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Abstract—The change in the properties of the solar wind flow as it crosses the bow shock wave front and
moves in the Earth’s magnetosheath are discussed. Solar wind data are used to study the refraction of mag-
netohydrodynamic (MHD) shock waves and the stationary tangential discontinuity of the solar wind into the
magnetosheath. It is shown that the refraction of the solar-wind rotational discontinuity into the magne-
tosheath is accompanied by the emergence of a plateau-type plasma inhomogeneity with respect to the den-
sity of charged particles, with a simultaneous decrease in the magnetic field intensity. Moreover, the breaking
of the secondary MHD contraction wave, reflected from the magnetopause, may be accompanied by the

emergence of a fast reverse shock wave.
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1. INTRODUCTION

Today, a multitude of space data on MHD-strong
discontinuities in the solar corona and in the solar
wind flow has produced different types of models to
describe the formation of MHD shock waves in the
collisionless solar-wind plasma. For example, these
waves arise due to a sudden ejection of coronal plasma
and in the pursuit interaction between fast and slow
solar-wind quasi-flows, which originate from coronal
holes and streamer belts, respectively (Figs. 1a and 1b).

In addition, solar fibers are observed near the
Earth’s orbit, which have a diamagnetic structure
(Parkhomov et al., 2017) showing a negative correla-
tion between the magnetic field and the density of
charged particles.

Solar shock waves are known to induce a perturba-
tion in the Earth’s magnetosphere and cause a sudden
onset of a geomagnetic storm. A perturbation of the
same type causes a stationary tangential discontinuity
(TD), which is transferred by the solar wind and
accompanied by a jump in the plasma density during
passage through the discontinuity and by the absence
of an interplanetary magnetic field (IMF) component
normal to the discontinuity surface. It should be noted
that strong MHD discontinuities and combined dis-
continuous structures, as well as MHD waves, are
constantly observed in the solar wind with instruments
onboard interplanetary spacecraft.
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2. PROBLEM STATEMENT

The problem has a real, physical meaning that can
be formulated as follows. It is assumed that a fast solar
shock wave propagates along a stationary solar-wind
flow with a speed depending on distance and time or
that a structure with constant total pressure (pbs) is
transferred by a cosmic plasma flux. In this case, the
plasma structure is usually limited by the front and
rear MHD discontinuity in the TD, and contact dis-
continuities arising from the decay of an arbitrary dis-
continuity in the presence of an oblique IMF are
assumed to disappear rapidly due to the diffusion
occurring perpendicular to the discontinuity. A ques-
tion arises: what kind of MHD-heterogeneous struc-
tures will appear in the magnetosheath behind the bow
shock wave under the influence of these solar wind
perturbations before the Earth’s magnetosphere?

Slow wind

Racefaction

Fig. 1. Examples of the appearance of solar shock waves
(a) in the corona and (b) in the free solar-wind flow.
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We apply a system of MHD differential equations
using five integral invariants (Grib et al., 1996) in a
characteristic form for five unknowns: density p,
speed-hodograph variables V and &, magnetic-field
induction B = H, and gas—kinetic pressure P:

= const

I =5+ j\/(V2 _ az)z(oc(Vz —a)+d)ay
’ o a’\(1—-o) V
along the characteristics directed at angles

of + U to the line of flow;

- H _ _
13—pV—const—C1 (1)
everywhere in the flow range;

1, = % = const = C along the lines of flow;
p

15 = G, is the Bernoulli integral along
the line of flow.

along the characteristics The integral invariants make
it possible to describe the continuous flow outside the
discontinuities; however, we describe the shock and
rarefaction waves using MHD relations expressing the
conservation laws, together with the conditions of
existence of a TD. Solving the problem of the decay of
an arbitrary discontinuity in the interaction of a TD
(with increasing density on it) with the head front, we
obtain an effective Mach number greater than 1 for a
fast MHD shock wave arising in the magnetosheath
(M, = 3.5 for a TD with a density jump of 3 in the solar
wind), and for a TD with decreasing density, a smooth
decrease in the plasma parameters in the magne-
tosheath on a fast rarefaction wave. Then, in the first
case, the fast shock wave is reflected from the magne-
topause as a fast rarefaction wave and is refracted into
the magnetosphere as a weak fast shock contraction
wave. In the second case, a rapid rarefaction wave pen-
etrates the magnetosphere.

