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Abstract. We have constructed a theory for the penetration
of magnetosonic waves from the solar wind into the magne-
tosphere through a transition layer in a plane-stratified model
for the medium. In this model the boundary layer is treated as
a region, inside of which the parameters of the medium vary
from values characteristic for the magnetosphere, to values
typical of the solar wind. It is shown that if such a layer
has sufficiently sharp boundaries, then magnetosonic eigen-
oscillations can be excited inside of it. The boundaries of
such a layer are partially permeable for magnetosonic waves.
Therefore, if the eigen-oscillations are not sustained by an
external source, they will be attenuated, because some of the
energy is carried away by the oscillations that penetrate the
solar wind and the magnetosphere. It is shown that about
40% of the energy flux of the waves incident on the transi-
tion layer in the magnetotail region penetrate to the magne-
tosphere’s interior. This energy flux suffices to sustain the
stationary convection of magnetospheric plasma. The total
energy input to the magnetosphere during a time interval of
the order of the substorm growth phase time is comparable
with the energetics of an average substorm.

Key words. Magnetospheric physics (MHD waves and in-
stabilities; solar wind–magnetosphere interactions) – Space
plasma physics (kinetic and MHD theory)

1 Introduction

The assumption that the solar wind MHD oscillations can
play a significant role in the energetics of the Earth’s mag-
netosphere was made by Axford (1964). The cited paper
was followed by a number of theoretical publications devoted
to the study of the penetration of the MHD waves from the
solar wind into the magnetosphere. Noteworthy is a paper
by McKenzie (1970), who constructed a theory for the pen-
etration of magnetosonic waves through the magnetopause,
treated as a tangential discontinuity of parameters of the me-
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dium. Subsequently, Verzariu (1973) and Wolfe and Kauf-
mann (1975) performed an integration of reflection and trans-
mission coefficients of magnetosonic waves over the spec-
trum of solar wind oscillation frequencies. These integral
coefficients were used to estimate the energy flux transported
by magnetosonic waves from the solar wind to the magneto-
sphere. Based on those estimates it was found that no more
than 1–2% of the solar wind energy flux penetrates to the
magnetosphere’s interior and the resulting flux through the
dayside magnetosphere is 109 W. This value is an order of
magnitude smaller than required for sustaining a stationary
magnetospheric convection. Therefore, following the pub-
lication of the cited references, nobody was earnest about
the contribution of the solar wind magnetosonic waves to
the energetics of magnetospheric processes. Mishin (1996)
showed, however, that upstream waves with a large ampli-
tude can play a vital part in the dynamics of collisionless
magnetospheric plasma.

In the cited papers, a direct calculation of the energy fluxes
of incident reflected and transmitted waves was not carried
out. For such a calculation, it is necessary to specify the
spectrum of solar wind oscillations, both for frequencies and
for wave-vectors of incident waves. Relatively ample ob-
servational evidence on solar wind oscillation spectra was
secured during the past two decades. This has enabled us
to perform, in our first paper (Leonovich and Mishin 1999),
a complete calculation of the energy flux of magnetosonic
waves transferred to the magnetosphere. In this paper we
have shown that about 40% of incident wave energy flux
penetrates into the magnetosphere. This provides enough
energy to drive magnetospheric convection. Verzaiu (1973)
and Wolfe and Kaufmann (1975) considered the transfer of
magnetosonic oscillation energy through the front part of the
magnetosphere, where the solar wind flows around it in the
subsonic mode. Unlike the cited references, we investigated
the penetration of magnetosonic waves through the tail part
of the magnetosphere, where the solar wind flows around it in
the supersonic mode. Herewith, the spectral region of mag-
netosonic oscillations that are able to penetrate deep into the
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magnetosphere is considerably extended.
However, all of the cited references used the model of the

medium in which the magnetosphere and the solar wind are
separated by a common sharp boundary. Papers by McKen-
zie (1970), Verzariu (1973), Wolfe and Kaufmann (1975),
Leonovich and Mishin (1999) used a model with one sharp
boundary as well. In fact, between the magnetosphere and
the solar wind there is a relatively wide boundary layer.
There is the magnetosheath, the region between the mag-
netopause and the bow shock. In addition, under the mag-
netopause there is also a boundary layer which, in its mor-
phological characteristics, is divided into the low-latitude
boundary layer (LLBL) and the high-latitude boundary layer
(HLBL). In this paper we consider the problem of the propa-
gation of fast magnetosonic waves from the solar wind to the
magnetosphere through a boundary layer. The model of the
medium used for this purpose corresponds to a greater extent
to the structure of the nightside HLBL in the tail part of the
magnetosphere. We hope, however, that results obtained in
this study can also be used in a qualitative analysis of the pro-
cess of penetration of magnetosonic waves in some regions
of the dayside part of the magnetosphere at a relatively large
distance from the subsolar point.

For the sake of simplicity, it will be assumed that the
boundary layer has two sharp boundaries. Such a struc-
ture of the boundary layer is in fact observed from time to
time in the magnetosphere (Akasofu et al., 1973; Skopke
and Paschmann, 1978). A similar model of the boundary
layer was used in analyses of the Kelvin-Helmholtz instabil-
ity at the magnetopause (Yumoto and Saito, 1980; Lee et al.,
1981; Farrugia et al., 2000) and of the structure of magne-
tosound waveguide eigen-oscillations in the outer magneto-
sphere (Mann et al., 1999).

