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Abstract. A double discontinuity is a compound structure
composed of a slow shock layer and an adjoining rotational
discontinuity layer on the postshock side. We use high-
resolution data from Geotail and Wind spacecraft to examine
the interior structure within the finite thickness of the dis-
continuity at the plasma sheet-lobe boundary and found that
recognizable MHD structures at the boundary can be stand-
alone slow shocks or double discontinuities. The plasma den-
sity increases significantly and the magnetic field intensity
decreases significantly across the interior of the slow shock
layer. Through the rotational layer, the magnetic field ro-
tates about the normal direction of the shock surface, as the
plasma density and the magnetic field intensity remain nearly
unchanged. The rotational angle can vary over a wide range.
We notice that the observations of double discontinuities are
no less frequent than the observations of stand-alone slow
shocks. Identification of slow shocks and double disconti-
nuities infers that plasma and magnetic field lines continu-
ously move across the boundary surface from the lobe into
the plasma sheet, and there is a conversion of magnetic field
energy into plasma thermal energy through the slow shock
layer. The double discontinuities also allows for a rapid ro-
tation of the postshock magnetic field lines immediately be-
hind the shock layer to accommodate the environment of the
MHD flow in the plasma sheet region.

Key words. Magnetospheric physics (plasma sheet) Space
plasma physics (discontinuities; shock waves)

1 Introduction

Based on classical theory, there are four kinds of magneto-
hydrodynamics (MHD) discontinuities: MHD fast or slow
shock, rotational discontinuity, tangential discontinuity, and
contact discontinuity. There is a mass flow across the MHD
shock or rotational discontinuity, but there is no mass flow
across the tangential discontinuity or contact discontinuity.

Correspondence to:Y. C. Whang (whang@cua.edu)

These discontinuities are well understood in theory and their
existence in space plasma has been verified using observa-
tional data from spacecraft. This research is concerned with
the observations of a compound structure composed of a slow
shock layer and an adjoining rotational discontinuity layer on
the postshock side. Such a compound structure looks like a
new kind of MHD discontinuity; it is called a double discon-
tinuity.

The basic identification of an MHD slow shock from ob-
servational data is to analyze the observed jump conditions of
the plasma and magnetic field on two sides of the shock sur-
face. The data analysis simply treats the shock as a discon-
tinuity. This is, of course, a fundamentally important step.
Following this approach, a few dozen slow shocks have been
identified in the magnetotail (Feldman et al., 1984, 1985,
1987; Smith et al., 1984; Seon et al., 1995, 1996; and Saito
et al., 1995, 1996) and a smaller number of slow shocks
have been identified in interplanetary space (Chao and Ol-
bert, 1970; Burlaga and Chao, 1971; Richter et al., 1985; and
Whang et al., 1996).

MHD shocks are not discontinuities in the strict sense. A
shock has a finite thickness across which physical proper-
ties change continuously. This leads to another area of slow
shock research that is to study the interior structure within
the finite thickness of the shock. The objective is to study
the variations in the plasma and magnetic field inside the
shock, based on theory or based on observational data. Our
recent research along this line based on high-resolution ob-
servational data in interplanetary space and in the magneto-
tail region led to a rather surprising discovery of double dis-
continuities. We found that a slow shock is often followed by
an adjoining rotational discontinuity layer on the postshock
side. The thicknesses of the two layers are of the same or-
der of magnitude. The change in magnitude of the magnetic
field occurs primarily inside the shock layer. Through the
rotational layer, the magnetic field rotates about the normal
direction of the shock layer; thus, the magnetic field is no
longer coplanar on two sides of a double discontinuity.

Double discontinuities were first identified in interplane-
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tary space from the Wind spacecraft (Whang et al., 1998a;
hereafter referred to as Paper 1). In one occasion on 6 April
1995 a double discontinuity observed from the Wind space-
craft was also observed from the Geotail spacecraft in the
upstream of the Earth’s bow shock. The Geotail spacecraft
crossed the double discontinuity 51 min later than the cross-
ing time of the Wind spacecraft, yet the magnetic field struc-
tures observed from the two spacecraft at two locations have
nearly identical signatures. During this time interval, the dis-
continuity surface has traveled over a distance of> 106 km,
and the two crossing points on the surface of the observed
double discontinuity are at a distance of> 0.4 × 106 km
apart. These observations imply that double discontinu-
ities in interplanetary space are reasonably stable, large-scale
structures. Observation of two double discontinuities in the
Earth’s magnetotail has also been reported (Whang et al.,
1997; hereafter referred to as Paper 2). Since double dis-
continuities exist not only in interplanetary space but also in
the magnetotail region, they could be a general MHD struc-
ture in space plasma. This paper is the third journal article
dealing with the observations of double discontinuities.

