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[1] A mechanism of excitation of azimuthal small-scale (m > 1) slow magnetosonic
(SMS) oscillations by the external currents in the near-equatorial region of the terrestrial
magnetosphere is proposed. A theoretical study of the structure and spectrum of such
oscillations is performed in the model of the magnetosphere with the dipole magnetic
field and rotating plasma. In the direction along field lines of the geomagnetic field the
oscillations are waves standing between the magnetically conjugated points. The amplitude
of the magnetospheric SMS oscillations with m > 1 decreases from the equatorial plane
to the ionosphere at scales much lower then the field line length. So one is not able to
observe the SMS-oscillation field in the vicinity of the ionosphere and on the surface of the
Earth. In the direction across the magnetic shells, the standing SMS waves have a structure
typical for resonant oscillations. Latitudinal distributions of eigenfrequencies of several first
harmonics of SMS oscillations with the polarization similar to the polarization of poloidal

and toroidal Alfvén waves in the plane perpendicular to the field lines are drawn. INDEX
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1. Introduction

[2] The magnetosphere of the Earth is an equilibrium
plasma configuration where various types of MHD oscilla-
tions can be excited. In the spectrum of electromagnetic
oscillations of the magnetosphere they belong to its lowest
part with frequencies from a few Hz to a fractions of mHz
[Guliel’ms, 1979).

[3] There are three branches of MHD oscillations in the
homogeneous plasma: the Alfvén waves, fast magnetic sound
(FMS) and slow magnetic sound (SMS). The Alfvén waves
propagate almost along the field lines of the magnetic field.
Under some conditions, the SMS waves also are able to canal-
ize in the direction of magnetic field lines. The group veloc-
ity of a FMS wave is directed along the wave vector. Due to
all this, the Alfvén and SMS waves are often called directed
modes, whereas the FMS oscillations are called an isotropic
mode. Unlike the Alfvén and FMS oscillations, the SMS
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oscillations exist only in the plasma with a finite (different
from the zero) gas pressure.

[4] In the inhomogeneous plasma, all three branches of
the MHD oscillations are related. This relation is realized at
resonant surfaces, where an interaction of various oscillation
branches occurs. The mechanism of the field line resonance
[Chen and Hasegawa, 1974; Southwood, 1974; Tamao, 1965]
is the most known mechanism. In the process of monochro-
matic FMS wave propagation in the plasma inhomogeneous
along one of the transverse coordinates, there occurs an am-
plification of the Alfvén oscillations at the resonant magnetic
shell. The later is determined by the equality between the
FMS-wave frequency and local frequency of the Alfvén os-
cillations. Similar process is possible at interaction of FMS
and SMS oscillations. For the case of one-dimensionally in-
homogeneous plasma, the theory of this phenomenon was
developed by Yumoto [1985]. For the dipole model of the
magnetosphere, the theory of such resonant interaction was
presented by Leonovich et al. [2006] where the interaction
was called magnetosonic resonance.

[5] It should be noted that such interaction is effective only
for rather large-scale in the azimuthal direction oscillations.
In axisymmetrical models of the magnetosphere (including
the model with the dipole magnetic field), an arbitrary dis-
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ml,a/’?,m3) connected to the magnetic field lines and

nonorthogonal coordinate system (a, ¢, 0) used in the numerical calculations.

turbance may be presented as the sum of azimuthal harmon-
ics of the form exp(imy) where m is the azimuthal wave
number and ¢ is the azimuthal angle. The FMS oscillations
with m ~ 1 are able to penetrate into the magnetosphere
with the amplitude large enough for a resonant amplifica-
tion of the directed model of MHD oscillations. The waves
with m > 1 almost do not penetrate into the inner magne-
tosphere. So for a resonant amplification of the Alfvén and
SMS waves, one should consider sources localized at reso-
nant magnetic shells. For the Alfvén waves with m > 1,
Leonovich and Mazur [1993] proposed as such a source the
external currents in the ionosphere. Unfortunately, one can
not use such source for the SMS oscillations with m > 1.
Leonovich et al. [2006] showed that the amplitude of stand-
ing SMS waves decreases sharply from the equatorial plane
to the ionosphere, so the ionosphere can play a role neither
in the process of excitation, nor in the process of dissipation
of these oscillations. Southwood [1977] suggested as a source
of the SMS oscillations with m > 1 their resonant interac-
tion to the Alfvén waves. The theory of this process was
developed for the dipole model of the magnetosphere with
finite plasma pressure [Taylor and Walker, 1987; Walker,
1987; Walker and Pekrides, 1996]. However Leonovich et
al. [2006] showed that the eigenfrequencies of the main har-
monics of the Alfvén and SMS oscillations at the closed field
lines differ by 2—3 orders of magnitude. Therefore, the inter-
action of these branches of MHD oscillations should be very
inefficient.

