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A b str a c t

The interaction of solar wind with the geomagnetic field leads to the forma
tion of the bow shock, magnetosheath, and magnetopause. Magnetohydrodynamic
(MHD) slow-mode structures with a plasma density enhancement and magnetic field
depression have been observed to appear frequently in the inner magnetosheath.
In addition, the slow-mode structures usually consist o f slow-mode waves with a
smaller length scale. These slow-mode structures and waves are studied in this thesis
through satellite observations and numerical simulations. We find, through satellite
observations, that some o f the slow-mode structures are associated with Alfven waves
in the solar wind. On the other hand, simulations show that slow-mode waves are
generated through the interactions between the bow shock and interplanetary shocks,
magnetosonic waves, rotational discontinuities, or Alfven waves. The generated
slow-mode waves stay in the inner magnetosheath for a long time (about 15 minutes)
before the wave energy is convected away tailward. Of particular importance are the
interactions between the bow shock and interplanetary rotational discontinuities or
Alfven waves. These interactions generate a region with an enhanced plasma density
and depressed magnetic field, which is very similar to the slow-mode structures
observed in the inner magnetosheath. Based on observations and simulations, it is
suggested that the interactions of various types of solar wind fluctuations with the
bow shock may lead to the frequent appearance of slow-mode structures and waves in
the inner magnetosheath. The generated slow-mode structures have strong pressure
variations, and may impinge on the magnetopause as strong pressure pulses.
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C h a p te r 1

In tr o d u ctio n

The solar wind and interplanetary magnetic field drive geomagnetic activity. However,
it is the magnetic field and the plasma in the magnetosheath downstream o f the bow
shock that directly impinge onto the magnetopause. Hence an understanding o f solar
wind control of the magnetosphere must include the intervening processes associated
with the bow shock and the magnetosheath. Figure 1.1 is a schematic plot o f the solar
wind, bow shock, magnetopause, and the magnetosheath.
The purpose of this thesis is to study the nonlinear interaction between the Earth’s
bow shock and interplanetary magnetohydrodynamic fluctuations, which include
interplanetary shocks, rotational discontinuities, large-amplitude Alfven waves, and
magnetosonic waves. The emphasis is on the generation of slow-mode waves or
structures with anti-correlated plasma density and magnetic field, and their propagation
in the nonuniform magnetosheath. This study tries to explain the slow-mode structures
recently observed in the inner magnetosheath [Song et al., 1990; 1992].
In this chapter, we briefly review existing knowledge about the magnetosheath
and its nearby environment, which includes the solar wind, bow shock, and magne
topause. Then we describe the motivation and outline of this thesis.

1 .1 G e n e r a l P r o p e r tie s o f t h e S o la r W in d , B o w S h o c k , a n d M a g n e 
to p a u se

1.1.1 Solar Wind Properties at Earth's Orbit
I
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2

Interplanetary
Magnetic Field

Figure 1.1

A schematic plot of the solar wind, bow shock, magne

topause and the magnetosheath.
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Knowledge of the solar wind as it approaches Earth’s bow shock is fundamental
to all understandings of the present subject. Various satellite observations showed
that the solar wind plasma number density ranges between 0.4 and 80 cm - 3 with an
average o f 5 cm - 3 [Brandt., 1970; Wolfe, 1972]. The solar wind flow is basically in
the radial direction away from the Sun [ Wolfe, 1970]. The speed ranges from 200 to
900 km/s with an average around 400 km/s [Hundhnusen, 1972]. The average proton
temperature is 4 x 1 0 4 K. The average electron temperature is 1.5 x 10 5 K, larger than
the proton temperature. The electron temperature is almost isotropic with an average
Tj|/Tj_ = 1.08. The proton anisotropy is strong with an average Tj|/7j_ = 1.48
[W olfe, 1972].
The interplanetary magnetic field (IMF) embedded in the solar wind as it
approaches the bow shock is predominantly aligned near the ecliptic plane and
oriented at 45° from the line joining the Sun and Earth [Ness et. al., 1966]. The
amplitude o f the interplanetary magnetic Field ranges from 0.25 to 40 nT with an
average value of 6.0 nT [Ness et al., 1966].
The Alfven speed VA depends on the amplitude of the magnetic field and the
plasma density. Taking average value of the magnetic field B = 6 nT and the plasma
density n = 5 cm - 3 , the solar wind Alfven speed is around 60 km/s. The sound
speed I f o r ideal gas depends only on temperature. Suppose the solar wind has a
temperature o f 1 0 5 K, the sound speed comes out to be 50 km/s. The solar wind flow
speed I ' is much larger than the phase speed of the fast mode wave. The average solar
wind Alfven Mach number A l.\ = I '/\'.t and the Mach number A l = \ '/V s are both
between 6 and 7 [Fairfield, 1971]. The plasma // is defined as P / P b - where P and
Pfi are the thermal and magnetic pressure, respectively. In the solar wind, the plasma
ii varies around unity.
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Slow-mode waves usually cannot be observed in the solar wind because they
are strongly damped [B arnes, 1966; B arnes and Choe, 1977; H ada and K en n ell,
1985]. Alfven waves are observed frequently because there is little damping associated
with them. About half of the time, Alfven waves are the main micro-structures o f
the solar wind [Belcher and Davis, 1971]. Almost all the Alfven waves observed
at Earth’s orbit are propagating away from the Sun.

Fast-mode waves are also

observed sometimes, because their damping is intermediate between that of Alfven
and slow-mode waves.
Tangential discontinuities arrive as frequently as every several minutes to several
hours and tend to be aligned with the IMF [Siscoe et al., 1968; Burlaga, 1969; T uner
and Siscoe, 1971]. Rotational discontinuities arrive as frequently as the tangential
discontinuities, and except for the thickness of the transition layer in which the
magnetic field makes the rotation, they are not different from the large-amplitude
Alfven waves. Contact discontinuities have not been observed in the solar wind. It is
widely believed that they will not be observed because they would rapidly broaden
into a smooth transitions.
Most o f the shocks observed at 1 AU are forward fast shocks. Only a few slow
shocks have been identified [Chao and Olhert, 1970; Burlaga and Chao, 1971],
and one of them was identified as a reverse slow shock [Burlaga and Chao, 1970].
The propagation speeds of the shocks in the solar wind frame are usually around 150
km/s corresponding to a Mach number or Alfven Mach number o f between 2 and 3.
The dynamic pressure can increase by a factor of 20 across solar wind shocks, but
factors of 3 are more common [Siscoe, 1968].
1.1.2 B o w Shock
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The bow shock, the outer boundary of the magnetosheath, is a stationary reverse
fast shock that propagates towards the Sun in the solar wind frame at a speed equal to
the solar wind speed. According to MHD theory, the two sides o f any stationary shock
or discontinuity have to satisfy the following Rankine-Hugoniot jump conditions
[Landau am i L ifsh itz, I960]:
[pVn] = 0

( 1 -1 )

[pVn Vt - B n B t //A0] = 0

(1.2)

[ p v f,+ P + B 2/ 2//0] = 0

(1.3)

[(pv2/ 2 + £ + P + B 2/no)v-n — B 2vn /fi() — B n {B t • v t )//<o] = 0

where e = p v 2/ 2 +

4-

(1.4)

[Bn] = 0

(1.5)

[B „vt - ?>„Bt] = 0

( 1 .6 )

the subscripts n and t denote the components normal

and tangential to the discontinuity surface, respectively, and the square brackets
denote the difference between the values on the two side of the discontinuity.
Across the bow shock, the plasma flow speed decreases from super-fast to
sub-fast speed in the direction normal to the shock. At the same time, plasma density,
temperature, and thermal pressure are all enhanced. The tangential magnetic field is
also enhanced to makethe magnetic field more aligned

to the shock front. Across

the bow shock,plasma bulkflow energy is converted to plasma thermalenergy and
magnetic energy.
The bow shock, like interplanetary shocks, is a collisionless shock. Collisionless
shocks are divided into two categories according to the direction of the magnetic field
relative to the shock normal: quasi-parallel shocks and quasi-perpendicular shocks.
Observationally, a quasi-parallel shock consists o f a broad (1-2 /?/.; thick) magnetic
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profile, is very turbulent, and has no easily definable upstream-to-downstream
transition in the magnetic field [ G reenstadt et al., 1970a, b; Greenstadt. and
Fredricks, 1979]. By contrast, a quasi-perpendicular shock possesses a well-defined
transition and confined turbulence. At Earth’s bow shock, the boundary between these
two extremes generally occurs when the shock normal and the upstream magnetic
field make an angle of 50° [G reenstadt et al., 1970a, b; D iodato, 1976]. The
shock is quasi-parallel when the angle is less than 50°, and quasi-perpendicular
otherwise. At any instant, part of the bow shock is quasi-parallel while the other part
is quasi-perpendicular.
Some ions are energized and reflected back into the solar wind at the quasi
parallel shock.

The population o f the bow-shock reflected ions in the upstream

region consists of two distinctly different components, the reflected and the diffuse
components [G osling et al., 1978]. While the reflected ions show the characteristics
o f a beamlike distribution which streams away from the shock along magnetic field
lines, the diffuse component is generally more isotropic with a shock-directed bulk
velocity slower than the solar wind speed. Each population has a number density
o f about 10% of the solar wind density [B onifazi and M oreno, 1981]. Generally,
the energetic particles in the upstream region are accompanied by hydromagnetic
waves in the frequency range from 0.01 to 0.3 Hz [Fairfield, 1969; Hoppe et al,
1981] that are believed to be excited by the reflected ion beams. As the upstream
waves are convected back to the shock, they steepen and are responsible for the cyclic
reformation of the bow shock [Sc.holer, 1993]. The fluctuations can be convected
into the magnetosheath by the plasma flow [Crookcr et al., 1981; L u h m a n n et al.,
1986],
1.3.3 M agnetopause
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The magnetopause, inner boundary of the magnetosheath, is the interface between
the magnetosheath plasma and magnetic field and those o f the magnetosphere. The
magnetopause is normally a tangential discontinuity which satisfies the following
conditions [Landau and L ifshitz, I960]:

rtl = £ „ = ( )

(1.7)

[P + P B} = 0

( 1 .8 )

On the magnetospheric side, the plasma density is very low and the temperature is
high. The thermal pressure is negligible compared to the magnetic pressure. On the
magnetosheath side, the thermal pressure and magnetic pressure are of the same order.
The position of the stationary magnetopause is theoretically determined by total
pressure balance between the magnetosheath and the magnetosphere. However, the
shape and position can be calculated quite accurately by the balance between the solar
wind dynamic pressure and the dipole field of the magnetosphere [M ead and Beard,
1964; S p reiter and Brigges: 1962]. The earliest model for the equilibrium position
of the magnetopause was given by Chapm an and Ferraro [1937], who estimated
that the magnetopause stand-off distance at the subsolar point as

(

1

' 9 )

where Bo = 0.312 Gauss is the strength of Earth’s equatorial surface magnetic field,
and m is the proton mass. Assuming the number density n o f the solar wind is
between 2 and 10 cm ":!, and the speed of the solar wind V is between 300 and 700
km/s, the stand-off distance is estimated to be around 10 R e according to Equation
1.9.
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The magnetopause is actually a layer with complex structures. The magnetopause
current layer, in which the magnetic field evolves from that o f the magnetosphere
to the magnetosheath, has a thickness that ranges between 200 to 1800 km with an
average of about 900 km or ~ 10 ion gyroradii [Elphic and R ussell, 1979; Derc.he.7n
and Russell, 1982]. Magnetic reconnection [Petschek, 1964; Fan et al., 1992, 1993,
1994] may occur when the shear between the magnetic field of the magnetosheath and
that o f the magnetosphere is large [Russell and Elphic, 1979; Lee and Fit, 1985], in
which case the magnetopause current layer becomes a rotational discontinuity [Levy
et al., 1964; L in and Lee, 1994].

1 .2 M o d e ls a n d O b s e r v a tio n s o f t h e S te a d y M a g n e to s h e a th

1.2.1 G asdynam ic M odel
The gasdynamic model of the magnetosheath was developed about 30 years ago
by S p reiter and his colleagues [Spreiter et al., 1966; Spreiter and Alksne, 1969;
1970]. It is valid only in the region where the inertia force of the plasma flow is
much larger than the magnetic force. As the first step in creating the model, the shape
and position of the magnetopause are determined by pressure balance as described in
subsection 1.1.3. Then, the position and shape of the bow shock, together with the
plasma density, thermal pressure, temperature, and the plasma flow, are calculated by
gasdynamic theory neglecting the influence of magnetic field. Finally, the magnetic
field is calculated using the flow velocity obtained in the second step and the frozen-in
condition for the magnetic field.
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Once the shape and position o f the magnetopause are determined, the plasma flow
around the magnetopause can be calculated. Since the average Alfven Mach number
is over 6 in the solar wind, and large in most o f the magnetosheath’s volume, the
magnetic force is usually much smaller than the plasma’s inertia force. Therefore, the
plasma density p, thermal pressure P , the plasma flow velocity v can be determined
by the following gasdynamic equations by neglecting the effect of the magnetic field:
V-(pv) = 0

( 1 .1 0 )

pv • V v + V P = 0

(1-11)

v • VS = 0

(1.12)

where 5 = In P / p 1 . The jump conditions (1.1- 1 .6 ) at the bow shock can then be
simplified as
[pi>T,] = 0

(1.13)

[vt] = 0

(1.14)

[pvf, + P] = 0

(1.15)

[pvn (h + v * /2 )] = 0

(1.16)

where h = e + P and e = pv'2/ 2 +

7

The boundary condition at the magnetopause

is
!>„=().

(1.17)

For an ideal gas, the jump conditions (1.13)-( 1.16) can be written as
•

ph
Poo

(7 + \ ) MLO
2C

(7 - l ) i l / £ > + 2

IT - =
~ ------ Poo
7+1
°°
1 + 1
2
2 + (7 + 1 )M l0
6

2 7 A /& - (7 - 1)

where M = v / \ i s the Mach number based on the local sound speed \

(1.18)

(1-19)

(

}

subscripts
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b and oo indicate the regions just downstream and upstream o f the bow shock,
respectively.