It should be noted that most often the inner boundary of
the boundary layer is more diffuse when compared with the
outer boundary. The structure of the MHD oscillation field
in the boundary layer with a smoothly varying structure was
analyzed in detail by De Keyser et al. (1999), De Keyser and
Gadez (2001), Rezeau and Belmont (2001), and Belmont and
Rezeau (2001). It was shown that these oscillations can trig-
ger the field line reconnection process at the magnetopause
(Rezeau and Belmont, 2001; Belmont and Rezeau, 2001).
The amplitude of such Alfv́en oscillations, with the typi-
cal parameters of the moderately disturbed magnetosphere,
can exceed the amplitude of magnetosonic waves that excite
them (Leonovich, 2001a). However, the presence of these
resonance Alfv́en oscillations has a relatively small influence
on the structure of magnetosonic waves. The reason is that
only a small part of the energy flux of magnetosonic waves
goes into the excitation of Alfv́en oscillations. Consequently,
when investigating the transfer process of the energy flux of
magnetosonic waves through the magnetopause, the presence
of Alfv én resonances in the transition layer can be neglected.
In this paper we use the model of the medium in which such
a resonance interaction is absent.

In this paper we consider the process of wave energy trans-
port from the solar wind to the magnetosphere by fast mag-

netosonic waves. The model of the boundary layer with
two sharp boundaries used in this study leads to a somewhat
larger (compared to models of the medium with a smooth
transition layer, Leonovich, 2001b) reflection coefficient of
magnetosonic waves from the boundary layer to the solar
wind. For that reason, our values of the energy flux of these
waves from the solar wind to the magnetosphere can be re-
garded as a lower bound. Furthermore, when integrating the
energy fluxes over the spectrum of magnetosonic waves inci-
dent on the magnetosphere from the solar wind, we allowed
for the presence of “transparency windows” in regions of
variations of their frequency and wave vector. The “trans-
parency window” are such ranges of variation of frequencies
and wave vectors, that in each of the layers considered here
the magnetosonic waves can propagate freely in the direction
of a normal to their boundaries.

This paper is organized as follows; in Sect. 2, the model
of the medium is described, and a matching of solutions of
the MHD equations representing magnetosonic waves in the
solar wind, the transition layer and the magnetosphere is per-
formed. Eigenmodes of magnetosonic oscillations of the
transition layer are investigated in Sect. 3. In Sect. 4, we
investigate the dispersion equation of magnetosonic waves
and determine the ranges of frequency and wave-vector vari-
ation which form “transparency windows” for these waves in
the solar wind and in the magnetosphere. Section 5 presents
the expressions for the energy flux of magnetosonic waves
that are amenable to a numerical integration over oscillation
spectra. In Sect. 6, a numerical integration of energy fluxes
over the spectrum of waves incident on the transition layer
is performed using a model spectral function, and the results
obtained are discussed. The main results of this study are
summarized in the Conclusions.

2 Model of the medium, and matching of solutions of
the MHD equations

We now choose a plane-stratified model of the medium
(Fig. 1) that assumes a transition layer of a thickness1 (re-
gion II in Fig. 1), separating the solar wind (region I) and the
magnetosphere (region III). The assumption that layer II has
two sharp boundaries implies that both its thickness1 and
the wavelength of the oscillations under consideration, in the
direction across the layer, must be much larger than the gyro-
radius of plasma ionsρi . As will be evident from subsequent
calculations, these conditions are satisfied for the oscillations
that we address here. The Cartesian system(x, y, z) will be
chosen such that the axisz is directed normal to the transition
layer boundaries (z = 0 andz = 1) into the magnetosphere,
the axisx is directed along the geomagnetic fieldB III , and
the axisy completes a right-handed coordinate system. In
the designation of parameters of the medium the upper index
i = I,II,III indicates the region number in accordance with
Fig. 1.

Plasma and magnetic field parameters will be considered
to be homogeneous in each of regions I–III and to change
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Fig. 1. Model of the medium and coordinate system. Roman nu-
merals number the regions: I – solar wind, II – transition layer, III
– magnetosphere. Arabic numerals number the waves: 1 – incident
on the transition layer, 2 – reflected from the transition layer, 3 –
transmitted to the magnetosphere, 4 – transmitted to the transition
layer’s interior, 5 – reflected inside the transition layer.

their values abruptly in passing through the boundariesz = 0
andz = 1. For the sake of simplicity assume that the veloc-
ity vectorvi and the magnetic field vectorBi (i = I,II,III) are
directed along the axisx. Of course, this restricts the validity
of our model of the medium to the region of the high-latitude
boundary layer, which, however, occupies the main part of
the surface of the nightside magnetosphere. Within the mag-
netosphere (i = III) the plasma is at restvIII

= 0, and in re-
gions I and II it moves with the velocitiesvI andvII , so that
vI > vII . The plasma dynamics in regions I–III will be de-
scribed in an ideal MHD approximation. At steady state the
law of conservation of total pressure follows from the MHD
equations:

P +
B2

8π
= const, (1)

whereP is the gas kinetic pressure of the plasma, andB2/8π

is magnetic pressure.
Taking into consideration the homogeneity of undisturbed

parameters of the medium, we shall seek the solutions of the
initial system of MHD equations linearized with respect to
the disturbance in the form of a Fourier harmonic

ϕ = ϕ̃ exp
[
−iωt + ikt r t + ikzz

]
,

whereϕ̃ is the amplitude of any one of the disturbed param-
eters,ω is the oscillation frequency, andkt = (kx, ky) and
kz are, respectively, the tangential and normal components
of the wave vector (see Fig. 1). Three branches of MHD
oscillations exist in each of the layers under consideration
(see Anderson, 1963): Alfvén waves with the dispersion law

ω̄(i)2
= k2

xA
(i)2, i = I,II,III , where A(i)

= B(i)/
√

4πρ(i) is
the Alfvén velocity in layeri, fast and slow magnetosonic
waves with the dispersion law

ω̄(i)4
− ω̄(i)2k2

(
A(i)2

+ S(i)2
)
+ k2k2

xA
(i)2S(i)2

= 0, (2)

whereω̄(i)
= ω− kxv

(i) is the oscillation frequency with the
inclusion of the Doppler shift in a medium traveling with the
velocity v(i), k2

= k2
x+ k2

y + k2
z , andS(i)

=

√
γP (i)/ρ(i)

is the sound velocity in layeri. Alfv én waves, according
to their dispersion law, propagate strictly along the magnetic
field B (i.e. in our model of the medium – along the axisx)
and hence do not participate in the energy transfer along the
axisz. In what follows, therefore, we will be examining only
magnetosonic waves which can propagate along the axisz.