[6] As a mechanism of excitation of localized SMS oscil-
lations with a large azimuthal wave number, we consider in
this paper the currents in the near-equatorial region of the
magnetosphere. Out of these sources, the most evident is the
ring current developing during strong geomagnetic distur-
bances in the near-equatorial region of the magnetosphere.

Other components of the magnetospheric current system are
also able to serve as a source of SMS oscillations. Moreover,
the influence of the magnetospheric plasma motion on the
structure and spectrum of the SMS eigenoscillations is stud-
ied for the first time. Kozlov et al. [2006] performed a similar
study for the Alfvén waves.

[7] The paper has the following structure. In Section 2 the
environment model is presented and the main equations de-
scribing the structure and spectrum of SMS oscillations with
large azimuthal wave numbers in axial-symmetric magneto-
sphere with rotating plasma are derived. The field-aligned
structure and spectrum of the standing SMS waves with the
poloidal and toroidal polarization are studied in Sections 3
and 4. An exact expression for the polarization splitting of
the spectrum is also obtained. In Section 5 the model equa-
tion determining the structure of the SMS oscillations with
m > 1 across magnetic shells is obtained and its solution is
found. Analytical expressions describing field components of
the resonant SMS waves in the vicinity of the toroidal reso-
nant magnetic shell are obtained in Section 6. The results of
the numerical solution of the equations describing the struc-
ture and spectrum of the studied oscillations are presented
in Section 7. The main results of the work are summarized
in the Conclusions.

2. The Environment Model and Main
Equations

[8] For solving of the formulated problem we use the
self-consistent model of the magnetosphere with the dipole
field and plasma rotating in the azimuthal direction (Fig-
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ure 1). The detailed description of the model was presented
by Leonovich et al. [2004]. The dynamical equilibrium of
the plasma configuration is maintained in this model by the
centrifugal forces and gradient of the gas kinetic pressure.

[9] We introduce the curved orthogonal coordinate system
(z', 2%, 23) connected to the field lines of the magnetic field.
The coordinates x> and ' are directed along and across the
field lines, respectively, whereas 2 completes the coordinate
system up to the right-hand side one. The length element
squared is determined in this coordinate system as

ds® = g1 (dx')? + g2(da®)? + gs(da®)?

We will assume that the plasma and magnetic field are ho-
mogeneous along the 22 coordinate. For description of the
MHD oscillations we use the equation system of an ideal
MHD:

dv

1 1.~

9B _ curl[v x B]

ot

dp

En +V(pv)=0 3)
d P
dio 0 (4)

where B and v are vectors of the magnetic field strength and
the plasma motion velocity, respectively, p and P are the
plasma density and pressure, respectively, v is the adiabatic
index, and J is the density of the external magnetospheric
currents.

[10] The stationary (9/9t = 0) system of equations (1)—
(4) describes the distribution of the parameters of the undis-
turbed magnetosphere: Bg, v, po and Py. We linearize sys-
tem (1)—(4) relative to small disturbances related to MHD
oscillations. We designate the disturbed components of the
field as B, v, p and P. We will consider monochromatic os-
cillations o exp(ik2z® — iwt) where w is the oscillation fre-
quency, ko is the azimuthal wave number (if 22 is the az-
imuthal angle, then k2 = m = 1,2,3,...). After lineariza-
tion of the component of the vector equation, (1) takes the
form

L 1.
—iwpov1 — §pQQ(V1g2) — pov22(Vilngs) =

—V1P + fiBo(V3B1

s — V1 Bs) —

2B (5)

1
47T~/g2

—iwpov2 + pov1 (Vi) Zj-i-
1

1 1
pov12—(V1g2) + povs—(Vsg2) =
g1 g3
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7Zk2P —+ i ——Bo (V3BQ

i Vo tkaB3) +

J1By  (6)

