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ABSTRACT 
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A self-consistent quantitative model is presented which describes the planetary bow shock motion and its shape 
variation due to variations of the external plasma flow parameters and the magnetopause shape. This model is 
applied to the analysis of the Martian bow shock motions and for the explanation of its unusual properties. 
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INTRODUCTION 

Multiple crossings of the Martian bow shock by the Phobos 2 orbiter disclosed unusual properties of this boundary 
as compared to other planetary shocks. The terminator position of the bow shock turned to be very weakly depend- 
ent on the solar wind ram pressure pV2 (Schwingenschuh et al, 1992; Verigin et al., 1993) resembling similar de- 
pendence at nonmagnetic Venus (Tatrallyay et al., 1983). Meanwhile the location of the Martian shock at termina- 
tor was subjected to very large temporal variations, specific for the planets where bow shocks are formed by a 
‘soft’ obstacle produced by intrinsic dipole planetary field. These variations, however, did not obscure the depend- 
ence of the Martian bow shock terminator position on the angle between the shock normal and interplanetary mag- 
netic field Qb,, similar to the dependence revealed at Venus (Zhang et al., 1991). 

In order to explain unusual properties of the Martian bow shock Verigin et al. (1993) assumed the stable position 
of the magnetopause subsolar region, and later they developed a quantitative model of the Martian magnetopause 
for different pV* (Verigin et al., 1996). Specific features of this model are the ‘stagnation’ of the subsolar magne- 
topause for pV2 2 6x 1 w9 dyn cmm2 and the variation of the magnetopause shape as a function of the solar wind ram 
pressure. In the present paper we will try to compare the observed positions of the Martian bow shock with posi- 
tions calculated using the model magnetopause shape and solar wind parameters observed in individual Phobos 2 
orbits, An empirical bow shock model will be presented which provides possibility of fast and reasonably accurate 
calculation of the bow shock position at any zenith angle for different magnetopause shapes, Qbn, and a wide range 
of upstream sonic MS and Alfvenic M, Mach numbers. 

APPROACH TO THE BOW SHOCK MODELING AND COMPARISON WITH PREVIOUS MODELS 

Modeling of the planetary shocks began from the calculations of the HD flow around the obstacle with a shape 
resembling the geomagnetosphere (R&o - -1.26, see definition of space variables in Figure 1) for several values of 
MS and specific heats ratio y (Spreiter et al., 1966). These bulky calculations combined with earlier aerodynamic 
empirical idea that A is a function of the fluid density compression across the bow shock 
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E=PI/P~= Ku - 1)M: + 211 KY + 1)M:l (1) 
(subscripts 1, 2 correspond to flow regimes upstream and downstream the shock, re- 
spectively) lead Spreiter et al. (1966) to the following linear relation: 

A/r,, = l.l.&, 5 <M,<m. (2) 
Taking into account that A+ 00 when M,+l Eq. 2 was intuitively modified by Farris 
& Russell (1994) to the following one: 

A/r,,=I.l.a.Mf/(M~-I), (3) 
though with uncertain limits of applicability. Improvement of computers permitted to 
realize MHD calculations of the flow around magnetosphere (Ro/rO ~1.47, Cairns & 
Lion, 1995) but again for a limited number of M,, M, and Qbn combinations. The fol- 
lowing linear relation was introduced for the approximation of these results: 

A I r, = 3.4. E - 0.6 , M,=7.6, 1.4~ Ma<~, (4) 
where E now is the real root of the following cubic equation (e.g., Zhuang &Russell, 
1981): 

magnetopause -‘.... 

Fig. 1. Definition of space 
variables: rO, rr are distances 
to the obstacle (magneto- 
pause) and shock, respec- 
tively, IQ,, R, are proper cur- 
vature radii, A is the bow 
shock stand off distance. 

