
magnetosheath to the ionosphere can be identified
using the plasma and magnetic parameters in Fig. 2.
The outer boundary is quite sharp and is determined
by a number of physical parameters (going from the
magnetosheath to the magnetosphere): a drop in the
proton energy flux, a sudden appearance of pick-up

ions O" and O; with energies of 3—300 eV, a drop in
the electron energy, a sharp drop in the electron tem-
perature, a drop in the ratio n,/(n, + n,). The number
density of magnetosheath ions drops by an order of
magnitude at two boundaries, which determines the
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Fig. 1. Distribution of magnetosphere locations by solar-
zenith angles for the observed cases. Solar-zenith angle for
each crossing was calculated at the time of the magneto-
pause crossing, defined as np/(n, + ny) = 0.5 based on
STATIC measurements.

magnetopause. Some of these boundaries have been
discussed by a number of authors. Comparisons of
various criteria used to identify the magnetosphere
boundary (Holmberg et al., 2019; Espley, 2018;
Halekas et al., 2018) show that a sharp drop in solar
wind proton pressure by an order of magnitude seems
to be the best parameter for identifying the magneto-
sphere boundary and often coincides with a sharp
change in the composition of ions.

The transition from the daytime magnetosphere to
the ionosphere occurs quite smoothly and requires
additional analysis. For a large concentration range of
~2 orders of magnitude, a different role is played, in
particular, by the processes of recombination and ion-
ization and a number of other processes, the analysis
of which is out of consideration in this work. The fol-

lowing changes in the number density of O; and O"
and their ratio are shown in Fig. 2 during the transition
from the magnetopause to the ionosphere: (1) the
number densities of these ions change from approxi-
mately zero to ~1—2 cm™3 at 03:20:00 and continue
until ~03:25:30 with minor changes, (2) during the
time interval ~03:25:30—~03:27:20, the O," number
densities increase faster than the increase in the O*

number density and (3) the number densities of the
two ions show a small increase with a ratio

n(0;)/n(0") ~ 5. The spacecraft entered the iono-
sphere around ~03:27:00 UT, where the cold ion pop-

ulation dominates. The changing ratio n(0;)/n(O") in
the magnetosphere will be discussed later as it provides
a tool for analyzing the dayside magnetosphere.

Figure 3 shows the angle between the ion bulk
velocity and the outer normal to the planet’s surface

for O and O; ions. It can be seen that the ions in the
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Fig. 2. From top to bottom: (1) time—energy spectrogram integrated over all types of ions; the red line shows ion dynamic pressure
n*m* V2/2 assuming that all measured ions are protons, (2— 4) ener. gy -time spectrograms for protons, O" and O;r ions, (5) electron
energy-time spectrogram, (6) number densny of protons, O, O, " and the ratio of proton number density to the sum of number
densities of protons and heavy ions ny, (ot + 02) (7) bulk Velocmes of different ion species, (8) three components and magnetic
field magnitude in Mars-Sun-Orbit (MSO) coordinate system. Drop in differential energy flux at ~03:18 UT in panel 2 is due to
the change of STATIC orientation. Absence of ions with energies higher than ~500 eV after ~03:29.30 UT is associated with a
measurement mode change. Data on panels 2, 3, 4, 6, 7 are from STATIC, 1—from SWIA, 5—from SWEA, 8—from MAG. Of
the 112 selected magnetospheric boundary crossings in 2019, this type of plasma sheath was observed in about 60% of cases. The
two black vertical lines indicate the location of the magnetosphere.

magnetosheath (before ~03:19:30 UT) mainly move

o
towards the planet, since the above-mentioned angle 5 o0
is >90°. This is because the drift velocity of ion parti- 2 8 g0 -
cles trapped in the oxygen corona approximately coin- 2 s160 1 o
cides with the velocity of the solar wind. The direc- & é 140 } ’
tions of volumetric velocities of both ion components = 3 120
below the magnetopause remain stable at ~60°—40° @ £ 100
relative to the normal to the surface, indicating that .2 = 80
they are moving away from the planet. Approximately § 8 28
at 03:27:00 the angle approaches 80°, but the calculation 2 é 20 L
of this angle includes, in addition to the accuracy of the .8 5 0 T T O S S ST N S
calculated angle, the velocity of the satellite and the inac- %)D S 03:15 03:16 03:17 03:18 03:19 03:20 03:21 03:22 03:23 03:24 03:25
curacy of the calculation of the plasma velocity. g UT, HH:MM