1
4\ /g1

L 1.
1wpovs + EpQ2(V3gg) + pov2Q2(Vslngs) = Vs P (7)
where v; and B; (i = 1,2, 3) are the covariant components of

the disturbed velocity v and magnetic field B respectively,

1 ~
Ji(w,kg):ﬂ// Ji exp(iwt — ikox®)dtdz®

— o0

are the Fourier components of the density of the external
currents in the magnetosphere, @ = w — k2§ is the wave
frequency modified by the Doppler effect, 2 is the angular
velocity of the rotation of the magnetospheric plasma, and
Vi =0/0x".

[11] For the description of the MHD oscillation field it
is convenient to use presentation of the oscillation fields
B, ¥, p, P via potentials [Leonovich and Mazur, 1989)].
According to the Helmholtz expansion theorem [Korn and
Korn, 1968], an arbitrary vector field in every point of which
its first derivative is determined may be presented in the
form of a sum of potential and eddy fields. For the vector
field E this expansion has the form

E=-V,p+V,x¥

where Vi = (V1,V2), and ¢ and ¥ = (0,(,) are the
scalar and vector potentials, respectively.

[12] Using linearized equations (1)—(4) and linearized equa-
tion of magnetic field line freezing-in

E:_E(VOXB‘F{}XBO)
C

one can express the disturbed field components via the po-
tentials ¢, ¢ and . The ¢ and ¢ = Yr + s potentials
describe the Alfvén and magnetosonic oscillations of the
plasma, respectively (¢ and s correspond to FMS and
SMS oscillations, respectively). For the resonant SMS os-
cillations considered here, the input of the potential ¢ is
negligible and below we omit it in our calculations. Since
the interaction of the Alfvén and SMS waves is negligibly
small [Leonovich et al., 2006] and the FMS waves with large
azimuthal numbers m > 1 almost do not penetrate into
the magnetosphere, we will take in the further calculations
=0 and ¢Yr = 0.

[13] Substituting the expressions for the components of
SMS oscillations into (6), we obtain after some transforma-
tions the equation for SMS waves:

k2
Ls— L% Zw—

4w S2 2 /g3
_kQCQ (1+ ) A gTJl (8)
where
2
LE@) =2A%+5%+ %%Dw
w w0 w
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are the poloidal and toroidal field-aligned operators, respec-
tively,

g2 g1
Dy =V Ly, L
’ VRN

_ Bo/ Py
Dy = oa g3 Vs 0 \/§v3 Po
Ps\/g pogs Bo+/g3

S = /7vPo/po is the speed of sound, and A = By /+/4mpq is
the Alfvén velocity.

[14] We assume here that the structure of the considered
azimuthally small-scale SMS waves resembles the structure
of similar Alfvén waves. There is, however, one significant
difference. The field of standing SMS waves is localized in
the vicinity of the equatorial plane [Leonovich et al., 2006].
This means, in particular, that the ionosphere neither can
be a source of SMS waves nor can absorb effectively their en-
ergy. Therefore, both the generation and dissipation of SMS
oscillations should be of a magnetospheric origin. The SMS
oscillations can be effectively absorbed by ions of the back-
ground plasma, because the typical velocity of their propa-
gation in the plasma is of the order of the thermal velocity of
ions. The transverse external currents in the magnetosphere
generated in the periods of geomagnetic field disturbances
are able to serve as a source.

[15] The theory of the standing azimuthally small-scale
Alfvén waves [Leonovich and Mazur, 1993] states that such
oscillations are generated by a monochromatic source at the
poloidal resonant magnetic shell where their azimuthal wave-
length is much shorter than the radial one. Then these os-
cillations drift across the magnetic shells to the toroidal res-
onant magnetic shell where the radial wavelength becomes
much less than the poloidal one. In the process of this shift,
the polarization of the Alfvén wave changes from the poloidal
to the toroidal one. In the vicinity of the toroidal resonant
surface, there occurs a complete absorption of the Alfvén
wave energy due to the dissipation in the ionosphere. We
will assume that the azimuthally small-scaled SMS waves
have the similar structure, except the differences mentioned
above and related to the generation and dissipation mecha-
nisms.