2 Geotail observations of slow shocks and double dis-
continuities

2.1 Slow shocks identified at the plasma sheet-lobe bound-
ary

During a 5-month period between 14 September 1993 and
16 February 1994, the Geotail spacecraft made 303 cross-
ings of the plasma sheet-lobe boundary in the mid-tail to
distant-tail regions of the magnetotail. Saito et al. (1995)
studied the observed conditions across the discontinuities at
these crossings using the plasma data from the Low Energy
Particle (LEP) analyzer (Mukai et al., 1994) and the mag-
netic field data (Kokubun et al., 1994). They found that the
jump conditions at thirty-two boundary crossings satisfy the
Rankine-Hugoniot relations of MHD slow shocks.

For each of the 32 slow shocks identified at the plasma
sheet-lobe boundary, there is a mass flow entering the shock
from the lobe side. The relative flow speeds areU1n > Cs1

on the preshock (lobe) side,U2n < Cs2 on the postshock
(plasma sheet) side, andUn < αcosΘ on both sides of the
shock; hereUn is the normal flow speed in the shock frame,
α is the Alfvén speed,Cs is the slow speed,Θ is the angle
between the shock normal and the magnetic field vector, and
the subscripts 1 and 2 denote the conditions on the preshock
side and the postshock side.

The time scale for the Geotail spacecraft to traverse the
slow shocks identified by Saito et al. (1995) at the plasma
sheet-lobe boundary is of the order of 20-60 s. Since these
slow shocks are relatively thick MHD discontinuities, it be-
comes possible to carry out the second phase of the slow
shock study to examine the plasma and the magnetic field
structure through the interior of these shocks using high-
resolution data. We have studied the interior structures for

some of the 32 slow shocks identified by Saito et al. (1995).
We found that some of them are accompanied by an adjoin-
ing rotational discontinuity layer on the postshock side and
others are stand-alone slow shocks not accompanied by ro-
tational layers; the discontinuity at the plasma sheet-lobe
boundary can be a slow shock or a double discontinuity.
Next, we will show examples of one stand-alone slow shock,
one double discontinuity with a large rotational angle, and
one double discontinuity with a small rotational angle.

2.2 A double discontinuity observed on 14 February 1994

On 14 February 1994, the Geotail spacecraft crossed the
boundary surface entering the plasma sheet from the north
lobe of the magnetotail att = 17 : 15, XGSM =
−54 RE , YGSM = 1.4 RE and ZGSM = −3 RE . The
spacecraft took 58 s to traverse the thickness of the double
discontinuity. The data rate of the magnetic field is 16 data
per second: the data have outstanding time-resolutions to ex-
amine the detailed magnetic field structure through the inte-
rior of a double discontinuity.

From the top panel, we see that a significant decrease in the
magnitude of the magnetic field occurs inside a slow shock
layer (S-layer) between 17:14:55 and 17:15:41. The next two
panels show the longitude and latitude angles

φ = arctan(By/Bx) θ = arctan(Bz/
√

B2
x + B2

y .

Here, Bx, By, Bz are the three components of the mag-
netic field in geocentric solar ecliptic (GSE) coordinates. The
S-layer is followed by an adjoining rotational discontinuity
layer (R-layer) on the postshock side between 17:15:41 and
17:15:53, across which the direction of the magnetic field
makes a significant change, while its magnitude almost re-
mains constant. Letn = nxi + nyj + nzk be the unit nor-
mal vector of the shock layer pointing in the direction of the
mass flow. The divergence free condition of magnetic field
requires that along then-direction, the variation in the mag-
netic field component should be a minimum. An analysis of
the minimal variation for the magnetic field data across the
shock layer estimates that the three directional angles of the
unit normal vector are cos−1 nx = 120◦, cos−1ny = 139◦,
and cos−1nz = 115◦. Through the shock layer,Bn remains
nearly constant, and the standard deviation ofBn is 0.17 nT.
The mathematical method of determining the shock normal
is described in the Appendix.