Figure 4 shows the selection of two-dimensional

velocity distributions of O ions in Mars-Sun-Electric

" . . . . R Fig. 3. The angle between ion bulk velocity and normal to
field (MSE) coordmates, in which the X-axis points to the planet surface for O* and O} ions for the intersection
the Sun, the Y-axis runs along the transverse compo- shown in Fig. 2.
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Fig. 5. H", 0" and O;r energy spect

nent of the interplanetary magnetic field in the solar
wind, and the Z-axis runs along the motional electric
field £ = — (1/c)v X B, approximately for the same
time interval as in Fig. 2. The size of the circles shows
the ion phase space density in the velocity space. It is
observed that with increasing distance from the iono-
sphere, the Z-component of the velocities increases,
indicating that the ions are accelerated by an external
electric field.

The time interval ~03:25—~03:27 approximately
corresponds to the transition from the lower part of the

ionosphere, where the n(0;)/n(0O™) ratio is ~2, to the

upper ionosphere with n(0;)/n(0") ~ 1 (see Fig. 2).
At high altitudes, we observe an expansion of the ion
distribution function in the direction of the motional
electric field (03:24:27) and a further gradual acceler-
ation of ions (03:21:41—03:20:57 UT).

No. 5
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ra in the region adjacent to ionosphere.

Significant heating of oxygen ions in the outer part
of the plasma envelope is clearly visible in Fig. 5,

which shows the energy spectra of protons, O* and O,
ions. It can be seen that, as spacecraft approaches the
ionosphere, the ion spectra become less energetic. In
the ionosphere (~03:27:20) the temperature of oxygen
ions decreases.

Figure 6 shows another example of the daytime
magnetosphere on July 31, 2019. The magnetosheath
is shown on the left at a height of ~800 km. The criteria
for the location of the boundaries were presented in
the discussion of the previous case in Fig. 1. In the
case shown in Fig. 6, the magnetopause was crossed at
06:32:00 UT at a height of ~620 km, as indicated by
the ratio n,/(n, + ny) = 0.5, a sharp drop in the ion
energy (panel 1) and proton energy (panel 2), as well
as an increase in the concentration and temperature of

the flows of O* and O; ions (panels 3 and 4). The ion-



284

VAISBERG, SHUVALOV

s _ %
[ = @
| =1
Ee | 63 %
2 2 S °
s = = >
2 = )
A~ 48
3
o o &
0= 103 @ T
SEZ — gk
i ; g =
£ 10! P2 - : £
100 1 E
4 T =
8;183' - { 5 =
SEZ Rt i
~ <+ | e o
Zo10 : ¢
SIS
2
53]
R
TR
£o
i
58} ENm
8% i
2 3
° <
— T3
' O] Y A
e 107N P ! T e S S £
QL 100 o T ] T +
z == i 05
SEE o | e s R
10~ Y ' ‘ ‘ E
&b 10 P R A R e 1 . [, &
i | = I | T T T 5
¢ — | | 4
Szl " | | A ‘ ]
EgeE A o / i ‘ SR
;ﬁ l_—0+2 : | N \ ! §
10 I | N i i s i )
2 ' ' l T : : l
R e s ——
—_— A R S SNy SN o
% E 0 [ By Y .WW e ,‘;\/ e S——
R B o A e g ———
I
. ZMS0 > 0
ZMSO <0

Fig. 6. See caption for Fig. 2.

opause is determined at an altitude of ~440 km at
~06:35:40 UT by the drop in the temperature of hot
ions.

Just as was noted in the discussion of the previous
example (Fig. 2), the change in the numerical ratio of

0, /0" ions during the transition from the magneto-
sphere to the ionosphere occurs from 1—2 (panel 6) to
06:35:40 UT to ~5—10. Thus, in both cases, the

change in the ratio n(05)/n(0") is about 5.

Figure 7 shows the directions of ion motion from
the area in the magnetosheath to the ionosphere in
projection to the normal to the magnetopause. It can
be seen that the ions in the magnetosheath (up to
~06:31:45) predominantly move towards the planet,
since the angle between the particle velocity and the
outer normal to the planet is >90°.