To simplify the calculation, the magnetopause is assumed to be

symmetric around the Sun-Earth line. Figure 1.2 shows the preassumed shape o f the
magnetopause, and the calculated position of the bow shock, streamlines, contours
of the plasma density, temperature, and the flow speed. The plasma flow velocity
is deflected, first at the bow shock, and then again in the magnetosheath, to make it
around the magnetopause. Below the sonic line around the subsolar area, the plasma
flow speed is smaller than the local sound speed. The flow speed increases above the
local sound speed farther tailward of the sonic line. The plasma density jump across
the bow shock is close to its maximum value in most o f the dayside region with the
maximum density and temperature appearing at the stagnation point. The temperature
at the stagnation point is 22.3 times as high as that in the solar wind.
Calculations for various values o f A I ^ and 7 show that the ratio between the
magnetosheath thickness A and the magnetopause stand-off distance D at the subsolar
point is close to the ratio of the plasma densities upstream and downstream o f the bow
shock:
£ = 1 . 1 ^ = l . l ( 7 ~ 1)A/f + 2 .
D
pb
( 7 + 1 )M io

( 1 .2 1 )

When il/oc > > 1 and 7 = 2, A / D « 1/3.
Once the plasma flow around the magnetopause is obtained, the magnetic field
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J

«/0

-10

The preassumed shape of the magnetopause, the calcu

lated shape and position of the bow shock, and the streamlines (upper
panel), contours of the plasma density (center panel), temperature,
and flow speed (lower panel) obtained by the gasdynamic model when

Moo = 8 and 7 = 2 [Spreiter et al., 1966].
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can be calculated by the following frozen-in equation for steady state,

V x (v x B ) = 0

(1.22)

V • B = 0.

(1.23)

and

The jump condition at the bow shock is

[B„\ = 0

(1.24)

and the boundary condition at the magnetopause is

B n = 0.

(1.25)

The calculated magnetic field lines corresponding to an interplanetary magnetic field
with a 45° angle from the solar wind flow is shown in Figure 1.3a.
Given the shapes and positions of the magnetopause and the bow shock, the
steady magnetic field in the magnetosheath is determined only by the interplanetary
magnetic field [Kobel and Fluckige.r, 1994] assuming there is no current inside the
magnetosheath. Figure 1.3b shows the calculated magnetic field that corresponds to
the same IMF conditions as Figure 1.3a. The draping and pile up o f the magnetic
field lines appear in front of the magnetopause, and magnetic field pile up occurs over
most o f the magnetosheath.
In the gasdynamic theory, the plasma parameters and flow are all symmetric about
the Sun-Earth line since the shape of the magnetopause is assumed to be symmetric,
but the magnetic field is usually not symmetric about the Sun-Earth line as shown in
Figure 1.3. In MHD theories, the asymmetry of the magnetic field will eventually lead
to asymmetry of the plasma parameters and flow in the magnetosheath. In the real
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Figure 1.3

The steady magnetic field in the magnetosheath. Figure

1.3a is obtained from the gasdynamic model

[Spreiter et al., 1966],

Figure 1.3b is obtained from the analytical magnetic field model of

Kobel and Fluckiger[ 1994],
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magnetosheath, strong asymmetry is observed on fluctuations of the magnetosheath
plasma and magnetic field parameters. The fluctuations are in the same order of
the background values in the region downstream of a quasi-parallel bow shock, and
much smaller in the region downstream of a quasi-perpendicular shock, which will
be discussed later in this chapter.
1.2.2 M a g n eto h yd ro d yn a m ic M odels
M idgley and D avis [1963] and Lees [1964] predicted a decrease of plasma
density in the magnetosheath region adjacent to the magnetopause due to compression
o f draped magnetic field lines against the dayside magnetopause. Z w a n and W o lf
[1976] worked out the idea in great detail, and showed that the pile up o f the magnetic
flux squeezes the plasma out of the region along the magnetic field as the cross
sections o f the flux tubes becomes smaller. A depletion layer, a region o f very low
plasma density, is formed just outside the magnetopause. For the case o f Earth with
a magnetopause standoff distance o f 10 R e , the theories predicted that the density
should be reduced by a factor of > 2 in a layer o f about 700-1300 km thick if the
solar wind Alfven Mach number M ,\ is 8 . The layer thickness should vary as M \ 2The predicted plasma density and magnetic field variations from the bow shock to
the magnetopause are given in Figure 1.4. Zw an and W o lf also speculated that the
magnetic reconnection, which is believed to take place at the magnetopause when the
magnetic shear is high, would make the depletion process less efficient.
A full three-dimensional MHD model of the stationary magnetosheath was
analyzed numerically by W u [ 1992]. In the steady configuration, the amplitude o f the
magnetic field increases from the bow shock to the magnetopause, and there is a region
in front of the magnetopause in which the magnetic field is enhanced. The plasma
density increases first, then decreases from the bow shock to the magnetopause. In
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a n d W olf [1976]. Profiles from the gasdynamic model are also shown
as comparison
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the region where the magnetic field is strong, the plasma density becomes small.
This region is the depletion layer predicted by Le.es [1964] and Zw an and W olf
[1976]. However, the depletion layer is about 1/3 of the magnetosheath thickness in
the simulation, much thicker than the predicted. The discrepancy might come from
numerical dissipation involved in the numerical calculation.
1.2.3 O bservational R esu lts
Satellite observations show that the average positions of the magnetopause and
the bow shock agree very well with the above theories [Fairfield, 1971]. Figure 1.5
is taken from the paper by Farris et al. [1991], with the circles and the crossings
indicating the positions of the magnetopause and the bow shock, respectively. The
curves are best fits to the observational data.

The average stand-off distance is

10.3(±0.3) R e for the magnetopause, and 13.7(±0.2) R e for the bow shock, which
corresponds to a subsolar thickness of 3.4 R e for the magnetosheath.

On the

dawn-dusk meridian, the geocentric distance to the magnetopause is about 15 R e
and the magnetosheath thickness is about 10 R e - The statistical analysis is over 351
independent bow shock crossings and 233 independent magnetopause crossings.
Pasc.hm.ann et al. [1978] and Crooker et al. [1979] first reported evidence
of the plasma depletion layer. In a recent statistical study by P h a n et. al. [1994],
a depletion layer exists when the magnetosheath magnetic field piles up against the
magnetopause when the magnetic shear is below 30°. The average thickness o f the
region is around 10 minutes in satellite observations which corresponds to a spatial
distance o f about 1200 km. This observed thickness agrees with the prediction by
Zw an and W o lf [ 1976] for the plasma depletion layer. Observations show that the
plasma density, ii value, and proton and electron temperatures in the layer are lower
than those in the magnetosheath region upstream of the layer. However, when the
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The satellite magnetopause and bow shock crossings, and

the best fits to the observational data. Circles represent magnetopause
crossings and crosses denote bow shock crossings

[Farris et al.,

1991],
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magnetic shear across the magnetopause is larger than 60°, the magnetic field does not
pile up in the immediate vicinity of the magnetopause, and no systematic variations
o f the plasma parameters are observed in this region.

1 .3 P la s m a W a v e s in t h e M a g n e to s h e a th
The earliest measurements showed that the magnetosheath fluctuations were 10 to
100 times more intense than those in the magnetosphere or the solar wind [H olzer et
al., 1966]. The following waves have been identified in the magnetosheath: mirror
wave, Alfven wave, ion acoustic wave, magnetosonic wave, and ion cyclotron wave.
1.3.1 W aves C onvected from th e B o w Shock
For quasi-perpendicular shocks, the ions have a sharp peak in T ± /T \\ just
downstream o f the shock which rapidly decays to less than 1 .5 [G osling and Robson,
1985; Lee et a l, 1988; H ubert et al., 1989]. The high Tj_/X}j distributions drive
cyclotron and mirror instabilities that pitch angle scatter the ions. The waves then
propagate and are convected downstream [ W inske and Quest, 1988].
The magnetosheath field is turbulent downstream of quasi-parallel shocks, and
amplitude and direction of magnetic field are highly variable, with 6B « B . For
quasi-parallel shocks, backstreaming ions produce upstream waves which convect
back to the shock and steepen, cyclically reforming the shock [Scholer, 1993]. The
wave behavior at quasi-parallel shocks has been studied theoretically [Krauss- Varban
a nd O m idi, 1991; Scholer et a l, 1993]. Upstream magnetosonic waves convert to
Alfven or ion acoustic waves at the shock. Therefore, waves convected from the
quasi-parallel shock originate as upstream waves rather than as instabilities generated
at the shock.
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1.3.2 W aves G enerated b y L ocal In sta b ilities
The earliest vector magnetic field observations in the magnetosheath reported
large compressional, 8 B / B q « 0.5, 8 B ± / B q «

1, quasi-sinusoidal waves in the

magnetosheath [K aufm ann et a l, 1970], and the mirror instability was immediately
invoked to account for the features. T su rita n i et al. [1982] subsequently found
that the waves exhibit features predicted for the mirror mode, in which magnetic and
thermal pressures oscillate in anti-phase.
Crooker and Siscoe [1977] showed that magnetosheath flow implies the devel
opment of
0 J /3 n »

1 + 1 /P ±

( 1.26)

on the dayside for quasi-perpendicular IMF. As a magnetosheath flux tube converts
earthward, the subsolar cross section A decreases, while the length L increases. The
double adiabatic relations imply

( 1.27)

( 1.28)
The transverse compression increases T ± whereas the longitudinal expansion de
creases T\\. The mirror mode should therefore be unstable throughout nearly all o f the
dayside magnetosheath. Significantly, P h a n et al. [1994] found fi±/P \\ ~ 1 + 1 /A i,
strongly suggesting that the instability regulates P±/(3\\.
Ion cyclotron waves have also been observed in the magnetosheath. Fairfield
[1976] found that transverse fluctuations below about 1 Hz are fairly common near
the magnetopause. Cyclotron and mirror fluctuations predominate for different ranges
o f plasma parameters. The cyclotron waves are common for (3 < 1 in the depletion
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layer whereas mirror fluctuations are m ost often separated from the magnetopause by
an interval o f cyclotron waves [Sckopke et al., 1990; A n d e rso n et al., 1993].

1 .4 S lo w -M o d e W a v e s a n d S tr u c tu r e s in t h e I n n e r M a g n e t o s h e a t h
Recently, Song et al. [1990, 1992] reported observations which indicate that
slow-mode structures with enhanced plasma density and depressed magnetic pressure
appear frequently in the inner magnetosheath. Figure 1.6 shows one of the examples
reported in their paper [Song et al., 1992]. In the period between 1533 to 1609
UT, the overall plasma density is enhanced from the background value while the
amplitude of the magnetic field is depressed. This region is in the inner magnetosheath
but slightly away from the magnetopause. The anti-correlation between the plasma
thermal pressure and the magnetic pressure indicates that the structure is a slow-mode
structure. Propagation in the direction normal to the magnetopause is found to be
very small. Note that both the outer and inner edges o f the structure steepen like
the shock profiles. There are slow-mode waves with anti-correlated plasma density
and magnetic field in the big slow-mode structure. Figure 1.7 shows the density
enhancement relative to the background value versus the local plasma (3 value. It
is obvious that the density enhancement in the slow-mode structure increases with
decreasing (3 value. The above observations are confirmed by H ubert et al. [1994].
In summary, the slow-mode structures have the following observational prop
erties. (a) The structures have an overall enhanced plasma density and depressed
magnetic field, (b) The outer edge o f the observed structures does not convect with the
magnetosheath plasma flow; they seem to stand against the magnetosheath flow, (c)
There are smaller scale fluctuations with anti-correlated plasma density and magnetic
field in the slow-mode structure,

(d) They are observed frequently in the inner
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magnetosheath. (e) The relative density enhancement in the structures increases with
a decreasing plasma /i value. (0 The wavelength o f (An) in the direction normal to the
magnetopause is typically 2000-6000 km while the wavelength (At ) in the tangential
direction is much larger than A„. (g) The plasma density variations at the edges o f the
structure are steepened with shock-like profiles.
A few theoretical mechanisms have been devised to explain the observed slow 
mode structures since the observations were reported. Lee et al. [1991] conducted
a two-dimensional MHD simulation for the region close to the stagnation point. The
magnetic field lines, streamlines, and contours o f plasma density and amplitude of
the magnetic field resulting from that work are shown in Figure 1.8 . The simulation
results show that the bending of magnetic field lines in front of the magnetopause
may correspond to the observed slow-mode structure in which plasma density or
pressure increases first then decreases. Southwood and K ivelson [1991] calculated
the possible slow shock front orientation in front o f the magnetopause given that the
shock waves are excited by some sources at the magnetopause. It was found that the
shock front may be closer to the magnetopause on one side of the magnetosheath than
the other side depending on the direction of interplanetary magnetic field.

1 .5 O b j e c t iv e a n d O u t lin e o f T h is T h e s is
The objective of this thesis is to further study the properties o f these slow-mode
structures in the magnetosheath and to find mechanisms that generate these structures.
The following is the outline of the thesis.
The satellite observations of the dayside magnetosheath and the corresponding
solar wind conditions are analyzed in chapter 2. The observational results show
that slow-mode variations with anti-correlated plasma density and magnetic field are
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dominant in the dayside magnetosheath on time scales over 5 minutes. Some of
density and magnetic field variations come from the solar wind. Some o f the observed
slow-mode structures with enhanced plasma density and depressed magnetic field in
the magnetosheath correspond to Alfven-mode structures without variations in the
plasma density and magnetic field strength in the solar wind.
Chapters 3 and 4 study the interactions between the bow shock and interplanetary
fluctuations and waves generated through the interactions.