Consider the problem of the transmission of a magne-
tosonic wave from the solar wind to the magnetosphere
through the transition layer. This problem, according to its
statement, is quite analogous to the problem of the transmis-
sion of MHD waves from the magnetosphere to the ground
through the ionosphere (see Greifinger, 1972; Leonovich and
Mazur, 1991). From the solar wind the magnetosonic wave
is incident on the transition layer (index 1 in Fig. 1) which is
partially reflected into the solar wind (index 2) and partially
penetrates into the transition layer (index 4). The wave that
has penetrated the transition layer, in turn, penetrates par-
tially to the magnetosphere’s interior (index 3) and is par-
tially reflected from the boundaryz = 0 (index 5). When the
wave is incident on each of the boundaries, these boundaries
change their shape depending on the structure of the incident
and reflected waves. The matching conditions on each of the
disturbed boundaries have the form (see McKenzie, 1970){

P̃ +
B(i)B̃x

4π

}
= 0 , (3a)

{
B̃z + B(i) ∂ξ̃z

∂x

}
= 0 , (3b)

{
dξ̃z

dt
− ṽz

}
= 0 , (3c)

where the braces identify an abrupt change in the enclosed
quantities when passing through the disturbed boundary.
Here,P̃ is the disturbed gas kinetic pressure of the plasma,
B̃x is the longitudinal (along the undisturbed magnetic field
B) component of the oscillation magnetic field,ξ̃z is the nor-
mal component of plasma displacement in the wave, andṽz

is the normal component of the disturbed velocity. Equations
(3a) and (3b) follow directly from the linearized MHD equa-
tions when they are integrated across the disturbed boundary.
Equation (3c) is defined by the assumption that, in passing
through the boundary (tangential discontinuity), the tangen-
tial component of the wave vector is conserved, i.e. the os-
cillation of the boundary may be represented as

ξ̃z

∣∣∣
z=0,1

= η exp(ikt r t − iωt) , (4)
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whereη is the oscillation amplitude of the boundary. Using
Eq. (4) and eliminating from Eqs. (3) the oscillation ampli-
tude of the boundaryη, we obtain the following matching
conditions on the boundaryz = 0

ω̄II (ṽz1+ ṽz2) = ω̄I(ṽz4+ ṽz5), (5a)

B II (B̃z1+ B̃z2) = B I(B̃z4+ B̃z5), (5b)

P̃1+ P̃2+ B I B̃x1+ B̃x2

4π
= P̃4+ P̃5+ B II B̃x4+ B̃x5

4π
, (5c)

and on the boundaryz = 1

ω̄III (ṽz4eikII
z 1
+ ṽz5e−ikII

z 1) = ω̄II ṽz3eikIII
z 1, (5d)

B III (B̃z4eikII
z 1
+ B̃z5e−ikII

z 1) = B II B̃z3eikIII
z 1, (5e)

(
P̃4+ B II B̃x4

4π

)
eikII

z 1
+

(
P̃5+ B II B̃x5

4π

)
e−ikII

z 1

=

(
P̃3+ B III B̃x3

4π

)
eikIII

z 1. (5f)

Here, subscripts 1–5 number the wave parameters, in ac-
cordance with the wave indices in Fig. 1. In Eqs. (5d–5f), the
component of the wave vectork(i)

z now has the superscript
index i, corresponding to the layer number i = I-III, because
at the specifiedω andkt , one may expresskz from the dis-
persion Eq. (2)

k(i)2
z = −k2

t +
ω̄(i)4(

ω̄(i)2 − k2
xc

(i)2
s

)
a

(i)2
s

, (6)

where the designationsa(i)
s =

√
A(i)2 + S(i)2 and c

(i)
s =

A(i)S(i)/a
(i)
s are introduced. Deciding between the signs of

k
(i)
z in Eqs. (5d–5f) is determined by the conditionk

(i)
z > 0.

From the disturbed equations of ideal MHD, we have (see
McKenzie, 1970)

k(i)
z

(
P (i)
+ B(i) B̃x

4π

)
=

ω̄(i)2
− k2

xA
(i)2

ω̄(i)
ρ(i)v(i)

z .

Substitution of this relationship into (5) transforms Eqs. (5a),
(5c), (5d) and (5f) to a system of equations closed with re-
spect toṽz. It can give the relationships

ṽz2 = Rṽz1, ṽz3 = T ṽz1, (7)

where it is designated

R =
(1− Z1Z2) coskII

z 1+ i(Z1− Z2) sinkII
z 1

(1+ Z1Z2) coskII
z 1− i(Z1+ Z2) sinkII

z 1
, (8)

T =
ω̄III

ω̄I

2 exp(−ikIII
z 1)

(1+ Z1Z2) coskII
z 1− i(Z1+ Z2) sinkII

z 1
, (9)

Z1 =
ρII

ρI

kI
z

kII
z

ω̄II2
− k2

xA
II2

ω̄I2 − k2
xA

I2
,

Z2 =
ρIII

ρII

kII
z

kIII
z

ω̄III 2
− k2

xA
III 2

ω̄II2 − k2
xA

II2
.