3. Structure in the Vicinity of Poloidal
Resonant Shell

[16] Now we consider the structure of SMS waves with
m > 1 in the vicinity of the poloidal resonant surface. The
typical wavelength of the main harmonics of standing SMS
waves in the field-aligned direction is of the order of the
length of the field line itself. We will see in the calculations
below that the typical wavelength of such oscillations across
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magnetic shells is much less than the field-aligned wave-
length. In the vicinity of the poloidal resonant surface, the
following relation is fulfilled: |k2| > |V /9] > |V /9.
This fact makes it possible to look for solution of (8) by the
different scale method, writing the potential 1 in the form

9)

where function U(z') and P(z',23) describe in the main
order the small-scale structure of oscillations along the z*
coordinate and the structure of the oscillations along field
lines of the magnetic field, respectively. The typical scale of
P(ml,a:3) variations along ! is much larger than the scale
of U(z") variations. The small correction h(z', z%) describes
the oscillations in higher orders of the disturbance theory.

[17] As far as the ionosphere almost does not influence the
structure of standing SMS waves, we will use the homoge-
neous boundary conditions

Y =U(z")(P(z', 2®) + h(z', 2°)) exp(ikoz® — iwt)

= 1

¥l =0 (10)
where the signs “+” refer to the points of the field line
crossings with the ionospheres of the Northern and South-
ern hemispheres. One can obtain the equation for the field-
aligned structure if only the terms of the main order (~ kéw)
of the disturbance theory are left in (8):
LEp=o0 (11)

[18] The poloidal eigenfunctions Pw(z',z3), (N =
1,2,3,... is the field-aligned wave number) and the corre-
sponding values of the poloidal eigenfrequencies @ = Qpn
are the solution of equation (11). We will assume that the
eigenfunctions Py are normalized by the following condition

It

pFy A? 2 g
/ 9205 ﬁPNdl =1

(12)

where p = \/g1/92.

[19] For harmonics with N > 1 one can find the so-
lution of equation (11) in the Wentzel-Kramers—Brillouin
(WKB) approximation. Using the standard method (see,
e.g. [Leonovich and Mazur, 1993], we write the solution nor-
malized by condition (12) within the first two orders of the
WKB approximation in the form

1
/2

1 3 2 g3gg’ S . dl

PN(x,m):”nggi/zﬁsm Qpn 5

I

(13)

where

TN dl
Q = —
PN ts g

is the time of the run between the magnetically conjugated
ionospheres with the local speed of sound. One can find the
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solution of equation (11) for the main harmonics (N ~ 1)
only numerically.

[20] In the next order of the disturbance theory we have
from equation (8)

- 1 ~ 1
LST(@)Q—PNVfUN - Lsp(@);PNkéUN =
1 2

B 4w
kQCQ

$ o\ eV
(” >A\F

Multiplying this expression by Py g1 PN/SQ\/g and integrat-
ing along the field line, we obtain the equation determining
the transverse structure of SMS waves in the vicinity of the
poloidal resonant shell:

_ k22 QPN—(U_)
Qpn w

+i’YN)_

Qby — (@ +iw)®
BE B
2 a2
Qpy (;24‘ ivN) )ngN+
k22
(ar1 — QiN ar2)ViUy =1 (14)
where
P5 (Qpn + kaQ)A® + Qpn S® 2 103
ar1 = \[ QpnS2 Pydzx
ars = Py g2 Q?DN
N
2
(QpN + k2Q) A% 4+ Qpn S? A—PNd 3

QpnS? S2

PSg1 4w 293
J=— 14+ — A
/52\/§ Nk202< > ,7 1

The attenuation decrement vy caused by the dissipation of
SMS oscillations at their interaction with ions of the back-
ground plasma is introduced here phenomenologically. One
can obtain its exact expression only in the scope of the ki-
netic approach. It is known that in a plasma with inhomoge-
neous distribution of the ion and electron temperature (T, >
T;), the value of vy is small (Imw/Rew ~ \/m./m; < 1)
[Krall and Trivelpiece, 1973]. In this case a mode with al-
most no attenuation can exist. In the magnetosphere of
the Earth, the condition T, > T; can be fulfilled in the re-
gions of the maximal concentration of high-energy electrons,
in the regions with intense field-aligned currents, or in the
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dawn sector of the magnetosphere during substorms. In the
rest of the magnetosphere, most probably, the inverse rela-
tion between the electron and ion temperatures T. < T; is
fulfilled. In this case the decrement of the studied SMS os-
cillations is no more a small value. Estimations show that
Imw/Rew ~ 0.1 in the homogeneous plasma. In the inho-
mogeneous plasma, the attenuation decrement can decrease
slightly due to braking of conditions of the resonant inter-
action of waves with ions. In this case SMS waves exist as
forced oscillations.