We use an, t , s coordinate system to study the variations
in the magnetic field through the compound structure.Bt

andBs are the two components of the magnetic field parallel
to the surface of the slow shock layer. The variations inBn,
Bt andBs across the compound structure are plotted in the
three lower panels of Fig. 1. The variations inBt andBs

inside the R-layer are represented by filled squares in Fig. 2;
they show that through the R-layer, the magnetic field rotates
by an angle of∼ 58◦ about the normal direction of the shock
surface while its magnitude remains nearly constant. The
arrow in the figure indicates the direction of field rotation.
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Fig. 1. The observed double discontinuity of 14 February 1994
composed of a slow shock (S-layer) and an adjoining rotational dis-
continuity (R-layer). The decrease in the magnetic field intensity
occurs primarily inside the S-layer. Through the R-layer, the di-
rection of the magnetic field makes a significant change, while its
magnitude remains almost constant.

The start and end times of the S-layer and the R-layer are
determined by using an iteration procedure. For a given set
of start and end times, we first calculate the normal direc-
tion of the shock using high-resolution magnetic field data
inside the shock layer based on the minimum variance anal-
ysis; then we worked simultaneously on all variables using
various diagrams shown in Figs. 1 and 2. We adjust the start
and end times of the discontinuity layers until a reasonable
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Fig. 2. Filled squares are data points across the R-layer. They
show that the magnetic field rotates by an angle of∼ 58◦ about
the normal direction of the shock surface, while its magnitude re-
mains nearly constant. The arrow indicates the direction of field
rotation. Thin lines are data points during an extended period of 20
s in the post R-layer region.

picture of the compound structure emerges. The timing at
each boundary determined by this procedure is not necessar-
ily a single, clearly defined time. Sometimes the determi-
nation for the end time of the R-layer is a little ambiguous.
As an example, shown in Fig. 2, we extend the end time of
the R-layer by 20 s and use thin lines to show the variations
in Bt andBs over the extended period. Inspection of the ex-
tended plot may suggest that the rotation angle of the R-layer
could be revised by several degrees in either direction. How-
ever, under these circumstances, the transition region still fits
well with the qualitative description of a compound structure,
composed of a slow shock layer and an adjoining rotational
discontinuity layer on the postshock side. The magnetic field
data for the double discontinuity of 14 February 1994 show
that the time scales of the slow shock layer (S-layer) and the
adjoining rotational discontinuity layer (R-layer) are 46 s and
12 s, respectively. Figure 3 shows 150 s of plasma num-
ber density from the Geotail LEP experiment. The top panel
shows the electron number densityNe. These are uncali-
brated 3 s electron data calculated onboard every spin period;
the data have sufficient time-resolution to describe the vari-
ation inNe through the interior of the double discontinuity.
Ne increases monotonically inside the S-layer, and remains
nearly unchanged through the R-layer. The 12 s average ion
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Fig. 3. The top panel shows the 3 s electron number densityNe and
the lower panel shows the 12 s average ion number density data.
The plasma density increases monotonically across the slow shock
layer.

number density in the lower panel describes the increase in
Ni inside the S-layer. Across the shock layer, the plasma
number density increases by a factor of∼ 1.7. The observed
plasma and magnetic field structures of the compound struc-
ture are consistent with the interpretation that the S-layer is a
slow shock layer and the R-layer is a rotational discontinuity
layer.