Here,R andT , according to the system of notation used by
McKenzie (1970) and Verzariu (1973), are said to be the re-
flection and transmission coefficients of the wave. In the
limit 1 = 0 the expressions (8) and (9) go over into cor-
responding expressions in the absence of the transition layer
(McKenzie, 1970). Whenv(i)

= 0 andB(i)
= 0, the ex-

pressions (8) and (9) give the reflection and transmission
coefficients of sound through a plane transition layer (see
Brekhovskikh, 1980).

One can see that the coefficientsR andT turn out to be
modulated with a change in the frequencyω and the tangen-
tial wave vectorkt . This is attributable to the presence of
magnetosonic eigen-oscillations of the transition layer.

3 Eigenmodes of the transition layer

The dispersion equation for the eigenmodes of the transition
layer may be obtained by modifying the originally formu-
lated problem in such a way that no wave incident on the tran-
sition layer from the solar wind is present. This can also be
achieved through a limiting transitionR→∞ andT →∞,
i.e. by making the denominator in the expressions (8) and (9)
vanish. The dispersion equation for eigenmodes has the form

tankII
z 1 = −i

(1+ Z1Z2)

(Z1+ Z2)
≡ −iZ. (10)

A general solution of this equation can be found numeri-
cally. This does not come within the province of the prob-
lem formulated in this paper, however. For the purposes of
illustration we will therefore limit ourselves to a simple par-
ticular casekt = 0, when the solution of Eq. (10) can be
obtained analytically. In this caseZ1 = (ρII/ρI)(aII

s /aI
s)

and Z2 = (ρIII /ρII )(aIII
s /aII

s ) are independent onω, and
kII
zn = ω̄n/a

II
s , whereω̄n is the frequency of the eigenhar-

monic of the oscillations. The solution of Eq. (10) then has
the form

Reω̄n =
π

2

aII
s

1
n, Imω̄n =

aII
s

21
ln
|1− Z|

1+ Z
, (11)

wheren = 1, 2, . . . is the eigenharmonic number. The so-
lution of Eq. (11) exists whenZ < 1, only for even har-
monics of the eigen-oscillations (n = 2k, k = 1, 2, . . .),
and whenZ > 1, only for odd harmonics (n = 2k − 1,
k = 1, 2, . . .). It is evident from Eq. (11) that Im̄ωn ≤ 0
for all harmonics of the eigen-oscillations. This means that
the eigenmodes are attenuated. Physically, this attenuation
is caused by a partial penetration of the oscillations into the
solar wind and into the magnetosphere. Of course, this pro-
cess can also be treated from a different standpoint. Since
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the boundaries of the boundary layer are partially perme-
able, the eigen-oscillations inside the layer can be excited
by magnetosonic waves incident on it from the outside. Of
special interest is the analysis of the behaviour of the func-
tion k2

z (kt , ω̄
(i)) when calculating the wave energy flux from

the solar wind to the magnetosphere. The presence of “trans-
parency windows” in the domains of definition ofω andkt

has a substantial influence upon the magnitude of integral
energy flux.

Whenkt increases, both the solar wind and the magne-
tosphere become opaque for the waves under consideration,
and then Im̄ωn = 0, i.e. the transition layer becomes an
ideal waveguide. The opacity condition for regions I and III

has the formkI2
z (kt , ω̄

I) < 0 andkIII 2
z (kt , ω̄

III ) < 0, respec-
tively.

4 The function k2
z (kt , ω̄

(i))

The functionk2
z (kt , ω̄

(i)) exhibits the simplest behaviour in
a non-moving medium, the magnetosphere. Let the vector
kt be described in a polar coordinate systemkt = (kt , θ),

wherekt =

√
k2
x + k2

y is the modulus of the tangential wave

vector, andθ is the angle counted off from the axiskx in the
same manner as shown in Fig. 1. Equation (6) may then be
represented as

k2
z = −k2

t +
ω̄4(

ω̄2− k2
t c

2
s cos2 θ

)
a2
s

, (12)

where, for simplicity sake, the superscripts designating the
layer parameters, are omitted. It is apparent from Eq. (12)
that |k2

z | = ∞ whenkt = |ω/cs cosθ |. Furthermore, at a
fixed θ there exist two points

k̃
(1,2)
t =

ω
√

2cs | cosθ |

[
1±

√
1− 4

c2
s

a2
s

cos2 θ

]1/2

, (13)

wherek2
z = 0. The “–” sign here corresponds to the su-

perscript “(1)” of k̃(1,2)
t , and the “+” sign corresponds to the

index “(2)”. Whenkt = 0 we havek2
z = ω2/a2

s , and when
kt → ∞ we havek2

z = −k2
t . Figure 2a presents the general

form of the functionk2
z depending onkt at fixedω and θ .

One can see that two intervals exist for magnetosonic waves,
0≤ kt ≤ k̃

(1)
t andk̃

(2)
t ≤ kt ≤ |ω/cs cosθ | for whichk2

z > 0.
The first of them is for fast magnetosonic waves, and the sec-
ond is for slow magnetosonic waves. For characteristic val-
ues of magnetospheric parameters,as � cs , and the width
of the first interval1k

(1)
t ∼ ω/as is much larger than the

second one,1k
(2)
t ∼ |ωcs cosθ/a2

s |.
In a medium in motion, the behaviour ofk2

z is more com-
plicated. Equation (12) in this case has two singular points

k̄
(1,2)
t =

ω

(v(i) ± cs)| cosθ |
,

where |k2
z | = ∞. The superscript “(1)” ofk̄(1,2)

t corre-
sponds to the “+” sign, and the index “(2)” corresponds to

0 1 2

3
4

5 6

kz

2

k t

0
1 2 3

kz

2

k t

a

b

Fig. 2. The upper plot(a) presents the behaviour ofk2
z in the mag-

netosphere at any values ofθ andω. The points are numbered: 1 –

kt = k̃
(1)
t , 2 – kt = k̃

(2)
t , 3 – kt = |ω/c

(3)
s cosθ |. In a medium in

motion, this plot corresponds to the sectorθ∗ ≤ θ ≤ π − θ∗, and

the points are numbered: 1 –kt = k
(1)
t , 2 –kt = k

(3)
t , 3 –kt = k̄

(1)
t .

