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Abstract—A deceleration of the solar wind upstream of the Martian bow shock near the terminator plane is
analyzed using data of the TAUS spectrometer on board the Phobos 2 spacecraft. The value of the velocity
decrease upstream of the Martian bow shock for outbound orbit parts (on average these cases correspond to
crossings of the quasi-parallel shock wave) is inversely proportional to the density of the undisturbed solar
wind, but practically there is no such dependence for inbound orbit segments, which are, on average, attrib-
uted to crossings of the quasi-perpendicular shock wave. This fact can be explained by the existence of an
extended corona of neutral particles near Mars that causes the solar wind deceleration upstream of the shock
wave; however, in the case of crossing quasi-perpendicular shock wave, an important role is played by the
strong mass loading of the solar wind by reflected protons. The obtained dependence of the velocity decrease
upstream of the bow shock on the density of the undisturbed solar wind allows one to estimate the density of

neutral particles in the Martian corona.

INTRODUCTION

Verigin et al. [1] considered a deceleration of the
solar wind upstream of the Martian bow shock using data
of the TAUS experiment on board the Phobos 2 space-
craft in its first three elliptical orbits near Mars. The
velocity decrease of the solar wind upstream of the bow
shock near the subsolar point was about 100 km/s. It
should be stressed that the deceleration can be caused
by the mass loading of plasma flow by ions originat-
ing from the oxygen/hydrogen corona of Mars and/or
by protons reflected from the bow shock. The limiting
hot oxygen density profile in the corona and the upper
limit of the rate of oxygen loss by the planet were esti-
mated, taking into account only the influence of the
Martian oxygen corona. However, the estimates of the
oxygen corona density obtained were 5 times higher
than the maximum theoretical value calculated by the
model of Ip [2, 3].

Barabash and Lundin [4] studied the deceleration
of the solar wind upstream of the bow shock in the
third elliptical orbit using the data of the ASPERA
experiment. It follows from their estimates that about
60% of the observed solar wind deceleration was con-
nected with protons speculary reflected from the bow
shock. Dubinin et al. [5], analyzing the data of the
ASPERA experiment obtained in first four Phobos-2
orbits, revealed an asymmetry of the plasma density
increase in front of the bow shock. They attributed this

asymmetry to a change in the interplanetary magnetic
field orientation.

According to theoretical [6-8] and experimental
[9, 10] investigations of the Earth’s bow shock, the den-
sity of reflected protons may be up to 20-30% of the
incoming density of the solar wind in the case of a quasi-
perpendicular wave. These ions are later turned by the
solar wind magnetic field and quickly come back to the
bow shock. The solar wind deceleration occurs at small
distances from the bow shock <r,, = V,/®,; where
V| is the solar wind velocity component perpendicu-
lar to the shock wave front, and ®,; is the gyrofre-
quency of protons [9, 11]. The motion of the leading
centre of specularly reflected protons is directed from
the bow shock; however, their density is only ~3% of
the incoming flow density of the solar wind [12] in the
case of a quasi-parallel wave.

The solar wind deceleration, 7-10 km/s on aver-
age, is observed near the Earth in front of the quasi-
parallel wave in the foreshock region [13, 14]. “Diffu-
sive” ions flowing from the bow shock cause it. These
ions should also exist near Mars in front of the quasi-
parallel shock wave and should decelerate the flow of
the solar wind.

In this work, we will attempt to consider different
causes of solar wind deceleration in front of the bow
shock based on the difference between ion reflection
from quasi-perpendicular and quasi-parallel shock
waves. The mass loading of the solar wind by ions
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from the neutral corona of Mars implies that deceler-
ation should be inversely proportional to the solar
wind concentration. An analysis of this dependence
will allow us to estimate the contribution of the Mar-
tian corona to the solar wind deceleration in front of
the bow shock near the planet.

