Article

Chinese Science Bulletin

Geophysics

doi: 10.1007/511434-013-5675-8

Comparison between magnetic coplanarity and MVA methods in
determining the normal of Venusian bow shock
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With the measurements of magnetic field of Venus Express (VEX), magnetic coplanarity and minimum variance analysis (MVA)
methods are analyzed and their validity is tested to determine the normal of Venusian bow shocks. It is found that MV A method is
the better than magnetic coplanarity, and 95% shock crossings can be accurately determined by the method. However, the occur-
rence of the shock normal which is not determined accurately by magnetic coplanarity increases with the decrease of the solar
zenith angle (SZA). At the same time, compared with quasi-parallel shocks, there is more occurrence of the shock normal which
cannot be determined accurately by magnetic coplanarity for quasi-perpendicular shocks.
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The physics of collisionless shock is a very broad topic in
space and astrophysical plasmas [1-3]. A shock plays an
important role in converting upstream bulk flow energy into
downstream thermal energy, across which the plasma speed
decreases from super-magnetosonic in the upstream to
sub-magnetosonic in the downstream. A controlling factor,
which determines the characteristics of a collisionless shock,
is the magnetic geometry of the shock, usually described by
the angle G5, between the shock normal and the upstream
magnetic field direction. Quasi-parallel (65,<45°) and quasi-
perpendicular shocks (6p,>45°) have very different internal
structure and thermalization processes. A quasi-perpendic-
ular shock has an ion cyclotron scale foot and an overshoot
after ramp [4], while low-frequency, large amplitude turbu-
lence is ubiquitous prior to and after quasi-parallel shock.
The dissipation mechanism from upstream bulk flow energy
into downstream thermal energy is also different between a
quasi-parallel and quasi-perpendicular shock. Therefore,
determining the normal direction of a shock is the premise
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to study the characteristics of a shock.

A planet bow shock is generated by the interaction be-
tween the tenuous, high speed solar wind and the magneto-
sphere, ionosphere and atmosphere of the planet. In addi-
tion, the heated ions created by charge exchange or pho-
toionization of cold neutral atoms, escaping from planetary
atmosphere, also play an important role in a planet bow
shock [5,6], for example in Venusian bow shock. There are
two analysis methods to determine the normal of a shock by
single spacecraft observation, i.e. magnetic coplanarity
[7-9] and minimum variance analysis (MVA) [10-12]. In
this paper, with the magnetic field data obtained by Venus
Express (VEX) spacecraft, we compare magnetic coplanar-
ity and MVA methods in determining the normal of Venu-
sian bow shock.

1 Magnetic coplanarity and MVA methods

Both magnetic coplanarity and MVA methods are based on
a formula of V-B=0. The normal components of the

csb.scichina.com  www.springer.com/scp



magnetic field in the upstream and downstream of a shock
are equal. In addition, the two methods with single satellite
observations rely on the assumption that the magnetic field
in the upstream and downstream is stationary.

Magnetic coplanarity further assumes that the magnetic
field in the upstream, downstream and the shock normal are
in the same plane. The magnetic field in the upstream and
downstream satisfies Rankine-Hugoniot relations. Figure 1
shows the schematic of magnetic coplanarity, and the
shadow represents the shock layer. The shock normal can be
determined by the following equation [8,9]:
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where B,, B, are the average magnetic field in the upstream
and downstream of the shock, respectively. The interval to
calculate the average magnetic field is chosen to be 2 min in
this paper, and it takes the satellite 6-9 min from the shock
to the magnetopause. The sign of n is arbitrary and the out-
ward normal to the bow shock points upstream.

In order to determine the normal of the magnetopause
current layer, Sonnerup and Cahill [10] developed MVA
method. Then, Siscoe et al. [11] utilized this method to de-
termine the normal of interplanetary current sheet. Recently,
this method has been widely applied to determine the nor-
mal of the magnetopause, current sheet, shock and wave
vector [13—-18]. On the basis of V-B=0, the normal
component of the magnetic field, during shock crossing, has
minimum variance [10],
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where K is the number of the magnetic field measurements

used in the calculation, (B) is the average of those meas-
urements. In order to calculate n conveniently, eq. (2) can

Figure 1 The schematic illustration of magnetic coplanarity. The shade
represents shock layer. B,, B, are the average magnetic field in the up-
stream and downstream of the shock, respectively.

be written in magnetic variance matrix form,

M-n=An,
{ 3

M = (BB) — (B)(B).

Here, A values are the eigenvalues of matrix equation. The
smallest eigenvalue of A corresponds to the shock normal 7.