Chapter 3 uses one

dimensional MHD simulations to study the bow shock interactions with interplanetary
shocks, rotational discontinuities, and large-amplitude Alfven waves. The results show
that the bow shock interaction with an incident rotational discontinuity results in a
slow-mode structure with enhanced plasma density and depressed magnetic field
downstream of the bow shock. The bow shock interaction with an incident shock also
generates a slow shock and a slow-expansion wave in the magnetosheath. Further,
chapter 4 uses two-dimensional MHD simulations to study the interaction processes as
well as the propagation of the generated waves in the magnetosheath. The simulations
show that the fluctuations in the plasma density associated with the slow-mode waves
are amplified as they propagate from the bow shock to the magnetopause because o f
the decreased propagation speed in the direction normal to the magnetopause. The
slow-mode waves generated in the interactions stay in the inner magnetosheath for
about 15 minutes before the wave energy is convected tailward.
In chapter 5, the observational and simulation results are discussed and a summary
is given. The study shows that the some of the slow-mode structures observed in
the magnetosheath may be generated through interactions between the bow shock
and fluctuations in the solar wind, and convected to the inner magnetosheath by the
plasma flow.
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C h a p te r 2

O b s e r v a tio n a l P r o p e r tie s o f M a g n e t o s h e a t h

L a r g e -S c a le F lu c tu a tio n s

2 .1 I n tr o d u c tio n
The slow-mode structures reported by Song et al. [1990; 1992] have the following
observational properties, (a) The structures have an overall enhanced plasma density
and depressed magnetic field, (b) The outer edge o f the observed structures does
not convect with the magnetosheath plasma flow; they seem to stand against the
magnetosheath flow, (c) There are smaller scale fluctuations with anti-correlated
plasma density and magnetic field in the slow-mode structure, (d) They are observed
frequently in the inner magnetosheath. (e) The relative density enhancement in the
structures increases with a decreasing plasma (5 value, (f) The wavelength An in the
direction normal to the magnetopause is typically 2000-6000 km while the wavelength
At in the tangential direction is much larger than An. (g) The plasma density variations
at the edges of the structure are steepened with shock-like profiles.
In this chapter we will further examine the data from satellite observations to
study the properties of these slow-mode structures with emphasis on their solar wind
sources. The data used in this study include those from the ISEE 2 magnetometer
[R ussell et a l, 1978] and fast plasma experiment (FPE) [Bam e e t a l, 1978]. To
explore the sources o f these magnetosheath fluctuations, solar wind plasma [B am e et
a l, 1978] and magnetic field data [Frandsen, 1978] from ISEE 3 are compared with
the magnetosheath observations.

26
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„ In section 2.2, we study two representative cases in detail to demonstrate the
properties of large-scale magnetosheath fluctuations and their sources in the solar
wind. In section 2.3, we study two other example cases in which slow-mode structures
with enhanced plasma density and depressed magnetic field are observed in the inner
magnetosheath, while their sources are identified as Alfven waves in the solar wind.
There are no variations in the solar wind plasma density or the amplitude o f the
magnetic field associated with these Alfven waves; only the direction o f the magnetic
field changes in these waves. In section 2.4, we select 51 complete magnetosheath
crossing of ISEE 2 and show some statistical results for the location o f the slow-mode
structures in the magnetosheath. A summary is given in the final section o f this
chapter, section 2.5.

2 .2 E x a m p le s o f L a r g e -S c a le F lu c tu a tio n s w it h S o la r W in d S o u r c e s

2.2.1 Case 1: N o vem b er 10, 1977
Figure 2.1 shows ISEE 2 data obtained during an outbound magnetosheath
crossing from 2220 UT on November 10, 1977, to 0100 UT the next day. The
top panels show the three components and the magnitude of the magnetic field
in GSE coordinates, with a time resolution o f 4 s.

(GSE coordinates are used

throughout this analysis of the satellite data.) The lower panels show the ion density,
average ion temperature, and bulk flow velocity, all measured near the x -y plane,
with a time resolution of 12 s.

The satellite crossed the magnetopause for the

last time at 2240 UT, which is indicated by a vertical dashed line in Figure 2.1.
The magnetosheath is identified in comparison to the magnetosphere by higher ion
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density, lower temperature, higher flow speed, and stronger fluctuations on both the
magnetic field and the plasma parameters. For this case, the magnetic field in the
magnetosheath immediately next to the magnetopause is slightly smaller than that in
the magnetosphere. The GSE coordinates of ISEE 2 were (2.4, -9.4, 3.5) R e at 2240
UT and (4.3, -11.4,4.7)

at 0100 UT.

We will focus on the observations obtained between the magnetopause and the
bow shock. There are continuous, strong fluctuations in the ion density in time scales
greater than 5 minutes. To measure the large-scale variations and take the higher
frequency variations out, we perform a 3 minutes avearge on the ISEE 2 data. The
results are shown in Figure 2.2. As indicated by the shadings in Figures 2.1 and 2.2,
the first plasma density enhancement is present from 2240 to 2248 UT, right next
to the magnetopause in the magnetosheath. Note that it is the variations with time
scales greater than 5 min that are under concern, the peaks with smaller durations
shown in Figure 2.1 should be disregarded when measuring the maximum value.
From Figure 2.2, it is found that the maximum value o f the ion density is 46 cm - 3
and the background value is about 37 cm - 3 , the ion density enhancement relative to
the background is 24%. The second ion density enhancement is observed in the 52
min time interval between 2248 and 2340 UT. The maximum value o f the ion density
is 62 cm - 3 , and the background value is around 38 cm- 3 . The relative ion density
enhancement is 63%. The plasma density is enhanced for the third time in the 45 min
interval between 2340 and 0025 UT. This time the ion density enhancement is smaller,
with a peak value o f 46 cm - 3 and a background value o f about 34 cm- 3 . The relative
enhancement is 35%. The fourth plasma density enhancement is seen between 0025
and 0058 UT. The ion density peak value is 47 cm - 3 with the background value of
about 34 cm - 3 ; The relative ion density enhancement is 38%. The strong ion density
fluctuations observed over the larger time scales are observed all the way to the
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The same as Figure 2.1 except that the 3 min running

average has been applied to the ISEE 2 data. The ISEE 2 data are
shown by the solid lines and the IMP 8 data are shown by the dashed
lines.
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satellite’s crossing o f the bow shock at 0330 UT, which is not shown in Figures 2.1
and 2.2. The average ion temperature does not vary significantly during large-scale
density variations.
Strong depressions o f the magnetic field are observed simultaneously with the
plasma density enhancements. The amplitude o f the magnetic field decreases 19%
from the background value o f 54 to 44 nT during the first plasma density enhancement
event. During the second density enhancement event, the magnetic field depression
is around 75% from a background value of 48 nT. A 36% overall depression in the
period o f the third event is recorded. The background value is around 42 nT. A 30%
depression from the background value o f 35 nT is recorded during the fourth event.
The magnetic field depression in the first event is also significant. This anti-correlation
between the plasma density and the strength of the magnetic field is good for the
first, second, and the fourth events. In the third event, the plasma density is overall
enhanced and the magnetic field is overall depressed, but the anti-correlation is not
as good as the the other events on the detail variations. The anti-correlation between
the plasma density and the magnetic field amplitude indicates that all the evnets have
slow-mode structures. Note that anti-correlations with smaller time scales also show
up in the long-duration second event. For example, during the period from 2325
to 2335 UT, the ion density is enhanced and the magnetic field is depressed. The
anti-correlation between the plasma density and the magnetic field continues after
0100 UT through the remainder of the passage through the magnetosheath, which is
not shown in Figures 2.1 and 2.2.
The IMP-8 satellite was in the solar wind during the ISEE 2 magnetosheath
crossing. Its position in GSE coordinates was (-11.1, -34.3, 2.8) R e at 2240 UT
and (-10.0, -35.0, 3.8) R e at 0100 UT. The magnetic field data from IMP 8 are
shown in Figure 2.1 and 2.2 at a time resolution o f 5 minutes. The IMP 8 data
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have been time-shifted 3 minutes ahead in order to match the two observations when
the ISEE 2 was close to the magnetopause. Because of the ISEE 2’s slow motion
and variable solar wind speed, the match may not be good for other times in the
magnetosheath crossing. There are significant magnetic field depressions in the solar
wind that correspond to the magnetic field depressions o f the first and second events
observed in the magnetosheath. For the third and fourth events, the interplanetary
magnetic field does exhibit weak depressions, but they are not nearly as strong as in
the magnetosheath. The solar wind proton density is not shown in the Figures 2.1 and
2.2 since there is a large data gap during the period.
2.2.2 Case 2: S e p tem b e r 12, 1978
Figure 2.3 shows observations for an outbound crossing o f the magnetosheath
by ISEE 2 on September 12, 1978. A running average with a window o f 3 min
and a resolution of 12 s has been applied to the magnetic field and plasma data o f
ISEE 2. The format is the same as that used in Figure 2.2. The satellite crossed
the magnetopause for the last time at 1956 UT. Compared to the magnetosphere, the
magnetosheath has a much higher plasma density, much lower temperature, much
higher bulk flow speed, and a slightly weaker magnetic field. The satellite then
crossed the bow shock about 10 minutes after the midnight. Compared to the solar
wind upstream o f the bow shock, the magnetosheath has a higher plasma density,
higher temperature, stronger magnetic field, and lower bulk flow speed. The positions
o f the magnetopause and the bow shock are indicated by the vertical dashed lines in
Figure 2.3. ISEE 2 was located at (8.6, 1.9, 3.9) R e at 1956 UT and (14.1, 0.3, 5.6)
R e at 0010 UT, while ISEE 3 was positioned upstream o f the bow shock at around
(207,-68,18) R e during the period of observation. Figure 2.3 also shows ISEE 3
observations o f the magnetic field and ion density, at a time resolution o f 5 minutes.
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The average solar wind flow speed is 385 km/s during the period from 1900 to 2300
UT. The time required for the plasma to travel from ISEE 3 to ISEE 2 is estimated
to be about 57 minutes. The actual time shift used in Figure 2.3 for the ISEE 3
observation is 56 minutes.
Three ion density enhancements with large time scales are observed in the
magnetosheath. The first event is from 1957 to 2008 UT, shortly after the satellite
crossed the magnetopause. The ion density peak value is 23 cm- 3 , and the background
value is 13 cm - 3 , for a relative enhancement o f 77%. The second event is from
2015 to 2102 UT, or a duration o f 47 minutes. The peak value is 34 cm - 3 with a
background value o f around 12 cm - 3 . The density enhancement is 183%. The third
event is between 2146 and 2217 UT (a duration o f 32 minutes), with a maximum ion
density of 30 cm - 3 and a background value of 9 cm- 3 . Its relative enhancement is
233%. The ion temperature is also enhanced in the third event, but with only a small
amplitude. No significant variations are found in the ion temperature during the first
and the second events. All three events have sharper edges than the events in Case
1. The three events are clearly separated from each other, which is also different
from Case 1 where they are consecutive. The magnetic field is depressed during each
plasma density enhancement. This is why they are called slow-mode structures. The
suggestion of a fourth, weak event is seen in the data from 2230 to 2330 UT, where
the ion density increases gradually while the magnetic field decreases gradually. This
is also a slow-mode variation. Actually there exist fluctuations between the second
and the third events, which also show anti-correlation between the plasma density and
the magnetic field, but the magnetic field variation is marginal.
Corresponding to the plasma density enhancement events observed in the
magnetosheath, there are similar signatures in the solar wind, as shown in Figure 2.3
by the dashed lines. The ion density is locally enhanced within the solar wind during
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the periods in which the three slow-mode events are seen in the magnetosheath. The
edges of these ion density enhancements do not look as sharp as those observed
in the magnetosheath due to the poor time resolution o f the solar wind data. The
higher density region of the second event does not appear as wide in the solar wind
as observed in the magnetosheath. Note that there is a dramatic change in the IMF
direction in the middle o f the events. As this structure crosses the bow shock, the
density enhancement region may be broadened because of the change in IMF direction
as will show in the two example cases to follow. The solar wind magnetic field does
decrease during the third event observed in the magnetosheath. The slow variations
after the third event also have a similar weak signature in the solar wind. In this
case, all the slow-mode structures seen in the magnetosheath can be matched with
corresponding structures in the solar wind. However, the signatures observed in the
magnetosheath deviate from the signatures observed in the solar wind significantly
because o f the modification by the bow shock.