INSTRUMENTATION AND RAW DATA

This work is based on data of the TAUS and
MAGMA experiments on board the Phobos-2 space-
craft. The TAUS energy spectrometer was specially
designed for studies of the solar wind and its interac-
tion with Mars [15]. It allowed us to measure sepa-
rately the spectra of protons, alpha-particles and
heavy ions (M/q > 3, where M is the ion mass number
and q is its charge) within the energy range per unit
charge of ~30-6000 V, subdivided into 32 channels. The
TAUS spectrometer had a field of view of ~40° x 40°,
centered so as to adjust for solar wind aberration (~5°
off the solar direction in the ecliptic plane), which was
divided into 8 x 8 angular bins. Total proton spectrum
was measured for 8 s. The MAGMA flux gate magne-
tometer had a range of £100 nT resolution 0.05 nT and
returned data at a rate of one vector in every 1.5 or
45 s depending on the telemetry mode [16].

The Phobos-2 spacecraft was in a near circular
orbit (~9500 km from the planet’s center), quasi-syn-
chronous with the orbit of the moon Phobos from Feb-
ruary 20 to March 26, 1989. During this time interval,
TAUS provided one proton spectrum in an energy
range of 150-6000 eV every 2 min, and MAGMA
measured one magnetic field vector every 45 s. Unfor-
tunately, most of the time the Phobos-2 spacecraft was
rotating, and the angle between the axis of rotation
and the Sun-Mars line sometimes was as large as
~20°. Thus, only the magnitude of the magnetic field
vector will be used in this work.

The bow shock crossings were identified by a sud-
den decrease of the mean energy with simultaneous
broadening in the proton spectra, and correlated
increase of the magnetic field value [17, 18]. Data
obtained just before the outermost crossings were
considered in a case of multiple crossings of the bow
shock.

EXPERIMENTAL RESULTS

Altogether, 41 inbound and 29 outbound magneto-
sphere crossings of the bow shock by the spacecraft
were considered in analyzing the solar wind decelera-
tion upstream of the Martian bow shock by data of the
TAUS experiment. Simultaneous data of the magnetic
field are available for 36 and 26 bow shock crossings,
respectively. We excluded several crossings from our
analysis because large variations of solar wind speed
had been observed near the Martian bow shock.

The average angle between the spiral Martian mag-
netic field and the Sun—Mars line is ~56° near the orbit
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of Mars. Therefore, a quasi-perpendicular shock wave
is observed more frequently on average on the dusk
side for spacecraft entering into the planet’s magneto-
sphere, and a quasi-parallel shock wave corresponds
to the dawn side for spacecraft exiting from the mag-
netosphere. It is impossible to reliably determine the
type of the shock wave, quasi-parallel or quasi-per-
pendicular, crossed by the spacecraft for any given
case because of its rotation in most orbits. Some con-
clusions can be made only analyzing variations of the
magnetic field magnitude during shock wave cross-
ings.

Figure 1 presents examples of solar wind parame-
ter variations for bow shock crossings during inbound
and outbound passes of the magnetosphere. The
spacecraft was rotating during both passes, but large
regular variations of solar wind density were not
observed, so the rotation axis (and, therefore the
TAUS field of view) was pointed to the near Sun direc-
tion. A profile of the magnetic field variation with a
distinctive shock foot and an overshoot shows that
Phobos-2 crossed the quasi-perpendicular shock wave
at 23:37 UT on March, 2. The angle between the mag-
netic field direction and the shock wave normal was
estimated using a model of the Martian bow shock
[19, 20] and magnetic field data corrected for the rota-
tion of the spacecraft (Bzy ~67°). The spacecraft
crossed the quasi-parallel shock wave at 03:19 UT on
March 2 (05, ~ 40°). It can be seen that a rather strong
deceleration of the solar wind upstream of the bow
shock is observed for the entry of the spacecraft into
the magnetosphere, but a gradual deceleration of the
solar wind is observed for the exit from the magneto-
sphere.