The parameters of the flow behind the incident
solar-wind wave and behind the bow shock wave for
fast .S, and slow shock waves S_ are taken from exper-
imental data. For the shock wave front, we assume that
the Rankine—Hugoniot MHD conditions are satis-
fied. Then the flow parameters behind the incident
solar-wind wave and behind the bow shock wave can
be found by the method and formulas in the literature
(Grib et al., 1996; Kulikovskii and Lyubimov, 2005).
For fast .S, and slow shock waves .S, we have:

S, AU =U,—-U, =%f,
AV =V, -V, =x@,sgnh,
S AU =U,-U =%f,
AV =V, -V, =x@_sgnh,

(2
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where fi=%z%1, (P¢=\/12+——h'zVala ,-=ny,
2 x

z= % + %(h2 + &), Uand V are the velocity vec-
tor cozmpolnents. The upper sign in the formulas corre-
sponds to an upflowing wave; the lower sign corre-
sponds to a downflowing one. For the fast (R, ) or slow
(R_) rarefaction wave, we have other relations with
continuous functions (Kulikovskii and Lyubimov,
2005).

Thus, we have for the fast MHD wave:
R, U, -U, =3y,
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where 7 is the polytropic coefficient; R, is the fast rar-

efaction wave; R_is a slow one; ¢, is the solution of the

differential equation:
dP + 0P 0

2 =0, 6=—". 4)
dg 1-qq"(1-q)

=9

3. SOLUTION METHOD

Strong discontinuities are described by the Ran-
kine—Hugoniot dynamical compatibility relations or
conditions. We also use integral invariants (1) for
plasma regions described by continuous parameters.
However, we consider the collision of strong disconti-
nuities (shock waves, TDs, and rotational discontinu-
ities) of the solar wind as a breakup of an arbitrary dis-
continuity in the presence of a transverse IMF, and the
solution of the arbitrary discontinuity breakup prob-
lem (the Riemann—Kochin problem) is found numer-
ically by the trial calculation method, taking into
account the evolutionary conditions.

In the magnetosheath, secondary MHD waves
arise that take away some of the energy from the
incoming solar-wind shock waves and equalize the
parameters of the stationary plasma flow in the mag-
netosheath.

The rapid rarefaction wave arising in the magne-
tosheath is approximately described by the generalized
Riemann solution and by formulas (3)—(4).

The wave will be reflected from the rear of the bow
shock wave as a direct fast rarefaction wave, which in
turn affects the magnetopause, forcing it to move back
to the Sun to restore the stationary state.

The secondary rarefaction wave coming from the
rear of the bow shock wave front will be reflected from
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the magnetopause as an MHD compression wave,
which, due to nonlinearity, may break, forming a
strong discontinuity (Grib, 2011). It should be empha-
sized that the interaction of the MHD compression
waves and the rarefaction waves with the bow shock wave
leads not only to the modification of the interacting
waves but also to the emergence of a chain of new sec-
ondary waves in the magnetosheath plasma (Fig. 2).

In this case, the secondary waves contribute to the
equalization of parameters of plasma flows in the
magnetosheath.

Observations onboard spacecraft recently recorded
isolated magnetic structures with an increase in
plasma density in the Mercury’s magnetosheath, or
diamagnetic plasmoids similar to magnetic holes in
the solar wind. Plasma inhomogeneities with a
decrease in the IMF and a plateau-type increase in
plasma density arise (Grib et al., 2016) with the fall of
the plane front of a rotational discontinuity (Pushkar’,
2008), moving from the Sun with the solar wind flow,
in which there can be no plasmoids or coronal ejec-
tions (Eselevich et al., 2017). In this case, we use the
solution of the Riemann—Kochin problem and con-
sider the oblique counter interaction of the Alfven dis-
continuity with a fast MHD shock wave (Barmin and
Pushkar’, 1997).