The lower plot (b) presents the behaviour ofk2
z in a medium in mo-

tion in the sector 0≤ θ ≤ θ∗. The points are numbered: 1 –

kt = k
(1)
t , 2 –kt = k

(3)
t , 3 –kt = k̄

(1)
t , 4 –kt = k̄

(2)
t , 5 –kt = k

(4)
t ,

6 –kt = k
(2)
t .

the “–” sign in the denominator of this expression. In addi-
tion, Eq. (12) has four points

k
(m)
t =

ωk̃
(1,2)
t

k̃
(1,2)
t v(i) cosθ ± ω

, m = 1, 2, 3, 4, (14)

wherek2
z = 0. The roots in Eq. (14) are numbered as follows.

The superscriptm = 1 corresponds tõk(2)
t in the numerator

and to the “+” sign in the denominator of Eq. (14),m = 2 to
k̃
(2)
t in the numerator and to the “–” sign in the denominator,
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m = 3 to k̃
(1)
t and to “+”, andm = 4 corresponds tõk(1)

t and
to “–”. Here, k̃(1,2)

t is defined by the expression analogous
to Eq. (13), with the difference thatas and cs correspond
to parameters of the medium under consideration (the solar
wind and the transition layer).

Whenkt = 0 we havek2
z = ω2/a2

s , and whenkt →∞

k2
z
∼= k2

t

c2
s − v2(1− v2 cos2 θ/a2

s )

v2− c2
s

.

The behaviour ofk2
z whenkt → ∞ depends on the direc-

tion kt , i.e. on the value of the angleθ . When | cosθ | >

| cosθ∗| ≡ (a
(i)
s /v(i))

√
1− (c

(i)
s /v(i))2 we havek2

z > 0 (as-

sumingc
(i)
s < v(i)), andk2

z < 0 when| cosθ | < | cosθ∗|.
The general form of the functionk2

z depending onkt when
θ < θ∗ is presented in Fig. 2b. There are two intervals for
fast magnetosonic waves 0≤ kt ≤ k

(1)
t andk

(2)
t ≤ kt , and

two intervals for slow magnetosonic wavesk
(3)
t ≤ kt ≤ k̄

(1)
t

andk̄
(2)
t ≤ kt ≤ k

(4)
t for whichk2

z > 0.
Whenθ∗ ≤ θ ≤ π − θ∗ the second intervals for fast and

slow magnetosonic waves disappear, and the general form of
the functionk2

z is qualitatively of the same form as in Fig. 2a.
In this case the interval for fast magnetosonic waves lies in
the range 0≤ kt ≤ k

(1)
t , and for slow magnetosonic waves

it lies in the rangek(3)
t ≤ kt ≤ k̄

(1)
t . As in the magneto-

sphere, the width of the intervals for fast magnetosonic waves
is much larger compared with slow magnetosonic waves. If
π ≥ θ ≥ π − θ∗, thenk2

z > 0 for anykt ≥ 0 and the inter-
val for slow magnetosonic waves disappears completely, and
fast magnetosonic waves can propagate in the entire range
0≤ kt <∞.

One further remark refers to the stability of the concerned
oscillations on the separation boundaries of the layers. If
the oscillation is unstable, its frequency is a complex one
ω = ωr + iωi , ωi > 0. It is easy to check that for the oscilla-
tions with real values ofk2

t > 0 considered in this study, the
solution of Eq. (2) has complex values ofω only for waves
for which k2

z < k2
t

(
4c2

s cosθ/a2
s − 1

)
. When a2

s � c2
s ,

which is assumed valid in the solar wind region, this leads
to the conditionk2

z < 0. In this paper we consider only the
waves that propagate freely in the solar wind along the axis
z. For such wavesk2

z > 0 and, hence, they are stable and
are not enhanced on the separation boundaries of the layers
as they propagate from the solar wind to the magnetosphere.

5 Magnetosonic wave energy flux and model of the spec-
tral function

The energy flux density is a quadratic function of the wave
amplitude. For its normal component, we use the following
expression

f̃z = ρ
ω(ω̄2

− k2
xA

2)

ω̄2kz

|ṽz|
2 (15)

obtained in a paper by McKenzie (1970), where it was shown
that when the wave is incident on the sharp boundary, the law

of conservation of total energy flux holds. In Appendix A, it
is shown that the same law of conservation of total energy
flux is also true for the problem of the wave incident on the
transition layer, i.e. the equality holds:

f̃z3 = f̃z1+ f̃z2,

where subscripts 1, 2, 3 number the incident reflected and
transmitted waves, in accordance with Fig. 1.

For an integration over the spectrum, letf̃z be expressed
in terms of the disturbed density amplitude related to the dis-
turbed velocity amplitude by the following relationship (An-
derson, 1963)

ṽz =
ω̄3

k2

kz

ω̄2− k2
xA

2

ρ̃

ρ
. (16)

From Eq. (15) we then have

f̃z =
ωω̄4

k4

kz

ω̄2− k2
xA

2

|ρ̃|2

ρ
. (17)

At the finite value ofρ̃2 the expression (17) has no singular-
ities for magnetosonic waves for whichk2

z > 0.
Based on the fact that the width of the intervals ofkt for

fast magnetosonic waves withk2
z > 0 is much larger com-

pared with those of slow magnetosonic waves, the contribu-
tion of slow magnetosonic oscillations will be neglected in
what follows when calculating the energy flux density.