E3 _ y-I + Y + (Y + 2)Cos29,, 2 

Y+l (Y + l)M: 
+I r2+ 

(Y + W-t 1 (5) 

Calculations of the gasdynamic flow around different bodies had a long history prior to they were applied to the 
flow around magnetosphere. Among multiple approximations available it is worth to present expressions of Mi- 
nailos (1973) and Stulov (1969) for A and R, , respectively: 

A/R, =~(0.76+1.05~*), 1.5<M,<a; R, =A.(l+m)/~, M, 23, (6) 
and results of analytical studies by Shugaev (1964) of asymptotic behavior of R, and A when M,--+ 1: 

R, - (M, - 1)-5’3, A - (M, - l)-2’3. (7) 
From the boundary condition specific to the symmetry axis of the curved shock (e.g., Biermann et al., 1967) one 
can deduce that both Rs and A can naturally be approximated as a function of E’ = ~/(l-E). Omitting details we will 
present expressions for A and R, below, which approximately coincide with Eqs. 6 for sufficiently large M,, have 
proper asymptotic behavior (Eq. 7) when M,-+ 1, and reasonably describe results of gasdynamic experiments (see, 
e.g., data summarized by Belotserkovsky et al., 1967) for intermediate values of M,: 

A / rO = (R, / r,,).(&‘/(1.87+ 0.86/ E’~“))*‘~, R,/r,, =(R, /r,)~((1.058+a’)/1.067)“‘3. (8) 
A solid curve in Figure 2 presents the dependence of A/r0 on M, according to Eq. 8. Filled squares in this figure are 
the results of the HD calculations of Spreiter & Stahara (1995) recently extended to M, smaller than in the original 
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Fig. 2. Comparison of the HD simulation re- 
sults with empirical Eq. 8. 

Spreiter et al. (1966) paper. Previous empirical Eq. 2 (Spreiter et al., 
1966) underestimates A (long dashes) while Eq. 3 (Farris & Russell, 
1994) overestimates A (short dashes) for small M,. The dependence of 
A/r,, on M, according to Eq. 8 is shown in Figure 3 by solid and dashed 
curves for Qbn = 90” and 45”, respectively. Here Eq. 5 instead of Eq. 1 
was used for the calculation of E and E’. Filled circles and squares cor- 
respond to results of the MHD simulations of Cairns & Lyon (1995) 
for Qbn = 90° and 45”, respec- : 2 ~_ 

tively. It is obvious that empiri- 
cal Eq. 8 is in reasonable 

- k 
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agreement with the results of ,o -: ‘” 
MHD simulations, too. -3 1 , 

. 
Three parameters: stand off distance A, radius of curvature R, in the nose , .* 
point, and asymptotic downstream slope Qd = arcsin(l/MJ are necessary 0 ~’ 
and sufficient for the determination of a hyperbolic curve x(y) which could 0 2 4 6 a 10 

be considered as a zero proxy to the bow shock surface: Aifvanic Mach number (M, -7.6) 

x(y) = r,, + A + R,(Mi - 1) - R,(M; - l)dl + y* / [Rf (M; - l)] , (9) Fig. 3. Comparison of the MHD simula- 
tion results with empirical Eq. 8, 
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where y is the distance from the x-axis and M,, 5 Md < min(M,, M,), M,, is magnetosonic Mach number. Two lin- 
ear over y terms added to the zero proxy curve (9) inside and outside of the square root do not spoil all its useful 
properties if all coefficients will be properly selected. Above procedure leads to the appearence of single ‘shape 
parameter’ x which provides possibility to fit the results of HD calculations: 

x(y)=r,, +A+xR,(Mi -1)-y,/m-xR,(Mi -1) 
/s- (lo) 

l- 

2 . 10 _. W”,. 
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Fig. 4. Comparison of the HD calculated bow shocks. Present 
paper calculations are marked by different symbols. Filled sym- 
bols and solid curves correspond to y=5/3, empty triangles and 
dashed curves to y=2. In (a) for every y three shocks are presented 
for M, = 2,4, and 8, in (b) M, = 8. 

Figure 4 demonstrates the correspondence of the 
bow shock shapes calculated using Eq. 10 to shapes 
resulted from the HD modeling for an obstacle of 
fixed shape and different y, M, (Spreiter and Sta- 
hara, 1995) (a), and for an obstacle of variable shape 
(Spreiter et al., 1970) (b). In our calculations we 
used 

~=0.5+0.38R,/r,-2.5x10-5y5(y-l)3/a6 (11) 
and all other external flow parameters coincident 
with those used in the HD modeling. (Note possible 
mislabeling of the second and third shocks from the 
obstacle in original Figure 12 of Spreiter and Sta- 
hara (1995) corrected in Figure 4a). 