Summarizing the results of observations and
numerical simulations, we can construct a general
scheme of the plateau by density, (pT, Pbsl/) with an
indication of the effect of slow shock waves moving in
opposite directions (Grib and Leora, 2017).

There is evidence of a plateau that appears due to
the action of a diamagnetic plasmoid (Karlsson et al.,
2015, 2016) or a magnetic hole in the magnetosheath.
The mechanism that actually works is described by the
collision of the rotational MHD discontinuity from
the solar wind with the bow shock wave and its refrac-
tion into the magnetosheath and generation of slow
shock waves. The proton density increases; the magni-
tude of the magnetic field decreases; and the boundar-
ies of the inhomogeneity are maintained by slow shock
waves.

4. ASSESSING THE POSSIBILITY
OF A SECONDARY REVERSE SHOCK WAVE
IN THE MAGNETOSHEATH

The law of motion of the magnetopause in a fixed
coordinate system can approximately be expressed as
follows:

r=u—-c)t+(c+c)t

alea+er)
(g) _eAl, (5)

where At =t, —1; ¢, and ¢, are the fast magnetosonic
speed in the magnetosheath and before the magneto-
pause.
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Fig. 2. Scheme of appearance of secondary waves in the
magnetosheath.

We search for an envelope curve for the family of
characteristics of the MHD equations as a limit line at
which isentropicity is violated and a strong disconti-
nuity is formed. We apply the classical analytical
method along with the use of Riemann invariants
(Kulikovskii and Lyubimov, 2005).

In this case, the inequality expressing the necessary
condition for the breaking of the reflected contraction
wave can be written as

min )

22U+ At + 1), (6)

Here, 6 = 3.05R; is the original width of the mag-
netosheath; Uis the flow speed in the neighborhood of
the magnetopause; U, is the speed of shifting of the
bow shock wave front towards the Earth; Aris the time
of contraction of the magnetosphere; ¢, is the time
during which the nonstationary shock wave crosses the
magnetosheath; 7., is the minimum time from the
beginning of rarefaction of the Earth’s magnetosphere
to the beginning of a reverse passage of the bow shock
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Fig. 3. Behavior of the density, velocity, temperature, and
magnitude of magnetic pressure and IMF from the Cluster
SC3 data.

wave; X,,;, is the corresponding shift in space. The
solid line in Fig. 2 shows the motion of the shock wave;
hence, ), 53, and S, indicate the motion of the bow
shock wave front and Rs, Rg, and R,, the rarefaction
wave front. Inequality (6) is not satisfied in the inter-
action of the reflected nonshock contraction wave
with the rear of the bow shock wave.

Figure 3 shows the data from the Cluster spacecraft
(Pallocchia, 2013) as of November 7, 2004; dashed
lines I, II, and III indicate the presence of strong
MHD discontinuities in the regions under consider-
ation; RFW is the reverse fast wave of contraction; .S'is
the secondary fast shock wave, or the limiting state of
the contraction wave.

One should also pay attention to the existence of
vortices of various types in the solar wind flow and in
the magnetospheric plasma (Zhao et al., 2016; Alex-
androva et al., 2006; Alexandrova, 2008), which are
largely due to the curvature of the MHD shock front.

5. CONCLUSIONS

(1) With an increase in the plasma density upon
passage through the discontinuity, solar fast shock
waves and TDs cause the appearance of secondary
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MHD waves of various types inside the magne-
tosheath before the Earth’s magnetosphere.

(2) Secondary waves cause the experimentally
observed sunward motion of the bow shock wave front.

(3) It is proven that the reverse fast MHD contrac-
tion wave can break with the formation of a reverse
shock wave in the magnetosheath before the Earth’s
magnetosphere.

(4) A plateau-type plasma inhomogeneity with
respect to density arises in the magnetosheath upon
the fall of the solar rotational discontinuity onto the
system of the bow shock wave—the Earth’s magneto-
sphere.

The main physical conclusion from the study is as
follows: plasma instabilities, MHD waves, discontinu-
ous structures, and various types of magnetic-field
and plasma perturbations serve to create the stationary
state of a plasma flow around the Earth’s magneto-
sphere in the magnetosheath.
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