The characteristic form of the functioñfzj (j = 1, 2, 3)
whenθ = 0 versuskt is plotted in Fig. 3. These plots are cal-
culated on the basis of a model of the medium presented in
Section 6 of this paper. In this case we have two intervals of
kt for fast magnetosonic waves withk2

z > 0 in the solar wind
and one interval in the magnetosphere. The relationship be-
tween the incident wave amplitude and the amplitude of the
transmitted and reflected waves is given by the expressions
(7), (8), (9) and (16). Two cases are considered. One refers
to the wave incident on the solar wind-magnetosphere inter-
face in the absence of the transition layer (1 = 0). One can
see that in the “transparency window” of the magnetosphere
about 70% of the incident wave energy flux penetrates to its
interior. The second case refers to the wave incident on the
transition layer1 = 104 km in thickness. Energy flux densi-
ties of the transmitted and reflected waves become modulated
in accordance with the modulation of the coefficientsR and
T . In the second interval ofkt for fast magnetosonic waves
with k2

z > 0 in the solar wind, the modulation is lacking, be-
cause at given values ofω andθ the magnetosphere turns out
to be opaque for the waves under consideration, and they are
totally reflected. Energy flux maxima of the transmitted and
reflected waves in this case coincide with the magnitude of
these fluxes in the absence of the transition layer.

The expression (17) is written for the energy flux density
of the wave with a given frequencyω and a wave vectorkt .
To determine the total energy density of the waves, it is nec-
essary to perform an inverse Fourier transform of Eq. (17)
over the entire spectrum of frequencies and wave vectors of



A. S. Leonovich et al.: Penetration of magnetosonic waves through a transition layer 1089

0.000 0.002 0.004 0.006 0.008 0.010

-1.0

-0.5

0.0

0.5

1.0

1.5

1
2

2'

3'

1

2,2'

k
t
(km )

-1

f
zi
(k )

t

f
Z1
(0)

3 3,3'

Fig. 3. Typical appearance of the energy flux densities of a
monochromatic magnetosonic wave in the solar wind and in the
magnetosphere in the sector 0≤ θ ≤ θ∗ depending onkt . The
energy flux densities are numbered: 1 – incident wave; 2 – wave
transmitted to the magnetosphere at1 = 0 and 2′ – at 1 = 104

km; 3 – wave reflected from the transition layer at1 = 0 and 3′ –
at1 = 104 km.

the oscillations under consideration. Suppose that the oscil-
lation spectrum is symmetric with respect to a change in the
sign ofω. The inverse Fourier transform then has the form

fz =
2

(2π)3/2

∞∫
0

dω

π∫
0

dθ

∞∫
0

f̃z(kt , θ, ω)ktdkt . (18)

As follows from Eq. (17), at a fixed value of̃ρ2 the integral
of Eq. (18) turns out to be divergent. To avoid this, it is nec-
essary to specify the spectrum̃ρ2 to ensure the convergence
of this integral.

Here we shall use the model spectrum function constructed
by Leonovich and Mishin (1999). This function features well
the properties of a spectrum of magnetosonic waves observed
in the solar wind (Matthaeus and Goldstein , 1982; Goldstein
et al., 1995; Marsch and Tu, 1990). These spectra were mea-
sured in the solar wind region ahead of the bow shock. It will
be assumed, however, that the spectrum of turbulent oscilla-
tions in the tail part of the magnetosphere considered here
has a structure similar to that used in the cited references. In
other words, it will be assumed that the oscillation spectrum
is carried by the solar wind stream to the magnetospheric
region under consideration without substantially modifying
their spectrum.

The expression of the Fourier harmonic of the mean square
of amplitude of density oscillations is set by Leonovich and
Mishin, (1999)

ρ̃2
= Cω−αk

−2β
t , (19)

Table 1.

region v(i) B(i) n(i) T (i)

(i) (km/s) (nT) (cm−3) (105K)

I 400 5 5 5.75

II 200 7.5 3 6.6

III 0 10 1 7.2

whereC is a certain amplitude that can be determined by
performing an inverse Fourier transform over the entire spec-
trum of frequencies and wave vectors. The spectral func-
tion (19) ensures the convergence of the integral (18) when
kt → ∞; however, the integral becomes divergent when
kt = 0. Hence the spectrum (19) should be cut off when
kt → 0. It is known from a paper by Matthaeus and Gold-
stein (1982) that there exists a maximum correlation scale
l̂ associated with the inhomogeneous structure of the solar
wind. For magnetic field oscillations, it iŝl = 1.12× 106

km. This scale may be thought of as being maximal for mag-
netosonic oscillations, and the oscillation spectrum (19) must
then be bounded below by a minimum value ofk̂t = 2π/l̂.
Correspondingly, it is also possible to introduce a minimum
oscillation frequencyω̂ = k̂tv

(1) bounding the oscillation
frequency spectrum below.

Allowance must also be made for the presence in the os-
cillation spectrum of “transparency windows” taken up in
Sect. 4. The amplitudeC in the spectral function (19) meet-
ing these requirements has the form

C =< ρ2
1 > 8(kt , ω)C̃, (20)

where< ρ2
1 > is the mean square of the density oscillation

amplitude of the waves incident on the transition layer, and
8(kt , ω) is the filter that takes into account the typical cut-
off scale of the spectrum and the presence of “transparency
windows” (see Leonovich and Mishin, 1999). The normaliz-
ing factor is chosen such that

2C̃

(2π)3/2

∞∫
0

ω−αdω

∞∫
0

8(kt , ω)k
−2β+1
t dkt = 1.