DAYSIDE MAGNETOSPHERE WITH PLUME

When a plume is present in the dayside magne-
tosheath, the plasma in the magnetosphere also con-
tains populations of accelerated ionospheric ions and
pick-up ions. The characteristics of ionospheric and

pick-up ions are very similar to those observed in the
daytime magnetosphere in the absence of a plume.
Figure 8 shows a typical example of such a structure of
the magnetosphere.

—_—
B D
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20 1 1 1 1 1 1 1 J

06:30:00 06:31:30 06:31:00 06:31:30 06:32:00 06:32:30 06:33:00 06:33:30 06:34:00

UT, HH:MM

Angle between ion bulk velocity and
normal to Mars surface, deg
[ee]
(e}

Fig. 7. The angle between bulk velocity and normal to the
planet surface is less than 90°, showing the movement of
plasma away from the planet.
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Table 1. Ratio between number densities of O3 in O" different regions

n(03)/n(0™)

Parameter/region )
1n magnetopause

n(03)/n(0%)

+ 4\ s s
(0] h
in magnetosophere n(0,)/n(0) in ionosphere

Average value 1.8

Standard deviation 1.7

24 5.8

1.5 7.0

The plume is observed on 2019-08-03 UTC at
07:14:21—-07:43:09 UTC (Fig. 8). It includes a signifi-
cant part of the magnetosheath (~07:14 UT-—
~07:32:30 UT) with a 10-times drop in ion dynamic
pressure from 1 X 10~ dyn/cm?, which we define as
the boundary. A further sharp increase in the number
of heavy ions and the ratio n,/(n, + n,) (6th panel), an
increase in the magnetic field B, and a decrease in
magnetic field fluctuations (8th panel) confirm our
identification of this boundary. The SZA at the mag-
netopause crossing was ~75°.

(1)

SWIA E

Panels 3 and 4 show that the magnetosheath is
filled with plume ions. This plasma structure, charac-
terized by narrow energy spectra of heavy ions with a
monotonic increase in energy, is formed by ions
formed accelerated from extended exosphere and
upper ionosphere under the influence of the electric
field of the solar wind.

The angle between the bulk velocity of heavy ions
and the normal to the surface of the planet, shown in
Fig. 9 shows that these ions are moving away from the
planet. This angle decreases as the ions accelerate in a
motional electric field. A notable feature is that the
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Fig. 8. Same as Fig. 2 shown for magnetosphere intersection on 3
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August 2019. The ion plume is characterized by a narrow energy

propagation of heavy ions with a monotonic increase in energy from the ionosphere through the magnetosheath.
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and normal to Mars surface, deg

Fig. 9. The angle between ion bulk velocity and normal to
the planet surface for O" and O}r ions for the intersection
shown in Fig. 8.

angle differs by ~10° for both types of ions. This may
be due to the different gyroradii of these ions.

Figure 10 shows the energy distributions of O* and
O;r ions during the detection of plume ions. These

, SHUVALOV

energy distributions are very different from the distri-
butions of picked-up ions (Fig. 5).

We also observe fluxes of the O* and O, pick-up
ions with energies of 10—103 eV in the magnetosheath.
Their densities in magnetosheath are rather small
(~0.1 cm), however, they increase monotonically as
the s/c move towards the ionosphere and reach
~20 cm™3 in its upper part.

Similarly, this ion component gradually decays
during the transition from heated topside ionosphere
to a regular ionosphere at ~07:42 UT which indicate
that the plume originate from the ionosphere.

Another example of the magnetosphere when
plume is observed is shown in Fig. 11.

Using the ratio n,/(n,*+n;) = 0.5 one puts the
boundary at 12:05:00 UT. This time agrees with the
drop of total magnetosheath ions dynamic pressure by
factor of 10. This estimation indicate that the ions
energies below of ~10% energy fluxes of O* and O,"
ions are accelerated within magnetosphere.

The ratio of ion number densities O, /O* increases
from a lower value of ~3 in the magnetosphere to ~8 in
the ionosphere. It seems that it is determined by ion-
ization by ultraviolet radiation and atmospheric pro-
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Fig. 10. Energy spectra of protons and heavy ions in different regions. Peaks in the low-energy part of the O" and O; spectra

belong to the ion plume.
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Fig. 11. Another example of a dayside magnetosphere with plume feature. See caption for Fig. 2.

cesses in the upper ionosphere, the same value of the
ratio in the magnetosphere is determined mainly by
ionization by ultraviolet radiation.