Figure 2 shows variations of average normalized
parameters of solar wind protons upstream of the bow
shock, their velocity V,, density N,, and temperature
T, It illustrates the difference between magnetopause
crossings for outbound and inbound segments of the
spacecraft orbit that reflects a difference between cross-
ings of quasi-parallel and quasi-perpendicular shock
waves. These parameters were averaged for a 20 min
time interval centered by ~50 min apart from the bow
shock crossing by the spacecraft. Figure 2a shows these
parameters averaged for all bow shock crossings. The -
empty and solid circles correspond to inbound and
outbound passes, respectively. The average decelera-
tion of the solar wind upstream of the bow shock is
~7% of the solar wind velocity for inbound passes to
the magnetosphere and ~4% for outbound passes. In
addition, the deceleration is sharper in the former
case. Such a strong deceleration for outbound orbit
section is apparently caused by a large number of pro-
tons reflected from the quasi-perpendicular shock
wave and concentrated near its foot. However, a more
gradual deceleration of the solar wind approaching
the bow shock for an inbound orbit section may be
attributed to the mass loading of the flow by oxygen
and hydrogen ions originating from the corona of
1996
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Fig. 1. Variations of parameters of the solar wind upstream of the bow shock (BS) near Mars for the satellite entry to the mag-
netosphere and exit out of it on March 2 at (a) 23:37 UT and (b) 03:19 UT, respectively.

1

Mars. The effect of coronal ions on the inbound pass
through the magnetosphere is accompanied by a
stronger mass loading of the flow by specularly
reflected protons.

Figure 2b presents profiles of the normalized solar
“wind velocity, density, and temperature, which have
been averaged depending on the ratio B,/B,,, where
By, is the solar wind magnetic field averaged for the
same time intervals as all other parameters, and B, is
the magnetic field in the transition region (magneto-
sheath) behind the overshoot. The empty and solid cir-
cles show average solar wind parameters correspond-
ing to those shock wave crossings where the ratio
B, /B, was greater or less than 2.3, respectively. This
separation of the data may reflect a difference between
crossings of quasi-perpendicular and quasi-parallel
shock waves (see Figs. 9 and 10 in [21], taking into
account that the magnetosonic Mach number was
greater than 3 for almost the entire time of circular
Phobos-2 orbits).The change of normalized parame-
ters in Fig. 2b is similar to that in Fig. 2a. The differ-
ence between density profiles in Figs. 2a and 2b qual-
itatively corresponds to the asymmetry of density
COSMIC RESEARCH Vol. 34
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changes in front of the bow shock in the subsolar
region discussed in [5].

Let us consider the dependence of solar wind
deceleration on its density to check the relationship
between the solar wind deceleration upstream of the
bow shock and the mass loading of the flow by ions of
planetary origin.

Verigin et al. [1] used the equations of hydrody-
namic flow [22] accounting for the mass loading of
the solar wind by ions of planetary origin:

div(NV) = 0,

div(pV) = 0, S
P(V, V)V = —VP _QV’

div(V(pV*/2+yp/(y~-1))) = 0,

where N is the proton density; p and p are the mass
density and pressure in the solar wind flow, respec-
tively; V is the velocity; ¥ is the specific heat ratio;
0 = M;n(r)/t,,, is the mass loading rate by ions of
mass M;; n(r) is the density of neutral atoms in the
corona depending on the planetocentric distance r;
and T, is their ionization time scale.
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Fig. 2. Variations of average relative parameters of the solar wind upstream of the bow shock near Mars. Vertical bars mark mean-

square deviations of the calculated average parameters.

In the case of the weak loading of the hypersonic
flow in the linear approximation the velocity V(r, @)
and density N(r, @) of solar wind protons (¢ is the
zenith angle, i.e., an angular distance of the point of
observation and the Mars-Sun line) change along the
satellite orbit according to equations [1]

(v + 1)Mi"oro(r_6)

2N0'ti°nm
+1'll("o) cos @ — 3cosq)+2

3ng\ r (psm )
20

(y-1 )Minoro(fg) [(
2V01ioump r (’Y - 1) sin(p

3
ny(ry
no(’)
(2(cos Q- 3cos(p+2) 4(1—cos(p)

3(y—1)sin‘@ )}

where V,, and N, are the velocity and density of the
undisturbed solar wind; m,, is the proton mass; and ry,

¢

V= Vo- r/sing

x{l

N=N0+

@

0= s1n(pcos<p)
2sin’ (0}

3sin° (0}

ng, and n, are parameters of the model density profile
of neutral atoms in the Martian corona [1}:

n(r) = no(r—:)z + nl(r—ro)s, 3

where (n, +n,) is the density of the Martian corona at
a distance ry = 10* km.

The equations (2) can be rewritten as follows:

noM;r n
Vr ) = Vo224 0,2y ),
@
N(r0) = No+ =%(r. 0,21y ).