6 Results of numerical calculation and discussion

We now carry out numerically an inverse Fourier transform
Eq. (18) using forρ̃2 the model expression (19) with the am-
plitude (20). To accomplish this, it is necessary to specify
parameters of the medium. For the magnetosheath (region
I), we employ parameters averaged over many observations.
For the transition layer (region II) and the magnetosphere (re-
gion III), we pick parameters balanced out with solar wind
parameters according to condition (1). The above parame-
ters are presented in the Table 1.
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It is necessary to specify, in addition to equilibrium pa-
rameters, the mean amplitude of density oscillations associ-
ated with magnetosonic waves in the solar wind,< |ρ1| >.
According to observations, the density oscillation amplitude
of solar wind plasma makes up 20%–50% (Matthaeus and
Goldstein, 1982; Goldstein et al., 1995) of its mean value.
For the mean oscillation amplitude, we choose the value
< |n1| >= 1 cm−3,which makes up 20% of the mean den-
sity nI

= 5 cm−3. The mean value of the oscillation density
amplitude is defined as< |ρ1| >=< |n1| > mp, wheremp

is the mass of a proton.
Our chosen model neglects the finite size of the magne-

tosphere. To take this into account, we define the “geoef-
fective” oscillation energy flux such that, when taking the
integral (18) around the variablekt in the magnetosphere, we
will use the quantitŷkt = 2π/l as the lower limit, wherel is
the typical largest size of the magnetospheric tail. It is known
that the value ofl varies through a significant range. Accord-
ing to Cowley (1992) and Mishin et al. (2000), early in the
substorm growth phase the effective tail length isl ≈ 30RE

(whereRE is the Earth’s radius). Within the course of the
substorm growth phase the tail length increases and reaches,
by the time of breakup, a value close to the correlation scale
of solar wind inhomogeneities,l ∼ l̂ ≈ 106 km. Thus, while
at the beginning of the growth phase the “geoeffective” en-
ergy flux of the waves constitutes only a portion of the total
flux capable of penetrating the magnetosphere’s interior, at
the end of this phase the entire flux penetrating the magneto-
sphere becomes “geoeffective”.

“Geoeffective” energy flux densities are plotted in Fig. 4
(three curves at the bottom, and the vertical axisfz3 at the
left). Flux densities are given for four different values of the
transition layer thickness,1 = 0, 104, 2×104 km. For com-
parison, the figure shows the energy density flux of the waves
incident on the transition layer from the solar wind (the up-
per horizontal linefz = 9.8 W/km2). One can see that at
the beginning of the growth phase (l ≈ 30RE) the “geoef-
fective” energy flux density makes up 1–2% of the energy
flux density of the incident waves. By the end of this phase
it reaches values from 20% (for1 = 2× 104 km ) to 40%
(for 1 = 0) of the flux density of the incident waves. Hence
the presence of the transition layer does not drastically affect
the value of the wave energy flux to the magnetosphere. As
the layer thickness varies from1 = 0 to 1 = 2× 104 km,
the fluxfz3 decreases by a factor of 2. So, the main results
obtained by Leonovich and Mishin (1999) are not drastically
changed. This is because the main contribution to the energy
flux is made by the longest-wave oscillation harmonics, for
whichkII

z 1� 1, i.e. the transition layer for them is thin.
Hence, it follows that our obtained results differ essentially

from those reported by Verzariu (1973) and Wolfe and Kauf-
mann (1975), where the energy flux of magnetosonic waves
penetrating deep into the magnetosphere is estimated at a
level of 1–2% of the flux incident on the magnetosphere from
the solar wind. Specifically, such a difference is not caused
by taking into account the transition layer with two sharp
boundaries – the presence of the transition layer reduces the
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Fig. 4. Dependence of the total “geoeffective” energy flux den-
sity of the magnetosonic waves penetrating into the magnetosphere
(curves 1–3 and the vertical axisfz3 at the left) on the magneto-
spheric tail length –l. The numbered curves correspond to the tran-
sition layer thickness: 1 –1 = 0; 2 –1 = 104 km; 3 –1 = 2×104

km. The energy density level of the waves incident on the transition
layerfz3 ' 9.8 W/km2 is shown at the top.
Curves 4–6 (and the vertical axisFz3 at the right) represent the in-
tegral (throughout the entire lateral surface of the magnetosphere)
“geoeffective” wave energy flux for the same values of the thickness
1 as in plots 1–3 (correspondence 4←→ 1, 5←→ 2, 6←→ 3).

magnetosonic wave flux penetrating into the magnetosphere.
We anticipate that this difference is due to two factors.

The first factor implies that the energy flux of magne-
tosonic waves from the solar wind to the magnetosphere
was estimated by Verzariu (1973) and Wolfe and Kaufmann
(1975) for the subsonic regime of flow around the magneto-
sphere. This is quite true for the dayside part of the magne-
topause that was treated in the above references. In this pa-
per, regarding the tail region of the magnetosphere, we con-
sider the plasma stream propagating with respect to the mag-
netosphere with a supersonic speed. This difference leads
to the fact that the relative value of the “transparency win-
dow” in the case of a supersonic stream is several times
larger when compared with the subsonic stream. Accord-
ingly, the part of the wave energy flux that propagated into
the magnetosphere increases proportionally with it. Accord-
ing to McKenzie (1970), this difference at the transition from
the subsonic regime of flow to the supersonic regime corre-
sponds to an increase in the sector of incidence angles of the
waves having a relatively large transmission coefficient (see
Figs. 4a and b in the cited reference).