2.3 A stand-alone slow shock observed on 12 January 1994

Our study of the interior structure of slow shocks identified
by Saito et al. (1995) from Geotail data discovers that the
observed discontinuity can be a stand-alone slow shock or a
double discontinuity. This means a slow shock at the plasma
sheet-lobe boundary is not always followed by a rotational
discontinuity. This example presents the interior structure of
a stand-alone slow shock. On 12 January 1994, the Geotail
spacecraft crossed the slow shock, entering the south lobe
from the plasma sheet att = 15 : 49, XGSM = −93 RE ,
YGSM = 14 RE , andZGSM = −3 RE . The spacecraft took
41 s to traverse the thickness of the slow shock. We study
the magnetic field structure of the slow shock by using high-
resolution data from Geotail. The three directional angles of
the unit normal vector are cos−1nx = 94◦, cos−1ny = 45◦,
and cos−1nz = 45◦. Bn remains nearly constant across
the interior of the shock; the standard deviation ofBn in-
side the shock layer is 0.59 nT. For a stand-alone slow shock,
the magnetic field vectors are essentially parallel to a copla-
narity plane; we also calculated the normal to the coplanarity
plane. We determine thes-coordinate by requiring that the
averageBs inside the shock layer be zero. The direction
of the t-coordinate is determined by requiring thatBt be
positive and it decreases rapidly inside the shock layer. As
shown in Fig. 4, both the magnitude and the tangential com-
ponent of the magnetic field,B andBt, decrease monotoni-
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Fig. 4. A stand-alone slow shock was observed on 12 January 1994.
The magnetic field vectors inside the shock layer are essentially par-
allel to a coplanarity plane. Both the magnitude and the tangential
component of the magnetic field,B andBt, decrease monotonically
through the shock layer.

cally through the shock layer. However, the important feature
of double discontinuities is the rotation of the magnetic field
about then-direction through the R-layer; the magnetic field
vectors are not coplanar on two sides of a double discontinu-
ity. The exact directions of thes, t coordinates are less im-
portant for a typical double discontinuity. We do not require
that the averageBs be zero inside the shock layer. Figure 5
shows 150 s of plasma density data through the slow shock.
The top panel shows the 3 s electron number densityNe and
the lower panel shows the 12 s average ion number density
Ni. Across the shock layer, the plasma number density in-
creases monotonically, with the number density increasing
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Fig. 5. The structure of plasma density observed inside a stand-
alone slow shock.

by a factor of∼ 2.8 (see Whang et al., 1998b, for a similar
study of a slow shock in interplanetary space).

2.4 A slow shock accompanied by a weak rotational layer
observed on 23 January 1994

On 23 January 1994, the Geotail spacecraft crossed the
boundary surface to enter the south lobe from the plasma
sheet att = 20 : 45, XGSM = −44 RE , YGSM =
−16 RE , and ZGSM = −10 RE . A double discontinu-
ity with small rotation angle was observed at the boundary
crossing. Figure 6 shows 150 s of high-resolution magnetic
field data. The time scale for the Geotail spacecraft to tra-
verse the double discontinuity layer is∼ 25 s. A signif-
icant decrease in the magnitude of the magnetic field oc-
curs inside the slow shock layer (S-layer) between 20:45:31
and 20:45:51. The three directional angles of the unit nor-
mal vector are cos−1nx = 78◦, cos−1ny = 159◦, and
cos−1nz = 73◦; the standard deviation ofBn through the
S-layer is 0.26 nT. The S-layer is accompanied by an adjoin-
ing rotational discontinuity layer (R-layer) on the postshock
side between 20:45:26 and 20:45:31, across which the direc-
tion of the magnetic field makes a significant change, while
its magnitude remains nearly constant.

The variations inBt andBs across the R-layer plotted in
Fig. 7 show that through the rotational layer, the magnetic
field rotates by a small angle of∼ 13◦ about the normal
direction of the shock surface, while its magnitude remains
nearly constant.

This discontinuity is one of the 32 slow shock crossings
identified by Saito et al. (1995). There is a mass flow en-
tering the shock from the lobe side, and the flow conditions
on two sides of the shock satisfy the Rankine-Hugoniot rela-
tions. Figure 8 shows 75 s of plasma number density.Ne in-
creases monotonically inside the S-layer, and remains nearly
unchanged through the R-layer. The increase in the 12 s ion
number densityNi inside the S-layer is plotted in the lower
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Fig. 6. A double discontinuity was observed on 12 January 1994
from Geotail spacecraft at the plasma sheet-lobe boundary. The S-
layer is accompanied by an adjoining rotational discontinuity layer
(R-layer) on the postshock side.