All circular orbits of the Phobos-2 spacecraft were
identical. The parameter n;/n; is determined by the
corona model; therefore, functions f(r, @, n,/n,, y) are
equal for different passes. Thus, it can be expected
that the deceleration of the solar wind upstream of the
bow shock V;— V, (V, is the solar wind velocity just in
front of the bow shock) is inversely proportional to the
density of the undisturbed ‘solar wind which deter-
mines the influence of the Martian neutral corona.

Figure 3 shows the solar wind deceleration
upstream of the Martian bow shock versus the solar
No. 6
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wind density N, for inbound and outbound passes of
the planet magnetosphere, as well as for cases where
the B, /By, ratio is greater or less than 2.3. It can be
seen that for outbound passes of the magnetosphere
and cases of a small jump of the magnetic field on the
shock, the velocity drop is really inversely propor-
tional to the solar wind density. However, this depen-
dence is weak for inbound passes of the magneto-
sphere and for a large jump in the magnetic field. This
is apparently evidence of the crucial influence of the
hot oxygen and hydrogen corona on the solar wind
deceleration upstream of the quasi-parallel near the
planet shock wave, whereas the effect of the Martian
corona is not well pronounced for quasi-perpendicular
shock wave crossings because of a considerable effect
of reflected protons.

For quantitative estimates it is necessary to use
more exact relations accounting for different coordi-
nates of crossing points of the Martian bow shock and
the difference between the measured solar wind
parameters V,, and N,, and the undisturbed solar
wind parameters V;, and Ny:

nOM,-rO
V, = V,- ,
s 0 NOTion fs
noM;r,
V. =V,— 5
sW 0 NOTion f sw? ( )
noMiro
N, = No+——2 .,
sW 0 + VOTion 8sw

Wherefv =ﬂrs’ ®s» nI/nOs Y),fsw =f(rSW’ (L nI/nO’ Y)’
8sw =fFews> Osw» N1/1g, ), the s index corresponds to a
point just in front of the bow shock and the sw index
corresponds to a point of the spacecraft trajectory
inside the solar wind distant at ~50 min from the bow
shock. It is possible to get a reduced drop in the solar
wind velocity from equations (5) using a linear
approximation:

sz_ Vs Tion (1 sz" ngsw) _ ny
fs_fstirO fs_fsstw Nsw‘

One can see from (6) that the dv value should be
inversely proportional to the solar wind density.

Figure 4 shows the reduced drop of the solar wind
velocity (n;/ny = 1/3) versus the density for the same
four groups of spacecraft crossings of the Martian
magnetopause as presented in Fig. 3. The correlation
is much better in Fig. 4 than in Fig. 3, especially for
the case of shock wave crossings with a small mag-
netic field jump B, /B, <2.3.

One can estimate the density of neutral particles ng
in the corona using the least-squares method, provided
that the deceleration of the solar wind upstream of the
bow shock near Mars is only caused by the extended
corona of neutral particles in the case of a spacecraft exit-
ing the magnetosphere or of a small jump in the mag-
netic field at the bow shock. That is, ro = 500 + 10 cm?
and ny = 590 + 10 cm?, respectively.

(6)

dv=
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Fig. 3. The drop of solar wind velocity V,, — V versus the
solar wind density N, for four groups of crossings of near
Mars bow shock.
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DISCUSSION

Measurements by the TAUS energy spectrometer
aboard the Phobos-2 spacecraft revealed a regular
deceleration of the solar wind flow upstream of the
Martian bow shock. The deceleration has been
observed during three passes of the bow shock in the
subsolar region, the data from which are available,
and during a majority of passes in the terminator
plane. The relative velocity drop is greater by a factor
of 1.5-2 and sharper upstream of the bow shock on the
dusk side than on the dawn side, where the velocity
drops more gradually (Figs. 1 and 2). This difference
is apparently a consequence of the fact that a quasi-
perpendicular shock wave is usually observed on the
dusk side, but a quasi-parallel shock wave on the dawn
side.

As has been already stressed in the introduction,
there are two possible causes of the deceleration of the
solar wind upstream of the bow shock near Mars: the
mass loading of the solar wind flow by ions originat-
ing from the neutral corona of the planet and/or by
protons reflected from the bow shock.