4. Structure in the Vicinity of the Toroidal
Resonant Shell

[21] It the same way we study the structure of standing
SMS waves in the vicinity of the toroidal resonant surface.
In this region the relation |Vi¢/y¥| > |k2| > |Vay/4y| is
fulfilled. We will look for the potential ¢ in the form

¥ =V(")(T(z

Here the functions V(z*) and T(z', ) describe the struc-
ture of the oscillations along the z! coordinate in the
main order and the field-aligned structure, respectively, and
tn(z',2%) is a small correction.

[22] Leaving in (8) the terms ~ V1) we obtain the equa-
tion determining the field-aligned structure of the toroidally
polarized standing SMS waves:

) + t(z', 2%)) exp(ikoa® —iwt)  (15)

LET = (16)
Together with the boundary conditions in the ionosphere:
T(z',z3) =0

(16) defines the toroidal eigenfunctions T (z',2®), (N =
1,2,3,...) and toroidal eigenfrequencies Qrn. We chose the
normalization for the T function in the form

I+

/"

l_

—1PO A2
gigs S?

S 12dl=1 (17)

(23] For the harmonics with NV >> 1 in the first two orders
of the WBK approximation, the solution of (16) normalized
by condition (17) will be written in the form

!
dl
Qry / 5

I_

ts P" 1/2 A2

TN(xl,xe') =

(18)

where Qry = wN/ts. The results of numerical solution of
equations (11) and (16) for the first two harmonics are shown
in Figures 2 and 3.

[24] The polarization splitting of the spectrum (the resid-
ual of the toroidal and poloidal eigenfrequencies AQy =
Qrn — Qpn is one of the main characteristics of the az-
imuthally small-scaled SMS oscillations. This splitting de-
termines the distance between the poloidal and toroidal res-
onant shells. Between these shells the field of standing SMS
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Opr)n, 107rad s Ay, 10°rads!  where

P5 (Qrn + ko) A% + Qrn S?

ap1 =

(Qrn + k2Q)A? + Qrn S* A2

5. Structure Across Magnetic Shells

GI3004

[25] In order to obtain the complete structure of standing
E - SMS waves across the magnetic shells, one should complete

\_—/l\ the solutions obtained in the vicinity of the poloidal and

0 | : | | | : | : | | | 9 toroidal resonant surfaces by the solution in the intermediate

2 3 4 5 6 7 L region and perform their joining. It is a rather cumbersome
procedure (see Leonovich and Mazur [1993]). To avoid it, we
use a different method based on creation and solution of a

Figure 2. Distribution across the magnetic shells of the
eigenfrequencies of standing SMS waves Qp(ryny (the left-
hand axis) and of the polarization splitting of the spectrum
AQn = Qpn — Qrn (the right-hand axis) for the first three
harmonics.

waves is localized. The exact value for this parameter can be
obtained if one multiply equations (11) and (16) to T and
Pn, respectively, integrates along the field line, and subtract
one from the other:

Q 2 Pg g2 A® 3
AQn = — [ Q — PnT, —
N=5 ( TN/ N ~ndz

P(;rgQ Aiz 2 o—1 |
/ Jga 57 (VeI Fo )) / -40

P§ A2 Qrn + k2Q

0 PyTndx® 1
N T (19)

2

Acting in the same way as in the previous Section, we obtain
the equation describing the transverse structure of standing
SMS waves in the vicinity of the toroidal resonant surface:

< ko) (QTN —@+iw) Dy — (DHW)S) _

Qrn w w3

Figure 3. The structure of standing SMS waves with the
toroidal (solid curves) and poloidal (dashed curves) polar-
02, — (@ + i’YN)2> V%VNf izations. The graphs of the poloidal Py and toroidal T

02

eigenfunctions with a unite amplitude for the first three

harmonics are presented. The amplitude of standing SMS
waves is rapidly decreasing from the equatorial plane to the

(ar + k202
P1 QTN
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model equation making it possible to describe the transverse
structure of the oscillations within the entire region of their
existence [Leonovich and Mazur, 1997].