panel. Across the shock layer, the plasma number density in-
creases by a factor of∼ 2.5. The slow shocks at the plasma
sheet-lobe boundary can be a stand-alone slow shock or a
double discontinuity that is a slow shock accompanied by a
rotational discontinuity (the rotational angle can vary over a
wide range). A stand-alone slow shock amounts to a dou-
ble discontinuity in the limit of a very small rotational angle;
thus, slow shocks can actually be considered as a subset of
double discontinuities.
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Fig. 7. Through the rotational layer of the double discontinuity
shown in Fig. 6, the magnetic field rotates by an angle of∼ 13◦

about the normal direction of the shock surface, while its magni-
tude remains nearly constant.
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Fig. 8. The plots of the 3 s electron number densityNe and the
12 s average ion number densityNi show that the plasma density
increases monotonically inside the S-layer, and remains nearly un-
changed through the R-layer.

3 Wind observations of double discontinuities on 2–5
January 2000

Between 2 and 5 January 2000, over an 80-hour period, the
petal trajectory of the Wind spacecraft in the magnetotail
was very close to the boundary between the plasma sheet
and the south lobe (Fig. 9). Due to the tail flapping mo-
tion, more than one dozen slow shocks and double discon-
tinuities were identified at the plasma sheet-lobe boundary
from the Wind magnetic field instrument. In this section,
we present four examples of double discontinuities, one on
each day, using 92 milliseconds magnetic field data (Lepping
et al., 1995). These double discontinuities were observed
at XGSE = −44 RE ,−48 RE ,−62 RE , and−66 RE , re-
spectively. The double discontinuity of 4 January 2000 was
observed when the spacecraft crossed the boundary surface
entering the south lobe from the plasma sheet; the double
discontinuities of 2, 3 and 5 January were observed when the
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Fig. 9. The solid curves show the petal trajectory of the Wind space-
craft in the magnetotail during an 80-hour period on 2–5 January
2000. The trajectory was very close to the boundary between the
plasma sheet and the south lobe.

spacecraft crossed the boundary surface entering the plasma
sheet from the south lobe.

The analyses of magnetic field data of the four double dis-
continuities are shown in Figs. 10 to 13. The three top pan-
els in each figure show the field magnitude, the longitude
and latitude angles. The spacecraft observed large changes
in the magnetic field intensity through the slow shock layers
(S-layer), and large changes in the longitude and latitude an-
gles through the adjoining rotational discontinuity layers (R-
layer). The variations inBn, Bt, andBs are plotted in the
three lower panels of each figure.Bn remains nearly constant
across the slow shock layer. The standard deviations inBn

of the four cases are 0.05 nT, 0.24 nT, 0.07 nT, and 0.13 nT,
respectively.

The variations inBt and Bs across the R-layer of each
compound structure are plotted in Fig. 14 to show that the
magnetic field rotates about the normal direction of the shock
surface through the R-layer, while its magnitude remains
nearly constant. The rotation angles of the four double dis-
continuities are 18◦, 27◦, 95◦, and 98◦, respectively. The
arrow in each plot indicates the direction of field rotation.

During the period of observation, the time resolution of
plasma data available from Wind’s 3-D Plasma and Ener-
getic Particles Instrument (3DP) are not high enough to show
the interior structure of these double discontinuities. Another
difficulty associated with the 3DP data is the domination of
instrumental effects over the very low particle flux in the
lobe. Thus, we are not able to investigate the plasma con-
ditions for these double discontinuities. However, since the
rotation of the magnetic field through the R-layer is accom-
panied by a mass flow across the compound structure and
although we cannot investigate the Rankine-Hugoniot condi-
tions, there is no possibility that the observed discontinuities
could be tangential or contact discontinuities.
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Fig. 10. A double discontinuity was observed on 2 January 2000
when the Wind spacecraft crossed the boundary surface entering
the plasma sheet from the south lobe. This figure shows the mag-
netic field structure of the double discontinuity observed from high-
resolution Wind data.