Our analysis of the solar wind deceleration
upstream of the bow shock near Mars has shown that
the velocity drop is inversely proportional to the solar
wind density for inbound crossings of the bow shock
by the spacecraft and for bow shock crossings with a
small jump on the magnetic field. This suggests that
the oxygen and/or hydrogen corona near Mars gov-
erns solar wind deceleration in these cases.

The number of protons reflected from the bow
shock, which may also cause the deceleration of the
solar wind, depends on different solar wind parame-

h, km

10000

5000+

L1l

Ly gl

N 1811yl
10° 10¢ 10° 108
n, cm™

Fig. 5. Profiles of the hot oxygen density in the Martian
corona. Solid line is the profile calculated in this work on
the basis of the analysis of bow shock crossings near the
terminator plane. Dashed line is the profile calculated in
[1] using the analysis of bow shock crossings near the sub-
solar point.
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ters: the angle 05y, Mach number, plasma parameter 3,
specific heat ratio and others [7]. Among these param-
eters, only the Alfvenic Mach number M, and
depend on the solar wind density. The fraction of
reflected ions with respect to the number of incident
solar wind ions apparently increases with M, and B
[7]. Therefore, the solar wind deceleration should cor-
relate with the solar wind density in the case of deter-
mining the influence of specularly scattered protons
contrary to the case of the loading of the flow by ions
of planetary origin.

Similarly, it is impossible to describe the obtained
results by “diffusive” ions flowing from the bow
shock in the foreshock region upstream of the quasi-
parallel shock wave. Actually, the solar wind deceler-
ation of 20-30 km/s upstream of the Martian bow
shock (Fig. 3, left) is greater on average than the solar
wind deceleration observed in the foreshock near the
Earth (7-10 km/s). A value of 2540 km/s was
observed only in some individual cases [13]. The den-
sity of diffusive ions flowing from the shock waves
proportional to the density of incident solar wind flow
[23] and, therefore, the loading of the flow by these
ions, will lead to a drop in the solar wind velocity
independent of the density of the incoming flow. This
contradicts the relationship considered above between
the solar wind deceleration and its density for a quasi-
parallel shock wave.

Assuming that the solar wind deceleration upstream
of the quasi-parallel shock wave is mainly caused by
the loading of the flow by ions originating from the
hot oxygen corona near Mars, and applying the model
of oxygen corona presented in [2, 3], one can estimate
from equation (6) the parameter n,, of the density profile
of the oxygen corona given by (3): ny ~ 500-590 cm™.
Figure 5 shows the density height profile (solid line)
of the hot oxygen in the Martian corona. This profile
is naturally more reliable near the orbit of Phobos-2,
i.e., at a height of ~6000 km. The dashed line in this fig-
ure corresponds to the oxygen profile obtained in [1]
analyzing data from the elliptical orbits (r, ~ 500 cm=,
ny/ng = 1/3). This profile is more reliable at a height
of ~1500 km, where the bow shock is observed near the
subsolar point. The good agreement between these pro-
files is clear. Therefore, the profile with parameters of n,
~ 500 cm™, ny/ny = 1/3 describes well the solar wind
deceleration upstream of the Martian bow shock in the
subsolar region and agrees with the discovered corre-
lation of the solar wind deeeleration and its density in
front of the quasi-parallel shock wave near the termi-
nator plane. However, the hot oxygen density accord-
ing to this profile is about 5 times higher than density
values from the Ip model [2, 3], and the divergence
from other models is still higher [24-26].

Generally speaking, the profile discussed above
describes not only the oxygen corona of the planet,
but incorporates the hydrogen corona as well. The
value of the velocity drop in front of the bow shock

COSMIC RESEARCH Vol. 34
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caused by the loading of the solar wind by ions of
planetary origin is proportional to the mass of loading
flow ions and the corona density, and is inversely pro-
portional to the ionization time scale of neutral atoms
of the corona (2), (4). If the hydrogen density profile
ny(r) in the corona is similar to expression (3), then
the obtained profile n(r) is

My,
Moty

2 3
24
r 3\r
where Mg, To and My, Ty are the masses and ioniza-
tion time scales of oxygen and hydrogen respectively.
Picked-up protons originating from the Martian
hydrogen corona were observed in the solar wind
upstream of the bow shock during the ASPERA
experiment on board Phobos-2 [27]. The density of
hot oxygen was never measured in the vicinity of
Mars, and the density of hot hydrogen was estimated
using Lyman-alpha line data obtained during the
period close to the solar activity minimum aboard the
Mariner-6, 7, 9 and Mars-2, 3 spacecraft [28, 29]. The
thermal hydrogen density may be 10 times greater than
the hot oxygen density during a period of solar activity
minimum [24-26]. It can be assumed that the same rela-
tion would be valid for the period of Phobos-2 observa-
tions close to the solar activity maximum.