2.3 E xam ples o f Slow -M ode F lu ctu ation s A sso cia ted w ith A lfven M o d e S tru ctu res in th e Solar W ind
In this section, we study two example cases in which slow-mode structures with
enhanced plasma density and depressed magnetic field are observed in the inner
magnetosheath, and their sources are identified in the solar wind. They are different
from the two previous examples, however, in that there are no variations in the plasma
density or the amplitude of the magnetic field. The sources are variations on the
direction o f IMF.
2.3.1 Case 3: S e p tem b e r IT. 1978
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Figure 2.4 shows data obtained duringan outbound crossing of the magnetosheath
by ISEE 2 on September 17, 1978. The 3 min running average has been applied to
the magnetic field and plasma data of ISEE 2. The format is the same as that used
for Figure 2.3. The satellite crossed the outer edge of the magnetopause current layer
at 1520 UT near 1103 LT and at about 23.5° (GSE). The position o f the outer edge
of the magnetopause current layer is indicated by the dashed line. The corresponding
ISEE 3 observations for the magnetic field and the ion density in the solar wind are
also shown in Figure 2.4. The ISEE 3 satellite was located at (2 1 1, -80, 17) R e - The
average solar wind flow speed was about 400 km/s in the period from 0730 UT to
0830 UT, giving a time delay between ISEE 2 and ISEE 3 observations of about 56
minutes. The actual time delay used in Figure 2.3 is 54 minutes. The time resolution
o f the ISEE 3 data is 5 minutes.
The single plasma density enhancement is seen from 1533 UT to 1610 UT;
a duration o f 37 minutes. The ion density has a peak value o f 17 cm_:i and a
background value of 10 cm - 3 . The relative enhancement is 70%. The magnetic
field is depressed for the same period of time. Because of the pile-up effect, the
magnetic field tends to increase from the magnetosheath to the magnetopause. With
this in mind, the depression o f the magnetic field in the density enhanced area is
more obvious. Some small structures are observed during the long period in which
the ion density and the amplitude of magnetic field show very good large-scale
anti-correlation. Magnetosheath plasma density remains low and steady after 1610
UT. The comparison between ISEE 1 and ISEE 2 observations by Son g et. al. [1992]
shows that the slow-mode structure has a near zero propagation speed in the direction
normal to the magnetopause [Song et al., 1992]. There is no obvious plasma density
variation in the solar wind during the corresponding period. There is no much
variation in the magnitude of the magnetic field.
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However, at the leading edge of the slow-mode structure, there is a sharp change
in the y component of the magnetic field. The magnetic field rotates by an angle of
over 90° at the leading edge of the slow-mode structure. Similar rotation also appears
in the solar wind. Note the gradual variations in both the y and z components from
1533 UT to 1610 UT. No significant variations are observed in the direction o f the
magnetic field at the trailing edge of the region . The change in plasma density is
steep at both edges, as is the amplitude of the magnetic field.
2.3.2 Case 4: A u g u s t 22, 1978
Figure 2.5 shows the data obtained during outbound crossing o f the magne
tosheath by ISEE 2 on August 22, 1978. The 3 min running average has been applied
to the ISEE 2 data. The format is the same as used in Figure 2.3. ISEE 2 satellite
is in the magnetopause boundary layer from 0842 UT to 0900 UT. In the boundary
layer, the plasma density is much higher than that in the magnetosphere and lower
than that in the magnetosheath. The magnetic field transition from high values in the
magnetosphere to lower values in the magnetosheath occurs at the outer edge of the
boundary layer. ISEE 2 was located at (10.0, 2.2, 4.4) R e at 0900 UT.
The ion density is enhanced in the region next to the magnetopause boundary
layer. There are two peaks in the ion density, one at 0912 UT, the second peak at
0917 UT. They both have a maximum density value o f 28 cm - 3 . The ion density
background is 17 cm"'1 between the two peaks. The maximum relative density
enhancement is 65%. The ion temperature is almost constant across the density
enhancement region on the same time scale. The x component of the flow velocity
is close to -100 km/s at the time the two peaks are seen in the ion density, and its
amplitude increases to near zero between the two peaks. The y component of the
bulk flow velocity is small throughout the density enhancement region on the same
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time scale. Because of the magnetic field pile up effect in front of the magnetopause,
the amplitude of the magnetic field should increase from the magnetosheath proper
to the magnetopause. Taking this effect into account, the depression o f the magnetic
field is obvious in the same region of the density enhancement. Minimum are seen
in the magnitude of the magnetic field at the times o f the density enhancements. The
anti-correlation between the plasma density and the magnetic field strength means
they are slow-mode structures.
The magnetic field and ion density data from ISEE 3 are also shown in Figure
2.5 with a time resolution of 5 minutes. ISEE 3 was located around (1 3 5 ,-1 5 , 14)
R e in the solar wind during the period. There are no variations in the ion density
and the strength of the magnetic field. However, the y component o f the magnetic
field changes dramatically from -4 nT to 3 nT and then changes back to -5 nT. The
x component of the magnetic field also changes strongly from -5 nT to 1 nT. The
direction of the magnetic field rotates about 140° and then rotates back. As in Case 3,
the directional variation of the magnetic field in the solar wind may be responsible for
the slow-mode structure with a density enhancement and magnetic field depression
in the magnetosheath.

2.4 S ta tistica l R esu lts
In order to study how often the large-scale fluctuations appear in the magnetosheath.
We selected 51 magnetosheath passes of ISEE 2 in the time period from October
27, 1977 to the Nov 21, 1979. Figure 2.6 shows the positions in GSE coordinates
o f the magnetopause crossings in the selected magnetosheath passes. In the Figure,
is the distance normal to the x axis. The average magnetopause
(thick line) and bow shock (thin line) positions obtained by Farris et. al. [1991] are
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also shown in the Figure. All 51 passes are in the dayside magnetosheath. Some of
the crossings are close to the subsolar point while the others are far from the subsolar
area. For this work it is required that the data for the passes have to include the
crossings of both the magnetopause and the bow shock, and have no large data gaps
during the passes.
A common feature in the magnetosheath is the frequent occurrence of the largeamplitude fluctuations of the plasma density and magnitude of the magnetic field with
durations over 5 minutes. For this work, an “ event” is defined as a plasma density
enhancement that increases from its background value by 50% or more for more than
5 minutes. When we measure the maximum density enhancement for a event, the
small peaks with duriations smaller than 5 min are disregarded as what we do for
the four example cases as described previously. Under this definition, a total o f 122
events were found in the 51 magnetosheath crossings: Each crossings has an average
of 2.4 events. One of the important properties o f these large-scale fluctuations is that
the majority o f these large scale fluctuations are slow mode structures, which means
that the variations of the plasma density and the strength o f the magnetic field are
anti-correlated. Among the 122 events, only 3 (2% of the total) events are fast-mode
events with enhancements both in the plasma density and the magnetic field. The
other 119 events are all slow-mode structures. Among the 119 slow-mode events,
42 events (35%) have density enhancements relative to the background value o f over
100%. The relative density enhancement is between 50% and 100% in the remaining
77 events (65%).
In Figure 2.7, the magnetosheath is divided evenly into three regions . From the
magnetopause side to the bow shock side, they are defined as the inner, middle, and
outer magnetosheath. It is impossible to be absolutely sure about the position o f an
observed slow-mode event in the magnetosheath relative to magnetopause or the bow
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shock since it requires the positions of the magnetopause, the bow shock, and the
observed events at the same time. We assume that the positions of the magnetopause
and the bow shock do not change much during the magnetosheath crossing. Therefore
we can use the time separation between the observed events and the magnetopause or
the bow shock to decide which region of the magnetosheath it is in. From the outer
to the middle magnetosheath, the number of the observed events increases slightly
from 16 to 24. However, a total of 79 events is found in the inner magnetosheath,
corresponding to 66% of the slow-mode events found in the whole magnetosheath.
It should be noted that large-scale fluctuations with smaller plasma density
variations are even more frequently observed in the inner magnetosheath. We found
that anti-correlation between the plasma density and magnetic field magnitude is their
characteric property. However, it is more difficult to make a reliable statistic for these
weak fluctuations, which will be an important work in the future.

2.5 Sum m ary
In summary, the following results are obtained through case studies and the
statistical study of 51 magnetosheath passes.
(1) Fluctuations with time scales over 5 minutes frequently appear in the
magnetosheath. A majority of large scale fluctuations are associated with an anti
correlated plasma density and magnetic field, indicating that they are slow-mode
structures. These slow-mode fluctuations are more frequently observed in the inner
magnetosheath close to the magnetopause.
(2) Some of the slow-mode fluctuations observed in the magnetosheath have
their sources in the solar wind. However modifications at the bow shock make the
signatures in the magnetosheath and the solar wind quite different at times. We
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also notice that some of the slow-mode fluctuations in the inner magnetosheath, as
reported previously by Song et al. [1990; 1992], are not proceeded by fluctuations in
the solar wind. It is possible that they are generated locally at the magnetopause.
(3)

Some o f the slow-mode fluctuations with an enhanced plasma density and a

depressed magnetic field observed in the inner magnetosheath correspond to Alfveiimode waves in the solar wind. Smaller-scale fluctuations with anti-correlated plasma
density and magnetic field are found in these large-scale stmctures. For Alfven
waves in the solar wind, plasma density and the magnitude of the IMF do not vary
significantly, but the IMF direction changes.
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C h apter 3

In teraction o f Interplanetary Shocks and R o ta 

tio n a l D iscon tin u ities w ith th e B ow Shock

3.1 In trod u ction
Most of the shocks observed in the interplanetary space are fast-mode shocks
[Hundhausen, 1972; Siscoe, 1968]. Some of them propagate from the Sun outward
in the solar wind frame. They are called forward fast shocks. The others are called
reverse fast shocks because they propagate towards the Sun in the solar wind frame.
A few slow-mode shocks are also identified in the interplanetary space [Chao and
Olbert, 1970] and at least one of them is identified as a reverse slow shock [Burlaga
and Chao, 1970]. The dynamic pressure can increase by a factor o f 20 across
solar wind shocks, but a factor of 3 are more common [Siscoe, 1968]. Rotational
discontinuities arrive as frequently as every several minutes to several hours. There is
usually no dynamic pressure variation associated with these rotational discontinuities.
Observationally, there is no difference between a rotational discontinuity and a
large-amplitude Alfven wave except that the thickness o f the transition layer is small
in a rotational discontinuity. About half of the time, Alfven waves are the main
micro-structures o f the solar wind [Belcher and Davis, 1971].
The bow shock’s interaction with interplanetary shocks has been studied mainly
by gas-dynamic theory [e. g., Shen and Dryer, 1972; D ryer, 1973]. Some MHD
theories are only for perpendicular shocks [e.g. Volk and Auer, 1974; W hang, 1991].

46
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W u et al. [1993] studied the interaction between the bow shock and interplanetary
tangential discontinuities. They found that the solar wind dynamic pressure jump
carried by the tangential discontinuity is modified and energy is redistributed with an
additional fast shock or fast expansion wave. Both the newly excited fast shock or fast
expansion wave and the transmitted tangential discontinuity carry a strong pressure
variations that may interact with the magnetosphere as pressure pulses [Sibeck et a l,
1989; Sibeck, 1990].
On the other hand, the study of the bow shock interaction with incident MHD
waves has a history of more than 25 years [Barnes, 1970; M a ria n i et a l, 1970;
Fairfield and N ess, 1970]. The linear theory about bow shock interactions with small
amplitude Alfven waves in the solar wind was given by M ckenzie and W estphal
[1969]. Because o f their linear assumption, the results show that only a pair o f Alfven
waves is generated after an incident Alfven wave crosses the bow shock. As we will
see in section 3.5 of this paper, when the nonlinear effects are included a pair o f
compressional slow-mode waves are also generated in addition to the Alfven waves.
In this Chapter, we systematically study the interaction o f the bow shock with
interplanetary shocks through one-dimensional simulations. The interplanetary shocks
include forward fast shocks, reverse fast shocks, forward slow shocks, and reverse
slow shocks. The magnetic field can be in any direction. The simulation model is
briefly described in Section 3.2. We will see in Sections 3.3 and 3.4 that a slow
shock and a slow expansion wave are generated downstream of the bow shock in
addition to the fast shock or fast expansion wave and the contact discontinuity. The
parameter dependence of the generated shocks and expansion waves will also be given
in Sections 3.3 and 3.4. In Section 3.5, the bow shock interaction with interplanetary
rotational discontinuities and large-amplitude Alfven waves will be studied. The main
products of the interaction include an intermediate shock and a pair o f slow shocks. A
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summary o f the simulation results will be given in Section 3.6. The results can be used
to explain the generation o f slow-mode waves observed in the inner magnetosheath.

3.2 O n e-D im en sional Sim ulation M odel
Our simulations are based on the following complete set o f MHD equations
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where the current density j is given by

j = V x B

(3.7)

In one-dimensional (1-D) simulations we set d / d y = d / d z = 0 and let the x
component o f the magnetic field B x to be a constant. The simulations are carried out
in the domain 0 < x < L.
In Equation 3.1-3.7, all physical quantities are normalized.

The length is

normalized by the length o f the simulation domain L , the magnetic field B is
normalized by the initial magnetic field B q and the plasma density p is normalized by
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the initial density po just upstream of the bow shock. The velocity v , time t, current
density J , pressure P , and temperature T are normalized by VA = B o /^/p o P o ,
t A = L / V a , B q/ po L , B q/ po , and pq Va L, respectively, where po is the permeability
of free space.
Initially, a steady bow shock is located at x = xx and the incident shock is
located at x = X 2 - Since the solar wind flows in the negative x direction, the incident
shock also moves in the negative x direction. The bow shock and the incident
interplanetary shock divide the whole simulation domain into three uniform regions:
( 1 ) the magnetosheath region (0 < x < a?i), ( 2 ) the solar wind region between the
bow shock and the incident shock or rotational discontinuity (x i < x < £ 2 ), and (3)
the solar wind region upstream from the incident shock or rotational discontinuity
( x 2 < x < L ). The Rankine-Hugoniot jump conditions shown in Equations 1.1-1.6
are applied to determine the upstream and downstream conditions for both the bow
shock and the interplanetary shock or rotational discontinuity. The incident shock or
rotational discontinuity may propagate in the positive or negative x direction in the
plasma frame. Because of the super-fast flow of the solar wind, they all move in the
negative x direction towards Earth. For the cases with incident shocks, the initial
configuration is completely determined by four parameters: the Alfven Mach number
M ,4 which is the solar wind flow speed over the Alfven speed, the magnetic cone
angle 0 which is the angle between the magnetic field and the x axis, the plasma /3
which is defined as the ratio of the plasma pressure to the magnetic pressure, and the
incoming shock strength r which is defined as the ratio o f plasma density downstream
o f incident shock to the upstream density. The first three parameters are defined in
region 2 between the bow shock and the incident interplanetary shock. The fourth
parameter is replaced by a rotational angle A <f>of the magnetic field for the incident
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rotational discontinuity. Free boundary conditions (d / d x — 0) are applied to both
ends (x = 0 and x = L ) of the simulation domain.
A total o f 2000 grid points are used over the simulation domain. A Runge-Kutta
scheme with a fourth-order accuracy in time and a second order accuracy in space
is used to integrate the above MHD equations with time. Small diffusion terms are
added to stablize the calculation. The diffusion terms determine the thickness of the
transition layers of the shocks or expansion waves. This study concentrates on the
products of the bow shock interaction with the interplanetary shocks or rotational
discontinuities, the upstream and downstream values o f each of these products. The
diffusion term will only change the thickness of the transition layer but not the
upstream and downstream values o f the products. However, in this study, we make
the diffusion terms as small as possible, and at least 5 grid points are located in each
o f the transition layers o f the shocks and discontinuities.