2 The normal of Venusian bow shock

Due to the lack of a global intrinsic planetary magnetic field,
the super-magnetosonic solar wind interacts directly with
the Venusian ionosphere, which forms an induced magne-
tosphere. The periapsis of VEX orbit is about 300 km with
periapsis latitude at 78°N, and the period of one VEX orbit
is about 24 h. Figure 2 displays one sample bow shock
crossing observed by VEX from 06:06:00 to 06:16:00 UT
on 20 November, 2006. The magnetic field data have 1 s
time resolution [19], which are shown in Venus Solar Or-
bital (VSO, resembling GSE coordinates of the Earth) coor-
dinates. In the VSO coordinates, the x and z axes point
sunward and northward, respectively, while the y axis com-
pletes the right-handed set. In the figure, the highlighted
regions represent the magnetic field profiles in the upstream
and downstream, respectively. In order to test the validity of
magnetic coplanarity and MVA methods, a Venusian bow
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Figure 2 The profiles of B, B,, B., B, =,/B} +Bf, +B’ and Bn=B-n

observed by VEX between 06:06:00 and 06:16:00 UT on 20 November,
2006. The highlighted regions represent the upstream and downstream
magnetic field profiles respectively. The shock normal n and G, shown in
the lowest panel are calculated based on MVA method, and dashed lines
show the normal components of magnetic field determined by magnetic
coplanarity (black), MVA (red) and Venusian bow shock model (blue),
respectively.



shock model [20] are also used in the paper. The normal
components of the magnetic field determined by the three
methods are also shown in the bottom panel. We can find
that the three methods obtain consistent results in this
crossing. It is a quasi-perpendicular shock.

We utilize totally 318 shock crossings based on VEX
spacecraft observations from May of 2006 to August of
2011 to test the validity of magnetic coplanarity and MVA
methods. Three different 65, can be obtained with the three
different methods: magnetic coplanarity, MVA and the Ve-
nusian bow shock model. Only if when at least two methods
get consistent results (the difference of 6, is smaller than
10°), we think that the obtained value can be considered as
a reasonable value, while the other is unacceptable.

Figure 3 plots the occurrence percentage of the shock
normal that is not determined accurately at different SZA
ranges. It is noted that the occurrence percentage is calcu-
lated by normalizing the occurrence number to the total
number (318 cases). MVA method is the best choice to de-
termine the normal of Venusian bow shock, and about 95%
cases can be correctly determined by MVA method. The
occurrence percentage of the shock normal which cannot
accurately determined by the Venusian bow shock model
increases at large SZA, because the shock begins to oscillate
when the SZA is large [20]. Magnetic coplanarity is not
suitable for the cases at small SZA. The reason may be due
to the smaller distance between the bow shock and iono-
sphere at small SZA, where the induced magnetic field dis-
turbance of the magnetic field from the ionosphere is large.

Figure 4 plots the occurrence percentage of the shock
normal which cannot be accurately determined at different
Ogn, 1.€. 0°<65,<30°, 30°<65,<60° and 60°<H5,<90°. Com-
pared with quasi-parallel shocks (especially at 0°<6,<30°
condition), the occurrence percentage of the shock normal
which cannot be accurately determined by magnetic copla-
narity is larger for quasi-perpendicular shocks.

In addition, 161 shock crossings of the Earth observed by
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Figure 3 Histograms of occurrence percentage of the shock normal
which is not determined accurately by magnetic coplanarity, MVA method,
or the Venusian bow shock model (VBSM).
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Figure 4 Histograms of percentage occurrence of the shock normal
which cannot be accurately determined by magnetic coplanarity, MVA
method, or the Venusian bow shock model (VBSM).

FGM of Cluster II are also analyzed to compare them with
the Venusian bow shock. Here, the Earth’s bow shock mod-
el of Peredo et al. [21] is used instead of the Venusian bow
shock model [20]. Figure 5 plots the occurrence percentage
of the shock normal which cannot be accurately determined
at different G3,. Because of few cases at 63,<40°, only those
shocks at 40°<@;,<65° and 65°<@,<90° conditions are
studied. It is also found MVA method is better than mag-
netic coplanarity. Besides, compared with the shocks at
40°<6,<65°, the occurrence percentage of the shock nor-
mal which cannot be accurately determined by magnetic
coplanarity is larger at 65°<6,<90°.

3 Conclusions

In the present paper, 318 Venusian bow shock crossings
observed by VEX spacecraft from May of 2006 to August
of 2011 are analyzed to test the validity of magnetic copla-
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Figure 5 Histograms of occurrence percentage of the shock normal
which is not determined accurately by magnetic coplanarity, MVA method,
or the Earth’s bow shock model.



narity and MVA methods. The conclusions can be summa-
rized as follows:

(1) MVA is the optimal method to determine the shock
normal, and about 95% Venusian shock crossings can be
accurately determined. In general, there are large amplitude
fluctuations when MV A method fails.

(2) The occurrence percentage of the shock normal
which cannot be accurately determined by magnetic copla-
narity increases when the SZA decreases.

(3) Due to the oscillation of shock at large SZA, the oc-
currence percentage of the shock normal which cannot be
accurately by the Venusian bow shock model becomes large
when the SZA is more than 100°.

(4) There is more occurrence percentage of the shock
normal which cannot be determined accurately by magnetic
coplanarity in quasi-perpendicular shocks (especially at
G5,>60°).

(5) Conclusions (1) and (4) are also valid for the Earth’s
bow shocks.

In general, the shock normal may not be accurately de-
termined by MVA method. when the ratio of the smallest
eigenvalue to the intermediate eigenvalue is larger than 1/3.
In the present paper, among the cases whose shock normal
is not considered to be accurately determined by MVA
method, there are about 75% cases where the ratio is larger
than 1/3. However, among the cases whose shock normal is
considered to be accurately determined by MVA method,
there are only about 31% cases where the ratio is larger than
1/3. Therefore, the ratio is a crucial parameter to determine
the validity of MV A method [10].
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