4 Summary and discussions

When high-resolution data are used to examine the detailed
structure inside a slow shock at the plasma sheet-lobe bound-
ary, we find that the slow shock layer is often accompa-
nied by an adjoining rotational discontinuity layer on the
postshock (plasma sheet) side. Such a compound structure
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Fig. 11. A double discontinuity observed from Wind on 3 January
2000. The observed structure is composed of a slow shock layer (S-
layer) and an adjoining rotational layer (R-layer) on the postshock
side.

is known as a double discontinuity. The plasma density
increases significantly and the magnetic field intensity de-
creases significantly across the interior of the slow shock
layer. Through the rotational layer, the magnetic field ro-
tates about the normal direction of the shock surface, as the
plasma density and the magnetic field intensity remain nearly
unchanged. The rotation can be clockwise or counterclock-
wise. Table 1 presents a summary of double discontinuities
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                                     Figure 12 Fig. 12. The double discontinuity of 4 January 2000 was observed

when the spacecraft crossed the boundary surface entering the south
lobe from the plasma sheet.

in the magnetotail that have been documented in journal ar-
ticles. All observed double discontinuities have large shock
anglesΘ1 on the preshock (lobe) side.

The first method to identify slow shocks from observa-
tional data is to analyze the observed jump conditions of the
plasma and magnetic field on two sides of the shock dis-
continuity. Another approach for studying slow shocks is
to analyze the interior structure within the finite thickness of
a slow shock using high-resolution data. Only the second
method can identify a double discontinuity. Recognizable
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Fig. 13. More than a dozen slow shocks and double discontinuities
were identified at the plasma sheet-lobe boundary during an 80-hour
period on 2–5 January 2000. This figure shows the magnetic field
structure of the 5 January double discontinuity.

MHD structures at the plasma sheet-lobe boundary can be
stand-alone slow shocks or double discontinuities. The angle
through which the magnetic field rotates across the rotational
layer can vary over a wide range. Within the limit of a very
small rotational angle, a double discontinuity reduces to a
stand-alone slow shock. Thus, slow shocks can actually be
considered as a subset of double discontinuities. We notice
that in interplanetary space and in the magnetotail, the obser-
vations of double discontinuities are no less frequent than the
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Table 1. A summary of double discontinuities in the magnetotail that have been documented in journal articles

Location Date of Rotation Shock Documentation of
XGSE (RE) observation angle degree angleΘ1 degrees Spacecraft data analysis

−44 23 January 1994 13 88 Geotail This paper
−44 2 January 2000 18 87 Wind This paper
−48 3 January 2000 27 84 Wind This paper
−54 14 February 1994 58 89 Geotail This paper
−62 4 January 2000 95 83 Wind This paper
−66 5 January 2000 98 84 Wind This paper
−92 17 January 1994 67 85 Geotail Paper 2
−220 2 February 1983 135 88 ISEE 3 Paper 2

observations of stand-alone slow shocks.

During a 25-day interval, between 18 January and 11
February 1983, twenty-six slow shocks were identified from
ISEE 3 data in the distant tail. Based on these observa-
tions, Feldman et al. (1985) concluded that slow shocks are a
quasi-permanent structure at the plasma sheet-lobe boundary.
On the other hand, during a 5-month interval between, 14
September 1993 and 16 February 1994, Geotail observations
in the mid-tail to distant-tail revealed that only about 10%
of the boundary crossings could be identified as slow shocks
and double discontinuities. In Sect. 3, we report that over an
80-hour interval, between 2 and 5 January 2000, more than
one dozen slow shocks and double discontinuities were iden-
tified at the boundary along the Wind petal trajectory in the
mid-tail. It appears that the Wind observations incline to sup-
port the conclusion of the ISEE 3 observation. Slow shocks
and double discontinuities could be a semi-permanent struc-
ture at the plasma sheet-lobe boundary.

Early works on the lobe-plasma sheet transition include
the formation of a pair of slow shocks (Petschek, 1964; Va-
syliunas, 1975) and the formation of a pair of rotational
discontinuities (Sonnerup, 1970) (see Priest, 1982 for a re-
view of these relevant works). Observations of slow shocks
and double discontinuities reported in this paper infer that
plasma and magnetic field lines continuously move across
the boundary surface from the lobe region into the plasma
sheet region, and there is a conversion of magnetic field
energy into plasma thermal energy through the slow shock
layer. The double discontinuities at the boundary also allows
for a rapid rotation of the postshock magnetic field lines im-
mediately behind the shock layer to accommodate the envi-
ronment of the MHD flow in the plasma sheet region.