3.3 In cid en t Fast Shocks

3.3.1 Forw ard F ast Shock
Figure 3.1 shows the spatial profiles of plasma density p, pressure P , and
magnetic pressure P b at times t = 0 , 0.11, and 0.22 for a case with an incident
forward fast shock. Initially the bow shock is located at x = 0.85. From its upstream
(right) side to downstream (left) side, the plasma density, plasma pressure, and
magnetic pressure all increase. In the plasma frame, the bow shock is propagating
away from the Earth. This propagation speed is balanced by the solar wind flow
towards the Earth. As a result the bow shock is steady in the simulation frame. The
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incident forward fast shock is propagating towards the Earth in the plasma frame. For
the specific case shown in Figure 3.1, the parameters are chosen as M a = 7 ,9 = 45°,
( 3 = 1 , and r = 2, which are typical for the bow shock and the solar wind.
As the incident fast shock crosses the bow shock, a series o f shocks, expansion
waves, and discontinuities are generated downstream of the bow shock. From left to
the right there are a fast shock, a slow expansion wave, a contact discontinuity, and a
slow shock. In the plasma frame, the fast shock and slow expansion wave propagate
away from the bow shock towards the magnetopause, the slow shock propagates
towards the bow shock, and the contact discontinuity does not propagate. Because the
plasma flow speed in the x direction downstream o f the bow shock is locally below
the fast-mode phase speed and over the slow-mode phase speed, all the generated
waves are actually moving towards the magnetopause. In the plot for t = 0.11, the
dashed lines indicate the positions of the generated fast shock (FS), slow expansion
wave (SE), contact discontinuity (CD), and slow shock (SS). Plasma density, pressure,
and magnetic pressure all increase across the fast shock. In the plot for t = 0.22,
the dashed lines indicate the positions of the generated slow expansion wave (SE),
contact discontinuity (CD), and slow shock (SS). The fast shock has propagated
across the x = 0 boundary. The slow expansion wave is located at x = 0.06. From
the upstream (left) to the downstream (right) of the slow expansion wave, the plasma
density and pressure decrease and the magnetic pressure increases. The slow shock is
located at x = 0.18. From the upstream (right) to the downstream (right) of the slow
shock, plasma density and pressure increase and the magnetic pressure decreases. The
contact discontinuity is located between the slow expansion wave and the slow shock
at x = 0.12. Across the contact discontinuity from the magnetopause side to the bow
shock side, the plasma density increases and the corresponding temperature decreases,
while the plasma pressure, flow velocity, and magnetic field keep unchanged. As the
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incident fast shock crosses the bow shock, the dynamic pressure upstream o f the bow
shock increases. As a result, the bow shock is modified and moves towards Earth.
It can be seen from Figure 3.1 that the density variation is strong at the generated
fast shock and the contact discontinuity and relatively weak at the slow expansion
wave and the slow shock. But the magnetic field variation associated with the slow
expansion wave or the slow shock as well as the fast shock is significant. Since
the magnetic field and the plasma flow velocity are both in the x -y plane, the 2
components of the magnetic field and flow velocity are not involved in the interaction
between the bow shock the incident shock, and no Alfven wave is generated.
The question how to determine the upstream and downstream o f a shock or
expansion wave is important. Suppose there is an object (shock, expansion wave,
discontinuity). It can be moving. If the fluid flows from its right-hand side to
left-hand side, the right-hand side is called upstream and the left-hand side is called
downstream. The basic way to determine the upstream and downstream side o f a
shock is to measure the shock speed and the flow speeds at the two sides. There is
an easier way to do the job in simulation cases o f this chapter. Taking Figure 3.1 as
an example, after the interaction, we know that the fast shock and the slow expansion
wave propagate in the negative x direction while the bow shock and the slow shock
propagate in the positive x direction in the plasma frame. Therefore, the left-hand side
is the upstream for the fast shock and the slow expansion wave, and the right-hand
side is the upstream for the bow shock and slow shock. The contact discontinuity
moves with the plasma flow. Its propagation speed is zero in the plasma frame. There
is no upstream or downstream for the contact discontinuity.
Figure 3.2 shows spatial distribution o f the dynamic pressure Pv = p v 2 based
on the total flow velocity and total pressure P t = P + P b at time t = 0.11. Initially,
the dynamic pressure decreases and the total pressure increases across the bow shock,
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but the summation of the two is constant. The dynamic pressure jump at the incident
fast shock is 82. After the interaction, most o f the dynamic pressure is carried by
the fast shock. The dynamic pressure jump is about 50 and the total pressure jump
is about 20. The total pressure is constant at the slow expansion wave, slow shock,
and contact discontinuity. Dynamic pressure increases for about 15 at the contact
discontinuity, but decreases slightly at the slow expansion wave and the slow shock
from the magnetopause side to the bow shock side. Strictly, the dynamic pressure
associated with the incident shock is distributed to all the waves generated through
the interaction. But the fast shock carries most (85%) of it. The contact discontinuity
also carries significant part ( 18%).
After interaction, the domain downstream o f the bow shock is divided into 5
uniform regions. From left to right, they are region 1 (undisturbed magnetosheath),
region 2 (between the fast shock and the slow expansion wave), region 3 (between the
slow expansion wave and the contact discontinuity), region 4 (between the contact
discontinuity and the slow shock), and region 5 (between the slow shock and the
bow shock). Figure 3.3 shows the values of plasma density, pressure, and magnetic
pressure in the five uniform regions after the shock-shock interaction as functions o f
the solar wind Alfven Mach number M ,\ for 9 = 45°, ft = 1, and r = 2. Note that
the solar wind Alfven Mach number has a wide range with a most probable value
o f 7 [Fairfield, 1971]. The difference between the dotted line and the solid line is
the jump at the fast shock. The density jump across the fast shock is not sensitive
to the Alfven Mach number M .\. Because the plasma density just upstream o f the
fast shock becomes smaller as M a increases, the relative jump of the plasma density
becomes larger. The relative jump is defined as the ratio between the increment or
decrement and the background value. The relative jump is 82% when AI a = 2 and
38% when M a = 10. The pressure jump decreases with decreasing value o f M a ,
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but its relative jump increases with decreasing M a - The relative jump o f the plasma
pressure is 206% when M .\ = 2 and 74% when M ,\ = 10. The relative jump of
magnetic pressure is 210% at M ,\ = 2. and 83% at M ,\ = 10. The difference
between the dashed line and the dot-dashed line is the plasma density variation at
the contact discontinuity. The two lines cross each other around M a = 3, indicating
that the density increases from the magnetopause side to the bow shock side of the
contact discontinuity when M a > 3 and decreases when M a < 3. When M a = 10,
the relative increment is 46%. The difference between region 3 and region 2 gives
the variations across the slow expansion wave. The maximum density decrement is
about 10% which occurs at around M \ = 4. The density variation and the pressure
variation are both small for all the M a values in the chosen parameter domain. The
difference between region 4 and 5 gives the jump at the slow shock. Note that when
M a > 3.5 the plasma density and pressure in region 4 become larger than those in

region 5, while the magnetic pressure becomes smaller. When M a < 3.5, the plasma
density and pressure in region 4 are smaller than those in region 5 and magnetic
pressure is larger. This means that the slow shock in the section M a > 3.5 becomes
a slow expansion wave when M a < 3.5. The density and pressure variations at the
slow shock or the slow expansion wave are small. But the variation of the magnetic
pressure is significant at the slow shock and the slow expansion wave. The larger the
value o f j\/.t, the larger the jump in the magnetic pressure.
The strength of observed interplanetary shocks are generally smaller than that
of the bow shock. Figure 3.4 shows the values of the plasma density, pressure, and
magnetic pressure in the five regions as functions of the incident shock strength for
M a = 7, 0 = 45°, and ii — 1. At the fast shock, the relative increment o f the plasma
density is 12% at r = 1.3, and increases to 86% at r = 3. The relative increment
of the plasma pressure is 22% at r — 1.3 and increases to 209% at r = 3. The
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magnetic pressure increment is 25% at r = 1.3 and 221% at r = 3. For the contact
discontinuity, the density increment from the magnetopause side to the bow shock
side is 14% at r = 1.3 and 36% at r = 3. The stronger the incoming shock, the
stronger the generated fast shock and the contact discontinuity. The plasma density
and pressure variations at the slow expansion wave or the slow shock are again small
for all the incident shock strength in the chosen parameter domain. The magnetic
pressure variations at the slow expansion wave and the slow shock are significant.
The strengths of the generated shocks, expansion waves, and discontinuities also
depend on the other parameters (i and 0. The slow shock and the slow expansion
wave are found to have a larger relative jump in plasma density and thermal pressure
for lower fl. The lower the plasma /j, the larger the density jump at the contact
discontinuity. The 6 dependence of the strengths are found to be weak from the
simulations. However, the slow shock and the slow expansion wave disappear for the
cases with 0 = 0 or 9 = 90". The same results hold for the cases with incident reverse
fast shocks or slow shocks, which will not be repeated in the following sections.
3.3.2 R everse Fast Shock
Figure 3.5 shows the spatial distributions o f plasma density, pressure, and
magnetic pressure at times t = 0 and 0.23 for a case with an incident reverse fast
shock which propagates towards the Sun in the plasma frame. Initially the bow shock
is located at .r = 0.75. The incident fast shock is initially located x=0.97 close to the
right boundary o f the simulation domain. Because of the super-fast flow of the solar
wind in the negative ./• direction, the fast shock is actually moving towards the bow
shock. From the bow shock side (downstream) to the sunward side (upstream) of the
reverse fast shock, the plasma density, pressure, and magnetic pressure all decreases.
The plasma flow speed in the negative .r direction increases. In the specific case
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shown in Figure 3.5. the parameters are chosen as M .\ = 4, [I = 1, 0 = 45°, and
r = 1.5.
As the incident reverse fast shock crosses the bow shock, a fast expansion wave,
a slow shock, a contact discontinuity, and a slow expansion wave are produced
downstream of the bow shock. In the plot for t = 0.23, the positions of the fast shock,
slow shock, slow expansion wave, and the contact discontinuity are indicated by the
dashed lines. At t = 0.23, the fast expansion wave is located at x = 0.11. From
its upstream (left side) to downstream (right side), the plasma density, pressure, and
magnetic pressure all decreases. The slow shock is located at x = 0.49. From the
upstream (left) to the downstream (right) of the slow shock, the plasma density and
pressure increase while the magnetic pressure decreases. The contact discontinuity is
between the slow shock and the slow expansion wave and located at x = 0.55. From
the magnetopause side to the bow shock side of the contact discontinuity, the plasma
density decreases while the plasma temperature increases. The plasma flow velocity
and magnetic field does not have any variation across the contact discontinuity.
The slow expansion wave is located at x = 0.62. From the upstream (right) to
the downstream (left), the plasma density and pressure decrease while the magnetic
pressure increases. After the shock-shock interaction, the bow shock moves farther
away from the Earth because of the sudden decrease o f the dynamic pressure across
the incident reverse shock. It is found in our simulations that the pressure decrement
is about 25% at the fast expansion wave for M_.\ = 10, and the plasma density and
pressure variations are small at the slow expansion wave or the slow shock. The
dependence of the strengths of the transmitted shocks or waves on M ,\, r and other
parameters are similar to those shown in Figure 3.3 and 3.4 for the incident forward
fast shocks.
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3.4 In cid en t Slow Shocks

.

3.4.1 F o r w a r d S l o w S ho c k s

Figure 3.6 shows the spatial distributions o f the plasma density, pressure, and
magnetic pressure at times t = 0 and 0.22 for a case with an incident forward slow
shock which propagates towards the bow shock in the plasma frame. Initially, the
bow shock is standing at the x = 0.85. The slow shock is located at x = 0.95 close
to the right simulation boundary. From the upstream (left) to the downstream (right)
of the incident slow shock, the plasma density and pressure both increase and the
magnetic pressure decreases. For the specific case shown in Figure 3.7 the parameters
are chosen as M ,\ = 4, 0 = 45", and ft = 0.5. The strength r of the incident slow
shock, which is defined as the ratio of the plasma density of the downstream to the
upstream, is given as r = 1.5.
As the incident slow shock crosses the bow shock, from the left to the right,
a fast shock, a slow shock, a contact discontinuity, and a slow expansion wave
are generated. Because of the higher dynamic pressure after the incident forward
slow shock, the bow shock moves towards Earth after impact with the slow shock.
From the upstream (left) to the downstream (right) o f the fast shock, the plasma
density, pressure, and magnetic pressure all increase. From the upstream (left) to the
downstream (right) of the slow shock, the plasma density and the pressure increase
while the magnetic pressure decreases. From the magnetopause side to the bow shock
side o f the contact discontinuity, the plasma density increases. From the upstream
(right) to the downstream (left) of the slow expansion wave, the plasma density and
pressure decrease while the magnetic pressure increases.
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Figure 3.7 shows the spatial profiles, of the total pressure P r — P + P n and
dynamic pressure based on the total velocity Pv = p v 2 at time 0.22 for the same case
shown in Figure 3.6. The dynamic pressure jump associated with the incident forward
slow shock is about 13. After the interaction, the dynamic pressure jump is distributed
to all the waves generated downstream of the bow shock. The total pressure P p does
not change at the slow shock, slow expansion wave, and the contact discontinuity.
The increment in P r is about 3 at the fast shock. The dynamic pressure based on the
total flow velocity P v has a jump of about 5 at the fast shock, 3 at the slow shock,
and another 3 at the contact discontinuity. At the slow expansion wave, the dynamic
pressure decreases a little from the left to right side. The jump of overall pressure
(P r + Pv ) at the generated fast shock is 8, which is 61% of the dynamic pressure
jump associated with the incident slow shock. The jump of overall pressure is 23%
at the slow shock. The same jump occurs at the contact discontinuity. The pressure
variations at the slow shock and the contact discontinuity relative to the pressure jump
at the incident shock are much higher in cases with low Alfven Mach numbers than
cases with higher Alfven Mach numbers.
3.4.2 R everse Slow Sharks

Figure 3.8 shows the spatial profiles o f the plasma density, pressure, and magnetic
pressure at times t = 0 and 0.22 for a case with an incident reverse slow shock which
propagates away from the bow shock towards the Sun in the plasma frame. Initially,
the bow shock is standing at the .r = 0.7, and the slow shock is located close to the
left boundary. For the specific case shown in Figure 3.8, the parameters are chosen as
M ,i = 4, 0 = 45", ft = 1, and r - 1.5.
As the incident slow shock crosses the bow shock, a fast expansion wave, a slow
expansion wave, a contact discontinuity, and a slow shock are present downstream of
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the bow shock as shown in Figure 3.8. Because of the lower dynamic pressure behind
the incident reverse slow shock, the bow shock moves farther away from Earth after
the impact of the the slow shock. From the upstream (left) to the downstream (right) o f
the fast expansion wave, the plasma density, pressure, and magnetic pressure decrease.
From the upstream (left) to the downstream (right) of the slow expansion wave, the
plasma density and the pressure both decrease while the magnetic pressure increases.
From the magnetopause side to the bow shock side of the contact discontinuity, the
plasma density decreases. From the upstream (right) to the downstream (left) of the
slow shock, the plasma density and pressure increase while the magnetic pressure
decreases.