The second factor implies that Verzariu (1973) and Wolfe
and Kaufmann (1975) assumed that the energy flux of the
magnetosonic waves incident on the magnetosphere is uni-
formly distributed in all incidence angles. However, as is
evident from Sect. 4 of this paper, with a given wave fre-
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quencyω, in the solar wind there is a range of values of
k̄
(1)
t < kt < k̄

(2)
t at which magnetosonic waves cannot prop-

agate along the axisz. The flow of monochromatic waves
consists of two parts: waves withkt ≤ k

(1)
t , and waves with

kt ≥ k
(2)
t . As follows from the reasoning presented in Sect. 5,

most of the energy flux of magnetosonic oscillations of the
solar wind is concentrated in the range of small values ofkt .
It is for such oscillations that there is a “transparency win-
dow” kt ≤ k̃

(1)
t , leading to the fact that up to 40% of the

wave energy flux penetrate from the solar wind into the mag-
netosphere.

Figure 4 also plots the total energy flux penetrating the
magnetosphere through its lateral surface (the upper four
curves and the vertical axisFz3 at the right). The magne-
tosphere in this case is represented as a cylinder of radius
R = 16RE and lengthl. In the early stage of the sub-
storm growth phase the “geoeffective” energy flux is (1–
2)×1010 J/s and reaches values from 1.5 × 1012 J/s (for
1 = 2 × 104) to 3× 1012 J/s (for1 = 0) at the end of
this phase. This energy flux is quite sufficient for sustain-
ing a stationary magnetospheric convection (according to es-
timates made by Axford (1964), the required mean energy
flux is 1011 J/s).

On the basis of the above calculations it is possible to es-
timate the total energy input to the magnetosphere with the
“geoeffective” flux during a time interval of the order of the
time of the substorm growth phase,1t ≈ 3× 103 s. In order
for such an estimate to be made, it is necessary to specify the
law of variation of the tail length froml = lmin ≈ 30RE to
l = lmax, where the correlation scale of the solar wind in-
homogeneitieŝl may be used aslmax. We take the following
model for the tail length dynamics

l = lmin+

(
t

1t

)γ

1l, (21)

where1l = lmax− lmin. The total energy input to the mag-
netosphere for the time1t with the “geoeffective” flux is

W = 2πR

1t∫
0

Fz3(l(t))l(t)dt =

2πR

lmax∫
lmin

Fz3(l)

(
dl

dt

)−1

ldl.

From (21) we have

dl

dt
= γ

(
l − lmin

1l

)(γ−1)/γ
1l

1t
.

A substantial role in our estimate is played by the index of in-
tense growth of the tail,γ . As shown by Mishin et al. (1996),
different scenarios for growth of the effective tail length, both
slow (γ < 1) and fast (γ > 1), can be realized in different
substorm events. In this connection, we have constructed the
dependences ofW(γ ) in the range 0.5 ≤ γ ≤ 5, Fig. 5.
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3

Fig. 5. Dependence of the total energyW supplied into the mag-
netosphere with the “geoeffective” energy flux during the time
1t = 3 × 103 s on the growth intensity index of the tailγ in
the model Eq. (21). Curve numbers correspond to different thick-
nesses of the transition layer: 1 –1 = 0, 2 –1 = 104 km, 3 –
1 = 2× 104 km.

With an increase inγ , the total energy input to the mag-
netosphere decreases. The reason is that a maximum wave
energy flux enters into the magnetosphere when the magne-
tospheric tail length is at its maximum. With a slow growth
rate of the tail (γ < 1), the magnetosphere remains in a state
with maximum tail length during a long time interval, and
hence, during1t it receives more energy than in the case of
a fast tail growth (γ > 1). For comparison, this figure also
shows the level of energy released during a moderate sub-
storm (W ∼ 1015J). It is evident that in some scenarios for
growth of the magnetospheric tail, the “geoeffective” energy
input to the magnetosphere exceeds this level.

The dayside magnetosphere, disregarded in our paper, can
make an additional contribution to the total wave energy flux
comparable with the energy flux through the lateral surface.

7 Conclusions

We now summarize the main results of this study:

1. We have determined the transmission and reflection co-
efficients of magnetosonic waves in solving the problem
of their transmission from the solar wind to the magne-
tosphere through the transition layer.

2. It has been shown that eigenmodes of magnetosonic os-
cillations exist in the transition layer, and they attenuate
due to the escape of a portion of their energy to the solar
wind and the magnetosphere.
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3. Using the model expression for the spectrum of solar
wind oscillations we have carried out calculations of
the “geoeffective” energy flux penetrating the magneto-
sphere. It has been shown that the magnitude of this flux
is sufficient for sustaining a stationary magnetospheric
convection.

4. An estimate was made of the total energy transferred to
the magnetosphere by the “geoeffective” flux of magne-
tosonic waves during a time interval of the order of the
time of the substorm growth phase. It has been shown
that this energy is quite comparable with the moderate
substorm energetics.

Appendix A Conservation of the energy flux

We use forf̃z2 andf̃z3 the expression (15), in which̃v2
z2 =

|R|2ṽ2
z1, kI

z2 = −kI
z1 for f̃z2 andṽ2

z3 = |T |
2ṽ2

z1 for f̃z3, where
R andT are defined by the expressions (8) and (9). We have

f̃z3− f̃z2 = ω

[
ρIII

kIII
z

ω̄III 2
− k2

xA
III 2

ω̄III 2
|T |2+

ρI

kI
z

ω̄I2
− k2

xA
I2

ω̄I2
|R|2

]
ṽ2
z1.

It can be shown that

|R|2 = 1−
ω̄I2

ω̄III 2
Z1Z2|T |

2.

Then

f̃z3− f̃z2 = ω
ρI

kI
z

ω̄I2
− k2

xA
I2

ω̄I2
ṽ2
z1 = f̃z1,

i.e. conservation of the incident wave energy flux occurs.
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