The total ionization time scale can be estimated by
an expression

n(r) = no(r) + ny(r)

Q)

1 1 1 1

= + =+ —,
Tion Tphot Tee Tim
where Ty, is the photoionization time scale, T, is
the charge exchange time scale, and 1, is the time
scale of electron impact. Near the orbit of Mars, the
ionization time for atomic oxygen is To = 2 X 105 s
(Tonot ~ 1.4 X 1058, T, ~ 4 X 1085, T, ~2 X 107 s at a
distance of 1 AU from the Sun). The ionization time
for atomic hydrogen is Ty ~ 3 X 108 s (T ~107,
T ~1.7 X 108 s, T, ~ 5 X 107 s at 1 AU from the Sun)
[30]. Taking into account the mass difference of oxy-
gen and hydrogen, it follows from (7) that the contri-
bution of the hydrogen corona of Mars in the solar
wind deceleration process may reach 30% of the oxy-
gen corona contribution. Nevertheless, even account-
ing for the possible effect of the hydrogen corona, the
oxygen density determined by the solar wind deceler-
ation is ~3.5 times higher than the density estimated
using the most extreme model [2, 3].

Barabash and Norberg state in [31] that the helium
corona of Mars may also affect the mass loading of the
solar wind near Mars. However, the hydrogen density
exceeds the helium density beginning from a height of
~1200 km, even according to the extreme work model
of Moroz [32], with exponent extrapolation to heights
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greater 450 km. All crossings of the Martian bow
shock occurred at large heights (~1500 km near the
subsolar point and ~6000 km near the terminator
plane). The ionization time scale of helium is about
one order of magnitude greater than the hydrogen ion-
ization time. Therefore, the influence of the helium
corona may be neglected for the solar wind decelera-
tion upstream of the bow shock near Mars.

CONCLUSION

Plasma and magnetic field data obtained by the Pho-
bos-2 spacecraft in the vicinity of the Martian bow shock
near the terminator plane have been analyzed.

Solar wind velocity upstream the bow shock
decreases by about 7% for entry of the spacecraft into
the Martian magnetosphere (dusk side) and by about
~4% for exit from the magnetosphere (dawn side),
with a sharper drop of the velocity being observed on
the dusk side. Observations corresponding to shock
wave crossings with a large and small jump of the
magnetic field differ in similar ways. This suggests
that the spacecraft more often crosses a quasi-perpen-
dicular shock wave on the dusk side, but a quasi-par-
allel shock wave on the dawn side.

The velocity drop is inversely proportional to the
solar wind density for outbound crossings of the bow
shock (quasi-parallel shock wave) by the spacecraft, but
this dependence is weak for inbound crossings of the
bow shock. This difference allows one to separate possi-
ble causes of the solar wind deceleration upstream of the
bow shock. The mass loading of the solar wind by ions
originating from the neutral corona of Mars describes
well the solar wind deceleration upstream of the quasi-
parallel shock wave. In the case of the quasi-perpendic-
ular shock wave, the solar wind deceleration is caused
also by protons refiected from the bow shock.

The obtained dependence of the reduced drop of
solar wind velocity upstream of the bow shock for
spacecraft exiting from the magnetosphere allows one
to calculate a density profile of the oxygen-hydrogen
corona of Mars, which is naturally more reliable at a
height of ~6000 km. This height corresponds to shock
wave crossings near the terminator plane. This profile
agrees well with the profile calculated earlier using
the data of shock wave crossings near the subsolar
point [1]. However, the oxygen density determined by
this profile is ~3.5 times higher than the density esti-
mated using the extreme model [2, 3].
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