3.5 In cid en t R o ta tio n a l D iscon tin u ities

3.5.1 Forward R o ta tio n a l D iscontinuities
Figure 3.9 shows the plasma density, thermal pressure, magnetic pressure, two
tangential components of the magnetic field, total pressure (P r = P + P b ), and the
dynamic pressure associated with the total velocity (Pv = p v 2) at time 0.36 after an
incident forward rotational discontinuity interacts with the bow shock. Initially, the
bow shock is located at x = 0.85. The incident rotational discontinuity is located
just upstream o f the bow shock, and propagates towards the Earth in the plasma
frame. For the case shown in Figure 3.9, the parameters are chosen as M a = 5,
li = 1 , 0 = 60", and A 0 = 180". Because there is no pressure variation associated
with the incident rotational discontinuity, the bow shock remains at its original
position after the interaction. A localized plateau appears in the plasma density and
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thermal pressure. The magnetic pressure .is depressed accordingly. The maximum
density enhancement in the plateau is 16% of the background value. The maximum
thermal pressure enhancement is about 30% of the background value. The maximum
decrement of the magnetic pressure is close to 100% of the background value. As
shown in the lowest panel of Figure 3.9. the sum of the thermal pressure and the
magnetic pressure is constant across the generated density plateau. We also draw a
line for the dynamic pressure based on the total flow velocity. This quantity is useful
because the plasma flow tangential to the bow shock may partly become normal flow
for the magnetopause since the bow shock and the magnetopause are generally not
parallel to each other. From Figure 3.9, this dynamic pressure is enhanced slightly
over 100%.
The leading edge of the plateau actually consists of an intermediate shock and
a slow shock.

They propagate towards the magnetopause in the plasma frame.

Across the intermediate shock, plasma density and thermal pressure increase while
the magnetic pressure decreases. These variations are the same across the slow shock.
Simulations show that the tangential magnetic field rotates exactly the same angle
across the intermediate shock as in the incident rotational discontinuity. In the case
shown in Figure 3.9, the tangential magnetic field rotates 180° across the intermediate
shock. The magnetic field is in the x - z plane in both the upstream and downstream
regions of the intermediate shock. For cases with an incident rotational discontinuity
o f which the magnetic field rotation is out of the x - z plane, the intermediate
shock becomes a time-dependent intermediate shock since the shock normal and the
magnetic field vectors in the upstream and downstream regions are not in the same
plane. The shock thickness increases with time as \ft. [W u, 1988]. The trailing
edge o f the plateau is mainly a slow shock with enhancements o f plasma density and
thermal pressure and a decrease in magnetic pressure. Trailing the trailing edge is
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an Alfven wave with variations only in the direction o f the magnetic field. But the
overall rotational angle across the Alfven wave is zero. The slow shock and Alfven
wave propagate towards the bow shock in the plasma frame. The phase speeds for the
Alfven mode and slow mode waves are very close to each other in the magnetosheath
since the fi value is usually very high. In the case shown in Figure 3.9, the phase
speed for the Alfven mode and slow mode waves in the x direction are 0.28 and
0.24, respectively. At the same time, the normal plasma flow velocity is 1.54 in the
negative x direction. As a result, the intermediate shock and the slow shock in the
leading edge can hardly separate from each other. The same happens to the slow
shock and the Alfven wave in the trailing edge. We have run a case with a weaker bow
shock so that the plasma (3 is low downstream of the bow shock. The intermediate
shock and the slow shock do separate in that case, and they can be identified by
the Rankine-Hugoniot relations. There is a small amplitude fast-mode wave ahead
o f the plateau. In the middle o f the plateau, there exists a plasma density variation
without any variation on the plasma pressure and magnetic field, which is an entropy
wave. Entropy wave is a wave mode in addition to the fast-mode, slow-mode, and
Alfven-mode waves in MHD theory. Its phase speed is zero in the plasma frame.
There are only variations on the plasma density and temperature in an entropy wave,
but the thermal pressure, magnetic field, and flow velocity are all constants. Its
discontinuity form is contact discontinuity.
It should be noted that the rotational discontinuity does not exist in the resistive
MHD model. In this simulation, resistivity is included and the incident rotational
discontinuity should not be stable. On the other hand, rotational discontinuities are
frequently observed in the solar wind [Burlaga, 1969]. Hybrid simulations also show
the existence of rotational discontinuities [«.</.. Swift, and Lee, 1983: Goodrich and
Canjill, 1991; L in and Lee, 1993]. Therefore, we introduced the incident rotational
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discontinuity right before the bow shock to avoid its decay due to a finite resistivity
in our simulation. We have also simulated cases with incident Alfven waves that
rotate the magnetic field just as the rotational discontinuity but in a much longer
distance. These cases are important for the magnetosheath considering the abundance
of large amplitude Alfven waves observed in the solar wind [B elch er et al., 1969].
The results are same as the incident rotational discontinuity cases except that the
downstream slow shocks become slow compressional waves, and the intermediate
shock becomes an Alfven wave.
Figure 3.10 shows the plasma density, thermal pressure, and magnetic pressure
as functions of the magnetic field rotation angle A 0 across the incident rotational
discontinuity. The values downstream of the bow shock before the interaction are
background values and are indicated by the solid-dotted line. The maximum values
for the plasma density and thermal pressure and the minimum value for the magnetic
pressure in the plateau formed after the interaction are respectively indicated by
the solid lines. The variation increases with increasing rotation angle A 0.

The

variation first increases slowly from A 0 = 0, fast around A 0 = 90°, and become
slow again for A 0 > 180". There is little change in the plasma density enhancement
for A 0 > 180". In cases with A 4> > 180" or with an incident Alfven wave train
instead of a single Alfven wave, some smaller-scale structures appear in the large
slow-mode structure. The plasma density and magnetic Field are anti-correlated in the
smaller-scale structures. The whole slow-mode structure becomes more complicated.
It should be noted that the variation also depends on other parameters K I.\, 8, and 4>.
For example, the relative variations increase for decreasing M ,\.
3.5.2 R everse R o ta tio n a l D iscontinuities
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R o t a t io n Angle

Figure 3.10

(d eg ree)

The plasma density p, pressure P , and magnetic pres

sure P[) as functions of the magnetic field rotation angle at the incident
rotational discontinuity. The dot-dashed I'nes indicate the background
value, while the solid lines indicates the maximum or minimum value
after the interaction.
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Figure 3.11 is the same as Figure 3.9 except that the incident rotational discon
tinuity propagates towards the Sun in the plasma frame, instead o f towards Earth.
Plateaus are formed in the plasma density and thermal pressure, and the corresponding
magnetic pressure is depressed. The leading edge of the plateau consists of a slow
shock and a small Alfven wave. The trailing edge consists of an intermediate shock
and a slow shock. They propagate towards the bow shock in the plasma frame. An
entropy wave appears in the middle o f the plateau. Compared to the incident forward
rotational discontinuity case, the leading edge and trailing edge in this case are
reversed. The dependence of the maximum variation of the plasma density, pressure,
and magnetic pressure on the parameters, such as the rotational angle and the M a ,
are same as the cases with incident forward rotational discontinuities.

3.6 S u m m ary
Figure 3.12 summarizes the results of the bow shock interaction with an incident
interplanetary shock, which can be a forward fast shock, a reverse fast shock, a
forward slow shock, or a reverse slow shock. Alfven waves, rotational discontinuities,
or intermediate shocks are not generated in the interaction. A fast mode wave is
produced in the interaction and propagates towards the magnetopause in the plasma
frame. This fast mode wave is a fast shock when the incident shock is a forward
fast shock or forward slow shock. It becomes a fast mode expansion wave when the
incident shock is a reverse fast shock or a reverse slow shock. A contact discontinuity
is also generated. From the magnetopause side to the bow shock side o f the contact
discontinuity, the plasma density increases (decreases) when the incident shock is of
forward (reverse) propagation. In addition to the fast mode wave and the contact
discontinuity, a pair of slow mode waves are also generated downstream of the bow
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shock. In the plasma frame, the one that propagates away from the bow shock is a
slow expansion wave when the incident shock is a forward fast shock or a reverse
slow shock. It becomes a slow shock when the incident shock is a reverse fast shock or
a forward slow shock. The other slow mode that propagate towards the bow shock is
a slow shock when the incident shock is a forward fast shock or a reverse slow shock.
It becomes a slow expansion wave when the incident shock is a reverse fast shock
or a forward slow shock. The bow shock itself is also modified after its interaction
with the interplanetary shocks. For example, it moves towards (away from) the Earth
when the incident shock is a forward (reverse) shock. It is noted that when the bow
shock has a strength that is close to the incident forward fast shock, the slow modes
become a pair of slow expansion waves. These cases are not included in Figure 3.12.
Figure 3 . 13 summarizes the results of the bow shock interaction with an incident
rotational discontinuity which can propagate in the forward direction or in the reverse
direction. The main products of the interaction include an intermediate shock and
a pair of slow shocks.

Across the intermediate shock, the tangential magnetic

field rotates exactly the same angle as the incident rotational discontinuity. When
the magnetic field does not satisfy the coplanary condition, the intermediate shock
becomes a time-dependent intermediate shock (TDIS). A small Alfven wave and an
entropy wave are also present in the simulation. For an incident forward (reverse)
rotational discontinuity, the generated intermediate shock and a slow shock propagate
towards the magnetopause (bow shock) while the other slow shock and the Alfven
wave propagate towards the bow shock (magnetopause) in the plasma frame. Because
of the high ft property of the magnetosheath, the intermediate shock and the slow
shock can hardly be separated from each other. As a result, a plateau is formed
in the plasma density and thermal pressure. The magnetic pressure is depressed
accordingly and is anti-correlated with the thermal pressure. For an incident rotational
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discontinuity with a magnetic field rotational angle of over 180° or with an incident
Alfven wave train instead of a single Alfven wave, some smaller-scale structures
appear in the large slow-mode structure. The plasma density and magnetic field are
anti-correlated in the smaller-scale structures.
Applications of these results to the slow-mode structures observed in the
magnetosheath will be given in chapter 4 and 5.
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C h apter 4

G en eration o f Slow -M ode W aves and S tru ctu res

in th e Inner M a g n eto sh ea th

The bow shock interaction with interplanetary shocks, rotational discontinuities, and
large-amplitude Alfven waves are studied in chapter 3 in one-dimensional simulations.
In this chapter, the interactions are studied further by using two-dimensional MHD
simulations. In the two-dimensional simulations, the magnetopause is a boundary o f
the simulation domain and the bow shock is present in the middle o f the simulation
domain automatically as a result o f the interaction between the super-fast solar wind
flow and the magnetopause boundary. Along the Sun-Earth line, the solar wind flow
speed decreases from super-fast speed to sub-fast and super-Alfven speed across the
bow shock. It decreases further to zero at the stationary magnetopause since no plasma
can go across the tangential discontinuity. This “ slow-down” o f the convection from
post bow shock to the magnetopause has some important effects on the waves. The
propagation and amplification of the waves generated at the bow shock are important
issues and are addressed in this chapter.
The two-dimensional MHD simulation model is described in Section 4.1. The
steady state magnetosheath is obtained as the first step o f this study. In Section 4.2, the
properties associated with the stationary configuration are briefly described. In Section
4.3, magnetosonic waves are imposed upstream of the stationary magnetosheath
obtained in Section 4.2. The incident magnetosonic wave can be a fast-mode or a
slow-mode wave. In Section 4.4, an Alfven wave is imposed upstream of the steady
magnetosheath. The interaction between the bow shock and the waves are examined.
The propagations of the generated waves in the nonuniform magnetosheath are also
79
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studied. The simulation results are summarized in Section 4.5. The main results o f
this chapter has been published [ Yan and Lee, 1994].

4.1 T w o-D im en sion al Sim ulation M odel
Our study is based on compressible MHD equations (3.1 -3.7). The two-dimensional
assumption allows us to set d / d z = 0. In the x -y plane, the polar coordinates (r,
9) with the earth as the origin are used in the simulation. The simulation is carried
out in a domain defined by 10R e < r < 40R e and |0| < 7t / 2 . The boundary at
r = 10R e is assumed to be the magnetopause on which the normal components o f
flow velocity and magnetic field are set to zero while the first order derivatives o f all
other quantities are set to zero. Along the outflow boundaries (10-R# < r < 40R e ,
and 9 = ± 7t / 2 ) the first-order derivatives of all physical quantities are set to zero. On
the upstream boundary at r = 4 0 R e , all physical quantities are set to the values o f
the solar wind. The Runge-Kutta scheme with a second-order accuracy in space and
fourth-order accuracy in time is adopted to intergrate the MHD equations. A total o f
600 x 1200 grid points are uniformly distributed in r and 9 directions with a spatial
resolution of 0.05R e in the r direction and about 0.04-Rf; in the 9 direction near the
magnetopause. The numerical dissipation involved in the adopted finite difference
method is estimated to be about 0.001 in the normalized unit of pq V a R e .
In this chapter, the magnetic field B , density p, and velocity v are normalized by
the solar wind magnetic field B q, density po, and Alfven velocity VAQ = B o /y/p o p o ,
respectively. The length is normalized by Earth’s radius R e , time by t A = R e / V ao
, and pressure by Po = B q/ pq .
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4.2 S tea d y M agn etosh eath
As the first step of this study, we keep the solar wind and the IMF parameters
unchanged for a long time until the magnetosheath finally reaches a steady state.
Figure 4.1 shows the magnetic field lines, flow velocity, and contours o f the thermal
pressure and plasma density in the simulation plane for the steady state. The solar wind
parameters are: Alfven Mach number M a = 5, (3 — 0.5, B x = B z /2 = B q/ \ / 5 ,
and B y = 0. By assuming Bo = 7 nT and po = 5 cm-3 in the solar wind, we have
70 km/s, Vsv. = 350 km/s, and

« 1.5 minutes.