Like in the previous case of magnetosphere cross-
ing with plume feature, bulk velocities of accelerated
ions are directed away from the planet (see Fig. 12),
and the angle between this direction and the planet
surface normal decreases as particles accelerate.

Figure 13 and Table 1 show the average ratios of

n(0;)/n(0%) over 3 observed sets of magnetospheres
crossings considered in this paper. The scatter of num-
bers is significant the average values are distinct.

It is known that plume ions originate from iono-
sphere and are accelerated by motional electric field of
the solar wind plasma (Dubinin et al., 2006 and refer-
ences therein) making an important atmospheric loss
channel (Dong et al., 2015). In order to make a rough
estimation of the height from which the electric field
starts to accelerate plume ions to the observed energy
values we compared the measured energies in the
plume with electric field potential drop between the
spacecraft position and height of 420 km above the
surface of Mars in the +2,,¢i direction (Fig. 14) for the
crossing presented in Fig. 8. This height of 420 km was
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selected for best fitting between the two curves in Fig.
8 and is also close to the upper boundary of the iono-
sphere. The blue line shows the energy value with the
highest measured differential energy flux at a certain
moment of time. The motional electric field was cal-
culated from the measurements upstream from the
Martian bow shock as £ = —(1/c)[Vsw X B], where
Vsw is the measured by the STATIC proton bulk veloc-
ity averaged over the time interval from 7:00 to 7:10
UT, and B is magnetic field vector measured by MAG
and averaged over the same time interval.

In general, the curves are in a good agreement with
each other. Discrepancy between the curves seen in
energies higher than 100 eV are probably caused by
cycloidal motion of the plume ions, as a result of that
the ions are detected further from spacecraft than pre-
dicted by our simple model and, accordingly, cover a
longer path gaining an additional energy. It is seen that
ions in the model are significantly under-accelerated
in the left part of the figure, compared with the mea-
sured ion energy. It may be apparently related with the
electric field in the magnetosheath that has not been
taken into account and that is stronger than the
upstream electric field. The proposed model can also
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be used for estimation of the height from which the
electric field starts to accelerate ionospheric ions.

CONCLUSIONS

This analysis of plasma and magnetic field are
bases on the MAVEN data. The measurements of
plasma and magnetic field at 115 passes at altitude
above ~300 km in the north hemisphere at solar-
zenith angles ~70° within time interval July 27, 2019—
October 31, 2019 were analyzed. Previous analysis of
other dayside sets of regions between the dayside mag-
netosheath and ionosphere did not include the cases
with the plume. In current selection of passes of day-
side magnetosphere we included the plume cases and
it was found that the ratio of cases without the plume
(cases A) to the cases with plume (cases B) was
approximately 50%.

Previous analysis (Vaisberg and Shuvalov, 2021)
did not reveal any cases of direct interaction of magne-
tosheath on the dayside of the planet with the iono-
sphere. The layer between magnetosheath and iono-
sphere was filled with a mixture of heated ionospheric

O* and Oj ions and picked-up and accelerated exo-
spheric ions by the solar wind. This layer was called the
Martian dayside magnetosphere.

A more detailed analysis of the magnetospheric

plasma showed fairly regular profiles “A” of O and O;
ions number densities and their ratios (see. Figs. 2 and 6):
(1) initial sharp increase in the magnetopause from

O;/O* ~ 1, (2) smooth or two-step increase by 1.5—
3 times with change of O, /0" ~ (1—2) and (3) short
rise of O, especially O, significant rise of O;/O"

ratio, (4) slow rise of O; and O* ions number density
with values typical for the upper ionosphere.

In “B” cases (plume, Figs. 8 and 11) one can see a
heated layer of the ionosphere above the cold iono-
sphere: average increase in ion energy up to ~10 eV in
Fig. 8 and up to ~10% eV in Fig. 11. These boundaries
correspond to the location of obstacles, which corre-
spond to the dips in the energy flux of the magneto-
sphere for both cases. Figures 9 and 12 confirm the
location of the boundaries between magnetospheric
flows and obstacles.

In short, plume originating on the dayside of Mars
is involved in the formation of a region that plays the
same role as the dayside magnetosphere, being an
obstacle between the magnetosphere and the iono-
sphere.
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