Seon et al. (1996) have described variations in magnetic
fields that could be considered as circularly polarized struc-
tures in the shock layer in some slow shock crossings in the
distant magnetotail. Song et al. (1992) have reported the ob-
servation of a possible superposition of a rotational discon-
tinuity and slow mode discontinuity in front of the magne-
topause. These two research examples may have been ob-
servations of double discontinuities. The component of the
magnetic field that deviates from the plane, defined by the
shock normal and the preshock magnetic field for fast shocks,

has been examined by a number of authors (Thomsen et al.,
1987; Jones and Ellison, 1987; Gosling et al., 1988; Fried-
man et al., 1990). It is extremely interesting if they can use
high-resolution observational data to show that a rotational
discontinuity layer may also exist immediately adjacent to a
fast shock.

Based on the coplanarity theory, Colburn and Sonett
(1966) and Abraham-Shrauner and Yun (1976) have studied
the method to calculate the shock normal using the average
vector properties (B or B andV ) on two sides of an MHD
shock. The input vectors are obtained from observed solar
wind data averaged over a given set of time intervals on each
side of the shock. Once there is a noncoplanar component of
the magnetic field or a rotational discontinuity layer immedi-
ately adjacent to a shock, we propose that if high-resolution
magnetic field data are available inside the shock layer then
one could use the minimum variance analysis to calculate the
shock normal.

Observational evidence for the existence of double discon-
tinuities in space plasmas seems to progress far ahead of the
theoretical understanding. According to the classical MHD
theory, the rotational layer should be penetrating through the
slow shock layer from behind and then continue to propa-
gate away from the slow shock layer in the preshock region
as a separate MHD discontinuity. However, observed double
discontinuities in interplanetary space and in the magnetotail
clearly show that under certain conditions, the slow shock
layer and the rotational discontinuity layer merge to form
a stable compound structure (Paper 1); there is no penetra-
tion. Presently, not enough observational data are available to
determine the conditions under which double discontinuities
could exist. Recently, Lee et al. (2000) carried out a series of
hybrid simulations to examine the interaction of a rotational
discontinuity with a slow shock in anisotropic plasma. The
simulation results cannot reproduce the formation of a dou-
ble discontinuity in which a rotational layer appears in the
immediate postshock side of a slow shock layer.
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Fig. 14. Through the R-layer of each double discontinuity observed on 2–5 January 2000, the magnetic field rotates by a large angle about
the normal direction of the shock surface, while its magnitude remains nearly constant. The rotation angles of the four double discontinuities
are 18◦, 27◦, 95◦, and 98◦, respectively.

Appendix

The normal direction of slow shock layer

A double discontinuity is a compound structure composed
of a slow shock layer and an adjoining rotational disconti-
nuity layer on the postshock side. We use the method of
Lagrange multipliers to calculate the normal direction of the
shock surface along which the variation for the magnetic field
data through the slow shock layer is a minimum.

In each study, we haveN vector magnetic field data.
Within the finite thickness of a typical slow shock layer, we
deal with a few hundred of high-resolution dataB. Let 〈B〉
be the average, let

b = B − 〈B〉

be the deviation of the vector magnetic field data, and let

n = x1i + x2j + x3k

be the unit normal vector.x1, x2, x3, b1, b2, andb3 are com-
ponents ofn and b in GSE coordinates. The 3 unknown
variables,x1, x2, x3, must satisfy a constraint function

f1 = x2
1 + x2

2 + x2
3 − 1 = 0

The square of the total deviation alongn-direction for the
set of the magnetic field data through the interior of the slow
shock layer is

σ =
∑
N

(
x1b1 + x2b2 + x3b3

)2

Let λ be a Lagrange multiplier and let

fk+1 =
∂σ

∂xk
+ λ

∂f1

∂xk
(k = 1, 3)

Then solve the system of 4 equations

fk = 0 (k = 1, 4)

The solution determines then-direction along whichσ is a
minimum. Currently many routines are available for solving
the system of nonlinear equations.

For the double discontinuity observed on 14 February
1994, the Geotail spacecraft crossed the slow shock layer be-
tween 17:14:55 and 17:15:41. The number of vector mag-
netic field data isN = 735. The solution for analysis of
minimal variation gives the three directional angles of the
unit normal vector cos−1x1 = 120◦, cos−1x2 = 139◦, and
cos−1x3 = 115◦.
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