Because of the two-dimensional assumption, creation o f a steady state solution
requires the y component o f the IMF be zero. If not, the magnetic flux would continue
to pile up in front of the magnetopause. In the actual three-dimensional situation, the
IMF can be oriented in any direction, and a steady state magnetosheath will always
be found for any set o f upstream conditions. Note that the magnetic field and the flow
velocity may have 2 components in the two-dimensional simulation even though the
simulation is only in the x -y plane.
In Figure 4.1, the magnetopause is located at the r = 10 R e half circle by the
boundary conditions. The outer boundary at r = 40 R e is in the solar wind. The
bow shock appears in the simulation domain automatically because of the interaction
between the magnetopause boundary and the super-fast flow o f the solar wind.
Upstream of the bow shock, all physical quantities are uniform in space. The flow
velocity is in the -x direction. Along the Sun-Earth line across the bow shock,
the plasma flow velocity decreases from super-fast speed to a sub-fast speed. The
plasma density and the thermal pressure are both enhanced. The x component of the
magnetic field does not change since it is perpendicular to the shock front, but the 2
component, which is perpendicular to the simulation domain, is enhanced. The total
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Pressure

Figure 4.1

Density

Magnetic field lines, plasma flow velocity, and contours of

thermal pressure and plasma density of the steady magnetosheath.
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magnetic field, therefore, increases. From the bow shock to the magnetopause, the
plasma flow speed further decreases while the plasma density and thermal pressure
increase. The plasma flow velocity in the simulation plane becomes zero at the
magnetopause. At the same time, the plasma density and the thermal pressure reaches
their maximum values in the magnetosheath. Away from the Sun-Earth line, the flow
speed decreases across the bow shock. The flow normal to the shock front decreases
from a super-fast speed to a sub-fast speed. However, the downstreamtotal speed in
the region far away from the subsolar area can be higher than the fast mode speed
since the large tangential component does not change much across the shock. The
plasma density enhancement decreases slowly away from the sub-solar area, while
the thermal pressure enhancement decreases rather fast. The magnetic field lines are
compressed since there is a finite tangential component in the simulation plane.
The above described configuration of the steady magnetosheath is quite similar to
that obtained in the gasdynamic model as shown in Figures 1.1 and 1.2. The difference
is that there is no y component of magnetic field in our simulation. As a result,
there is no magnetic flux pile up and plasma depletion in the magnetosheath. The
stationary bow shock is about 8R e away from the magnetopause along the Sun-Earth
line. For the stationary configuration p = 3 A p 0, B = 2.9B 0, P = 17 A B ^ /p ,0, and
V = 1.7VA just downstream o f the bow shock along the Sun-Earth line. It should be
noted that the distance is about 3-5 R e in the actual three-dimensional case.
This is only the first step of the two-dimensional simulation. The next step,
which is more important, is to impose some fluctuations in the solar wind upstream
o f the steady bow shock to study the bow shock interaction with the fluctuations
and propagation properties of the generated slow-mode waves in the nonuniform
magnetosheath.
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4.3 In cid en t M agn etoson ic W aves
An magnetosonic wave is next superposed in the ambient solar wind upstream
of the bow shock. The perturbed quantities are chosen according to the polarization
o f each mode. For fast-mode and slow-mode waves, the perturbed quantities can be
written as [e.g., K uo, 1988]

(4.1)
(4.2)

(4.3)
(4.4)

P i = C 2, Pl
Vyl — P x l — P y l — 0

i

(4.5)

where the subscript “ 1” indicates the perturbed quantities, Vs (V f) indicates the phase
speed o f slow-mode (fast-mode) wave along the Sun-Earth line, Va is the Alfven
speed, C s is the sound speed,, and a is the angle between the magnetic field and the x
direction, which directs from Earth to the Sun. The perturbed density is chosen as

(4.6)
in the region 18j?£ < x < 34R e , and pi = 0 in other regions. We set the wavelength
Xx = 16R e , xo = 18-R^, and yo = 8R e - The Gaussian function in p x is chosen
such that the upstream boundary can be easily handled.
4.3.1 In c id e n t F ast-M ode W ave
In Case 1, an incident fast-mode wave given by Equation 4.1-4.6 with 8p = 0.5po
is superposed on the stationary configuration at t=0. Figure 4.2 shows the resulting
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plasma density contours at six different times t=0, 3.5, 7, 10.5, 14, and 17.5
(tA ^ 1. 5min). Figure 4.3 shows the corresponding contours for thermal pressure.
Figure 4.4 shows the magnetic field lines at time t = 7 t^ . Figure 4.5 shows the
profiles o f plasma density p, thermal pressure P , and magnetic field B along the
Sun-Earth line at t=0 (dashed line) and t=7tA (solid line).

At t=0, the incident

fast-mode wave is imposed just upstream o f the bow shock. The variations of the
plasma density and the magnetic field are right in phase as shown Figure 4.5 (dashed
lines) indicate that the incident wave is a fast-mode wave.
The interaction between the incident magnetosonic wave and the bow shock will
generate four wave modes downstream of the bow shock [e.g., M ckenzie, 1970].
They are: (a) one fast-mode wave, (b) two slow-mode waves, and (c) an entropy
wave. In the plasma frame, the fast-mode wave, one slow-mode wave and one Alfven
wave propagate towards the magnetopause; the other slow-mode wave and Alfven
wave propagate towards the bow shock. The entropy wave does not propagate in the
plasma frame. Since the downstream plasma is flowing from the bow shock to the
magnetopause at a speed that is between the fast-mode phase speed and the Alfven
speed, all four waves travel from the bow shock to the magnetopause.
The fast-mode wave propagates very fast in the magnetosheath. Its phase speed
is found to be about 3 .5 V40 . Together with the convection velocity, the fast-mode
wave can travel from the bow shock to the magnetopause in 1 .5 ^ , and travel
from the magnetopause back to the bow shock in about 5

In Figure 4.2, waves

already appear in the magnetosheath at t=3.5f a - The leading edge in the kink o f the
density contours is associated with the fast-mode wave, which propagates towards the
magnetopause. It is found in the simulation that the fast-mode wave is reflected back
at the magnetopause. As shown in Figure 4.2, at \= H a , the fast-mode wave has been
reflected at the magnetopause and is propagating towards the bow shock. It can be
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D ensity Contours

Figure 4.2

t

Plasma density contours at t=0, 3.5, 7, 10.5, 14, and 17.5

(/vt = 1,5min) for Case 1. A fast-mode wave is imposed upstream

of the bow shock at t=0.
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Pressure Countours

Figure 4.3

Thermal pressure contours at t=0, 3.5, 7, 10.5, 14, and

17.5 t .\ (t.,\ = 1.5min) for Case 1. A fast-mode wave is imposed just
upstream of the bow shock at t=0.
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Field Lines

Figure 4.4

Magnetic field lines in the simulation plane for Case 1 with

an incident fast-mode wave at t=7 t A (t \ « 1.5 min).
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lines) for Case 1 with an incident fast-mode wave.
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seen in Figure 4.5 (solid lines) that the fast-mode wave has steepened to form a fast
shock. In this simulation, the magnetopause is treated as a rigid body. Actually the
magnetopause would move back and forth and some of the fast-mode wave energy
would be transferred into the magnetosphere. The reflected waves should not be
as strong as in this simulation. The fast shock merges into the bow shock before
t= 10.5f ^ . The Alfven waves resulted from the interaction are very weak in this case.
At t=3.5*..i, the slow-mode waves have been formed in the magnetosheath
and they are propagating towards the magnetopause. At t-7 tA , the excellent anti
correlation between the plasma pressure and the magnetic field shown in Figure
4.5 (solid lines) indicate that these waves are mainly slow-mode waves. The phase
difference between the plasma pressure and density indicates the existence of the
entropy wave.

At this moment, the slow-mode waves have gone into the inner

magnetosheath. Although there is only one period of a sinusoidal variation in the
upstream incident wave, two complete periods of sinusoidal variations are present in
the resulting slow-mode waves due to the separation of the two transmitted slow-mode
waves in the magnetosheath. The kinks on the magnetic field lines as shown in Figure
4.4 correspond to the slow-mode waves in the inner magnetosheath. The wave fronts
o f all generated waves are mainly parallel to the magnetopause. The wavelength of the
slow-mode waves normal to the magnetopause is A„ « 1-57?e while the tangential
wavelength A, is much larger than A„. In the three-dimensional configuration, An
may be further reduced due to compressed distance between the bow shock and the
magnetopause. After t=7tA , the slow-mode waves propagate more slowly towards
the magnetopause because the actual propagation speed, which is the sum o f the
convection speed and the phase speed normal to the magnetopause, decreases to
zero at the magnetopause. At the later time, the amplitude of the slow-mode waves
decreases because the wave energy is convected tailward around the magnetopause.
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The density and thermal pressure contours at t=7, 10.5, 14, and \7 .5 tA in Figures 4.2
and 4.3 show clearly the slow propagation and decay o f the slow-mode waves. The
slow-mode waves stand in front of the magnetopause for about 10/..i (15 minutes)
from t=7/.i when they have arrived the inner magnetosheath to t=17.5/.t asthey
almost fade away.
4.3.2 Incident Slow -M ode Wave
In Case 2, we impose a slow-mode wave in the upstream solar wind. Figure 4.6
is the same as Figure 4.2 except that it for Case 2. Figure 4.7 is the same as Figure
4.3

except that it is for Case 2. Figure 4.8 shows the profiles o f plasma density,

pressure, and magnetic field along the Sun-Earth line at t=0 (dashed lines) and \ . = H a
(solid lines). The results with the incident slow-mode waves are quite similar to those
with incident fast-mode waves. The anti correlation between the plasma density p
and magnetic field B upstream of the bow shock at t=0 indicates the incident wave is
a slow-mode wave. The downstream fast-mode wave resulting from the interaction
between the incident wave and the bow shock is also found to propagate from the bow
shock to the magnetopause and then be reflected back to the bow shock. It should be
noted that after the fast shock merges into the bow shock, another slow-mode wave
is generated downstream of the bow shock which is convected to the magnetopause.
The same process of wave mode conversion also occurs in the incident fast-mode
wave case. No strong Alfven waves are generated through the interaction process.
The generated slow-mode waves also stay in the inner magnetosheath for over 15
minutes before being convected away tailward.
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D ensity Contours

t=7*

Figure 4.6

Profiles of density p, pressure P , and magnetic field D at

t=0 (dashed lines) and 1=71 \ (solid lines) for Case 2 with an incident
fast-mode wave.
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Pressure Countours

Figure 4.7

Profiles of density p , pressure P , and magnetic field B at

t=0 (dashed lines) and t=7 t A (solid lines) for Case 2 with an incident
fast-mode wave.
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Profiles of density p, pressure P , and magnetic field D at

t=0 (dashed lines) and \=7tA (solid lines) for Case B with an incident
fast-mode wave.
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4.4 In cid en t A lfven W ave
In Case 3, a large amplitude Alfven-mode wave is imposed upstream of the bow
shock. Across the Alfven wave, the projection of the magnetic field on the y -z plane
rotates 360" circularly, and the corresponding plasma flow velocity in the plane also
rotates by the same angle. The relative directions of the velocity and magnetic field are
chosen such that the Alfven wave propagates towards Earth in the solar wind frame.
This case corresponds to the incident forward rotational discontinuity discussed in
Section 3.5, but the wave length for this incident Alfven wave is set to be the same as
the incident magnetosonic waves in Section 4.3.
There is no strong fast-mode wave generated from the interaction between the
bow shock and the incident Alfven wave, which agrees with the one-dimensional
simulation in Section 3.5. Figure 4.9 shows the magnetic field lines and contours
of plasma density and thermal pressure in the simulation plane at t. = 7 tA . The
corresponding profiles of plasma density, pressure, magnetic field magnitude B , and
B y along the Sun-Earth line at t=0 (dashed lines) and t=71A (solid lines) are shown in
Figure 4.10. Across the incident Alfven wave (t=0), the plasma pressure and magnetic
field magnitude are constant, while B y and B z change sinusoidally.
The anti-correlation between the density and magnetic field at t=7f ..i (solid lines)
indicates the presence of slow-mode waves in the inner magnetosheath. What is
interesting is that there is a region in which the plasma density is higher than the
background value and the corresponding magnetic field is below the background
value. This slow-mode structure is divided into two structures with smaller scale
length. Each of them has a peak in plasma density and a valley in magnetic field
strength. Note that there is no plasma density variation in the upstream solar wind for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

96

t= 7 ^

Field Lines

Figure 4.9

Density

Pressure

Magnetic field lines and contours of the plasma density

and thermal pressure in the simulation plane at t=7 1

in the case with

incident Alfven waves.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

97

P

-

^

.............

t=0

*

iim litii

r “*

5
4

II

Incident Alfven Wave

1
4

2

x
0

20 r
15

p

-

1 0 :

5 1
0 L

r (Re )

Figure 4.10

Profiles of plasma density

p, magnetic field B , and B y

at t=0 (dashed lines) and t=7f ..i (solid lines) for Case 3 with an incident
Alfven wave.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

98
the incident Alfven wave case, but slow-mode waves with enhanced plasma density
and depressed magnetic field are still generated in front o f the magnetopause.
Now look at the y component of the magnetic field whose variation indicates
the change o f magnetic field direction in the y -z plane. The direction variation is all
through the generated slow-mode structure, which means that large-amplitude Alfven
waves are mixed with the generated slow-mode structure. Like the magnetosonic
waves, the incident Alfven wave is compressed to a smaller wavelength in the
direction normal to the bow shock during its interaction with the bow shock.
The amplitudes o f density and magnetic field variations are found to be larger
than those in the one-dimensional simulation with the same solar wind parameters.
The amplification is due to the “ slow-down” of the group velocity o f the slow-mode
waves in the direction normal to the magnetopause. This mechanism may amplify the
slow-mode waves and steepen the wave fronts.