APPLICATION TO THE MARTIAN BOW 
SHOCK OBSERVATIONS 

The values of proton density nr, velocity V, and temperature T, measured by the TAUS ion spectrometer and mag- 
netic field B measured by the MAGMA magnetometer onboard the Phobos 2 orbiter were used to evaluate pV*, 
M,, M, in a manner described by Verigin et al. (1996). Uncertainty caused by the unknown phase of the Phobos 2 
rotation around the axis approximately pointing to the Sun is not important for Qbn determination in the subsolar 
region of the bow shock. The influence of this uncertainty on the Md value selection results in the scatter of the 
expected bow shock crossings with Phobos 2 orbit, which is much less than the scatter of the observed crossings. 
We used & = M,, for certainty. Upstream values of pV* were used to determine subsolar distance r. and curvature 
radius I& of the magnetopause according to the model of Verigin et al. (1996) with planetary magnetic moment of 
0.82x 1 O** G cm3. Thus, values of pV*, M,, M,, and Qbn were used for the calculation of the bow shock surface by 
Eq. 10 and for the calculation of the expected positions (zenith angle) of the Martian shock crossings in circular 

Phobos 2 orbits. 

j ~:.b,,“I, 
120 110 loo 90, 60 70 120 110 100 90 60 70 

observed zeniih angle. deg observed zenith angle. deg 

Fig. 5. Comparison of bow shock positions observed at Phobos 2 
circular orbits (- 6150 km above Martian surface) with positions 
calculated for the original (a) and modified (b) values of pV2. 
Lines correspond to coincidence in the positions. 

Figure 5a presents the comparison of the expected 
(predicted) positions of the bow shock for y=2 with 
those observed onboard Phobos 2 (the use of y=5/3 
results in about 5” higher zenith angles). General 
agreement of the calculated and observed bow shock 
positions seems to be reasonable, though the scatter 
of the first is less than the scatter of the second. This 
is possibly connected with temporal variations in the 
solar wind. Really, the upstream solar wind parame- 
ters were measured about half an hour before or after 
the bow shock crossing and, hence, about one hour 
and a half before or after the Phobos 2 orbiter 

crossed the magnetopause. On the other hand, observed magnetopause position can provide information on pV* 
(with the use of the magnetopause model) during the crossing time. Thus determined pV* (and properly corrected 
M,, M,) were used for the calculation of predicted bow shock positions presented in Figure 5b. Now the scatters of 
the calculated and observed bow shock positions are approximately equal, justifying the influence of the solar 
wind temporal variations on the scatter of the calculated bow shock crossings. 



1.58 

870 + 
1 

+ 

-p- “‘1 

;  90 

+++ l +* 

+a<+ &+-+ 
&q+j4 :  +++ +‘-t- ++ 

1 1,j ,;,;;‘-I-, 

10-s 10” 10-7 

solar wind ram pressure , dyn/cm2 
Fig. 6. Comparison of the observed 
and calculated dependencies of the 
Martian bow shock on pV’. 

solar wind ram pressure , dynkm2 

Fig. 7. Comparison of the observed 
and calculated dependencies of the 
Martian bow shock on pV2 for two 
different subsets of data. 
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Figure 6 presents the dependence of the Martian bow shock positions on the 
observed upstream pV*. Solid and dashed curves in this figure were calculated 
using Eq.10 for M, = M, = 10, Sbn =O”, and for M, = M, = 4, Qbn =90°, respec- 
tively. Both curves show weak dependence of the shock position on the solar 
wind ram pressure in accordance with observations, thus supporting the rea- 
sonability of the Martian bow shock model developed in the present paper. 

Two subsets of the Phobos 2 bow shock crossings are shown in Figure 7 by 
filled circles (4~ M, ~6, 5 < M, ~8) and by crosses (6~ M, ~10, 8 < M, ~12). 
Solid and dashed curves in this figure are calculations for M, = 5, M, = 6.5 
(Qbn =O’) and for M, =8, M, = 10 (Qb,, =900), respectively. Again the lines rea- 
sonably describe the results of observations. 

CONCLUSIONS 

The quantitative model of the planetary bow shock presented above rea- 
sonably well describes its motion and shape variation due to changes in the 
external plasma flow parameters (pV2, M,, M,, St,,,) and variations of the 
magnetopause shape (&, ro). 
Application of this model to the analysis of the Martian bow shock motion 
permitted to explain some of its unusual properties. 
The model can be applied to the analysis of other planetary bow shocks 
including shocks with unusually low Mach numbers (see, e.g., Russell & 
Zhang (1992)). 
The limits of applicability of the present model need to be studied in more 
details especially for the MHD flows. 
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