4.5 Su m m ary
In summary, we have developed a two-dimensional semi-global MHD simulation
model to study the interaction between the bow shock and interplanetary MHD waves,
which include the fast-mode, slow-mode, and Alfven waves. The simulation results
can be summarized as follows.
(1)

All three wave modes can lead to the presence o f slow-mode waves in front of

the dayside magnetopause. The plasma density and magnetic field are anti-correlated
in these slow-mode waves. It should be emphasized that the directional variation of
the IMF in an Alfven wave may generate slow-mode structure with an overall plasma
density enhancement and a magnetic field depression in the inner magnetosheath. The
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generated structure consists of smaller structures with anti-correlated plasma density
and magnetic field.
(2) Fast-mode and entropy-mode waves are also generated by incident magne
tosonic waves. The fast-mode wave is reflected at the magnetopause and propagates
back towards the bow shock. When it finally merges into the bow shock, another
slow-mode wave is generated that then propagates towards the magnetopause. No
significant fast-mode wave is found to be generated in the Alfven wave incident case.
However, the generated slow-mode waves are mixed with Alfven waves.
(3) Because of the small propagation speed normal to the magnetopause, these
waves stay in the inner region of the dayside magnetosheath for more than 15 minutes,
which is much longer than the convection time ( ~ 4 minutes) o f the incident wave in
the upstream solar wind. This slow propagation property makes them look like steady
state structures of the inner magnetosheath.
(4) The wavelength in the direction normal to the magnetopause is much smaller
than that in the tangential direction, which is due to the compression o f the normal
wave length at the bow shock and farther in the magnetosheath, and agrees with the
observation o f MHD waves in the inner magnetosheath.
Since MHD waves are often present in the solar wind, this mechanism may
lead to the presence o f slow-mode structures frequently observed in front o f the
magnetopause. The pressure anisotropy is believed to play an important role in the
low frequency plasma waves in the magnetosheath [A nderson and Fuselier, 1993].
Its effect on the slow-mode waves in front of the magnetopause is another topic for
study. Satellite observations show that the magnetopause is in constant motion which
can be created by the variation o f solar wind flow speed and total pressure. The
movement and oscillation of the magnetopause may also generate slow-mode waves
in the inner magnetosheath, which will be studied in the future.
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C h a p ter 5

D isc u ssio n an d S u m m ary

Fluctuations of the plasma density and magnetic field on time scales over 5 minutes
frequently appear in the magnetosheath. As in the four example cases o f chapter 2,
the fluctuations have their sources in the solar wind. However, fluctuations in the
solar wind are strongly modified at the bow shock and can be quite different from
those observed in the magnetosheath. In example Cases 3 and 4, the slow-mode
structures observed in the inner magnetosheath with plasma density enhancements
and magnetic field depressions are not caused by variations in the plasma density and
the amplitude of the magnetic field: It is the variations of the IMF direction that lead
to the slow-mode structures in the inner magnetosheath.
As studied in the MHD simulations in chapters 3 and 4, the interactions between
Earth’s bow shock and rotational discontinuities or large-amplitude Alfven waves in
the solar wind generate slow-mode structures in the magnetosheath. The generated
structure with enhanced plasma density and thermal pressure and depressed magnetic
field is similar to the observed slow-mode structure in the inner magnetosheath.
The thickness o f the plateau in the plasma density generated through the interaction
between an incident rotational discontinuity and the bow shock can be estimated by
considering one of the edges of the density plateau is mainly an intermediate shock
while the other edge is mainly a slow shock. Assume that the slow shock and the
intermediate shock propagate, respectively, at the phase speeds C s o f the slow-mode
waves and C j of the Alfven mode waves. The plateau between the intermediate shock

100
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and the slow shock has a thickness

d = (Cs + C j ) t

(5.1)

t = Lb/v

(5,2)

where

Here Lb is the distance from the observation point to the bow shock and v is the
flow speed in the magnetosheath. In the region near the subsolar point, Ld ~ 3R e ,
X) w 100 km/s, and C j

15 km/s. The thickness o f the density plateau is

then « 0.9 R e , which is of the same order as the width of the slow-mode structure
observed in the magnetosheath [Song et a l, 1992]. Note that the plateau is not
formed immediately after the interaction at the bow shock. It is formed gradually
as its leading and trailing edges separate from each other. This can explain why
the slow-mode structures are often observed in the inner magnetosheath and not in
the region close to the bow shock. As shown in the incident Alfven wave case in
chapter 4, several slow-mode structures with a smaller spatial scale appear in the
generated large-scale stmcture. The smaller-scale structures also exhibit an enhanced
plasma density and depressed magnetic field. These properties appear in the satellite
observations as in the example Case 3 and 4 of chapter 2.
It seems that the magnetosheath favors slow-mode fluctuations instead o f fast
mode fluctuations for time scales over 5 minutes.

According to the statistical

results, 98% o f the large-scale fluctuations in the plasma density and the magnetic
field are slow-mode fluctuations, where there is an anti-correlation between the
plasma density and the magnetic field magnitude.

Our theoretical studies show

that when an interplanetary fast or slow-mode wave crosses the bow shock into
the magnetosheath, both fast-mode and slow-mode waves are generated in the
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magnetosheath. The interaction between an interplanetary Alfven wave or rotational
discontinuity generates a slow-mode structure in the magnetosheath with enhanced
plasma density and depressed magnetic field. The observed dominant slow-mode
structures in the magnetosheath agree with the observational fact that the solar wind
fluctuations are mainly Alfven waves.
Figure 4.6 shows that the number of slow-mode events increases from the outer
magnetosheath to the inner magnetosheath. About 69% o f the events occurred in the
inner 1/3 o f the magnetosheath. This observation result also agrees with the bow
shock-Alfven wave interaction model. According to the simulations, the plateau of
the plasma density is formed gradually as its leading edge and trailing edge gradually
separate from each other. If the structure is encountered by the satellite in the region
close to the bow shock, the plateau has not formed yet since its leading edge and
trailing edge do not have the time to separate from each other. They cannot be
detected as large-scale structures even though the plateau has already formed. In
the outer magnetosheath, the convection speed is about 100 km/s. Assuming that
the structure has a thickness of 1 R e , it takes only 1 minute for the satellite to pass
through it. However, their propagation speeds become very small as they are close to
the magnetopause as in the simulation in chapter 4. There it might take half an hour
for the satellite to go through the structure.
It is shown in the statistical results that the observed slow-mode events with
density enhancements greater than 50% are more frequently observed in the inner
magnetosheath, which suggests there exists some amplification to the slow-mode
waves during the process in which they are convected to the inner magnetosheath.
The first amplification effect comes from the “ slow down” o f the plasma flow from
the post bow shock to the magnetopause. As discussed in chapter 4, this gives an
amplification of the slow-mode waves, making the fluctuations larger and steeper.
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Another amplification effect is the plasma 0 variation in the magnetosheath. Because
o f the gradual pile-up of the magnetic field and the gradual depletion o f the plasma
density from the bow shock to the magnetopause, the plasma 0 value decreases from
very high value right downstream of the bow shock to a relatively low value. The 0
value can be below unity in the area close to the magnetopause. For a slow-mode
wave, the relative plasma density and pressure variations are higher relative to the
magnetic field variations when the background plasma 0 is low. Thus the generated
slow-mode expansion waves and shocks may have a stronger plasma density and
pressure variations as they are convected into the low 0 area close to the magnetopause.
The second amplification effect does not appear in the two-dimensional simulation in
chapter 4 since there is no pile up o f the magnetic field in the simulation plane and no
plasma density depletion.
Figure 4.6 may also suggest that some of the slow-mode structures observed in the
inner magnetosheath are generated locally. Actually, these events were first reported
by Song et al. [1992]. Further observational studies are needed to answer the questions
about how many o f the slow-mode events in the inner magnetosheath come from the
upstream region and how many are generated locally. One possible mechanism to
generate these slow-mode waves locally is the motion o f the magnetopause, the inner
boundary of the magnetosheath. The magnetopause is moving all the time because o f
solar wind pressure variations or large-scale surface waves on the magnetopause. The
outward motion compresses the magnetosheath plasma and magnetic field, which
may generate waves in the magnetosheath. Such slow-mode waves should stay in the
inner magnetosheath until their energy is convected to the tailside.
A s an interplanetary shock propagates through the bow shock, the dynamic
pressure variation associated with it are distributed among the shocks, expansion
waves, and the contact discontinuity generated through the interaction. When the
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Alfven Mach number is high, as in the case shown in Figure 3.2, most o f the dynamic
pressure jump at the incident shock goes to the generated fast shock or fast expansion
wave. The dynamic pressure jump at the contact discontinuity is also significant.
In response to the one-step jump of the dynamic pressure in the solar wind, the
pressure jumps in several steps in the magnetosheath. This is similar to the cases with
incident tangential discontinuities [ Wu et al., 1993]. In those cases, a fast shock (or
a fast expansion wave) and a tangential discontinuity are generated in response to an
incident tangential discontinuity. They both are responsible for significant pressure
variations in the magnetosheath. It becomes more complicated when the Alfven Mach
number is low, as in the case shown in Figure 3.7. In addition to the fast shock or fast
expansion wave and the contact discontinuity, the slow shock and slow expansion
wave may carry significant dynamic pressure variations. As a result, the overall
pressure jump in the magnetosheath appears in three or more steps in response to the
one-step jump in the solar wind. These stepwise pressure variations are expected to
show some special signatures on ground observations.
As a rotational discontinuity or an Alfven wave in the solar wind propagates to
the bow shock, there is no dynamic pressure variation associate with it. However, a
structure is still generated in the magnetosheath with an enhanced dynamic pressure.
The pressure enhancement is significant, heiring 100% in the case shown in Figure
3.9. This means that a variation of the IMF direction itself may create a strong
transient pressure pulse in the magnetosheath, which may generate the magnetic
impulse events or convection vortices in the magnetosphere [Lanzerotti et a l, 1986;
F riis-C h risten sen et a l, 1988; Lanzerotti et a l, 1991; Lee and Lysak, 1992;
K o n ik et a l, 1994],
We have studied the satellite observations of the magnetosheath and have
developed MHD numerical simulation models to study the interaction between the
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bow shock and interplanetary MHD fluctuations . The major findings in this thesis
are listed below:
(1) Satellite observations show that fluctuations with time scales over 5 minutes
frequently appear in the magnetosheath. For a dominant number of the large-scale
fluctuations it is seen that the plasma density and magnetic field strength are anti
correlated, which indicates that they are slow-mode structures. These slow-mode
structures are more frequently observed in the inner magnetosheath. Some o f the
slow-mode structures observed in the magnetosheath have their sources in the solar
wind. However the modification by the bow shock may make the variations in
the magnetosheath and those in the solar wind look quite different. Some o f the
slow-mode structures observed in the inner magnetosheath may be generated locally
close to the magnetopause.
(2) Satellite observations also show that some o f the slow-mode structures with
enhanced plasma density and depressed'magnetic field that are observed in the inner
magnetosheath are associated with Alfven waves in the solar wind. In the Alfven
waves, there is no variation in the plasma density or in the amplitude of the IMF, but
the IMF direction changes. The MHD simulations show that the interaction between
the bow shock and interplanetary rotational discontinuities or large-amplitude Alfven
waves generates a slow-mode structure in the magnetosheath with enhanced plasma
density and depressed magnetic field. The properties of the slow-mode structures are
similar to the observations, which suggests that the observed slow-mode waves are
generated through the interaction between the bow shock and interplanetary Alfven
waves.
(3) The two-dimensional simulations show that the propagation o f the slow
mode waves generated from the interaction between the bow shock and interplanetary
fluctuations becomes very small in the direction normal to the magnetopause once
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they are convected into the inner magnetosheath. This property makes them look like
steady structures in front of the magnetopause. They stay in the inner magnetosheath
for about 15 minutes before the wave energy is convected to the tailside by the plasma
flow.
(4) The simulations show that the dynamic pressure variation associated with
the slow-mode structure generated from the interaction between the bow shock and
the interplanetary rotational discontinuities and large-amplitude Alfven waves can be
over 100% o f the local background value. When the Alfven Mach number upstream
o f the bow shock is small, the pressure variation becomes even larger. Considering the
abundant rotational discontinuities and Alfven waves observed in the solar wind, the
bow shock-Alfven wave interactions might be an important mechanism that produces
pressure pulses in the magnetosheath without variations in the upstream solar wind
dynamic pressure.
(5) The simulations also show that a slow shock and a slow expansion wave,
in addition to a fast shock or fast expansion wave and a contact discontinuity, are
generated through the interaction between the bow shock and interplanetary fast or
slow shocks. The relative density variation at the slow shock or the slow expansion
wave is usually below 10% even though the magnetic field variation can be very
large. The overall pressure variations associated with the slow shock and the slow
expansion wave becomes significant when the Alfven Mach number upstream o f the
bow shock is small. As a result, the overall pressure jump in the magnetosheath is
in three or more steps in response to the one step jump in the solar wind. These
stepwise pressure variations are expected to show some special signatures on ground
observations.
It should be pointed out that this study has a potential application to magnetosheaths o f other planets, to the interaction between interplanetary shocks, and to
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the interaction between interplanetary shock and Alfven waves. The particle effect in
the interaction processes is beyond the scope of this thesis. It can be studied through
particle or hybrid simulations.
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