[26] In the vicinity of the corresponding resonant surfaces,
one can present the poloidal and toroidal eigenfrequencies in
the form ) )

T - mP(T)N) (21)

Qpmyn =@ <1 - 17

where :rllD(T) ~ are coordinates of the resonant surfaces and
L' = ViQlpn/Qpn. Combining equations (14) and (20)
and taking into account (21), we obtain the model equation:

11
v |ar (IITN + 1’7N> ViWn—
L w

(22)

ot —zhy 1
Vier] (+ W) Wy = ———
L Vo

where

k2Q kQQ

ar = ari1 + ——arz, ap = api + =——ap2
QTN QTN

Introducing a dimensionless transverse coordinate

§= (951 - OCITN)/(ﬂClTN - x}DN)

we rewrite equation (22) in the form

2

852 — K (E4+14ie)Wn =bn

€+ ze) (23)

One can consider the coefficients of this equation

E = ’YNL/QNAN

= Vlap/ar|ki A%
bN = IL/O(TAN

1

1
AN =TTy — TpN

almost constant, because they vary only slightly at the scale
of the localization of the solution Wi (§) we are looking for.

[27] One can find a solution of (23) presenting the looked-
for function Wi (§) in the form of a Fourier integral

Wn(e) = = / Wi (k)

Substituting this expression into (23) we obtain the differen-
tial equation of the first order for the W (k) function which
is easy to solve (see Leonovich and Mazur [1997]). Perform-
ing the inverse Fourier transformation we obtain the solution
of the initial equation in the form

e™*edk

oo

Wi (&) = ibN/ explik(€ + ie) + ik arctg(k/ﬁ)] e

k2 + K2 (24)
0
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[28] Now we consider the behavior of Wi (£) in the vicinity
of the toroidal resonant surface (¢ — 0) and at the asymp-
totics ([¢] — o00). At & — 0 the main part of the integral
(24) is provided at k > 1, so in the power index of the ex-
ponent of the integrand one can take arctg(k/k) ~ 7/2 and
leave only k2 in the denominator. In this case one can easily
obtain expression for the second derivative

£—0 bNe'an/Q

Wx(§) = Eti0)

Integrating it we obtain

£—0
Wn(§) =~ bne

T2 (¢ 4ig) In(€ + ie) (25)
At || — oo the main part of the integral is provided at
k < 1, so in arctg(k/k) and in the denominator of the inte-
grand one can take kK = 0. After that the integral is easily

calculated
gl zee by 1

K2 & +ie
Thus, the amplitude of SMS oscillations at distancing from
the resonant surfaces decreases at asymptotic.

Wi ()

(26)

6. Structure of the SMS-Oscillations Field
in the Vicinity of the Toroidal Resonant
Surface

[29] Now we consider the behavior of the components of
the SMS-oscillation field in the vicinity of the toroidal reso-
nant surface (§ = 0). To do this, we express the disturbed
components of the magnetic and electric fields, plasma mo-
tion velocity, and its pressure via the 1 potential. Using in
the vicinity of the toroidal resonant shell expression (25) for
the function Un (), we obtain

BIN ~ 7ZBN < g1 V3

NG f )ln(§+z€)

Baon =

g2
(f%f )

Q1 1 (i) 1
w A% (€ +ie) o An

In(¢ + ia)) +

Bx (\g;vgf )kQZ(ﬁ—i—is)ln({—i—ia)
Bin ~ iB T L
3N N1 N N (E—F’LE)

= 1 . )
iBn g—Tng(f +ie) In(§ + ie)
2
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where the designation By = (¢/@)bye™™? is used. At
€ — 0 the azimuthal By and field-aligned Bsy components
of the disturbed magnetic field have a singularity ~ ¢~ and
the radial component Biy has a logarithmic singularity. The
main component of the disturbed magnetic field Bsn almost
does not depend on the plasma motion velocity. In the vicin-
ity of the toroidal resonant surface |Ban| > |Bin|. The ex-
istence of the singularity of the B2y component depends on
the terms proportional to the angular velocity of the plasma
rotation 2 and to its gradient. In the case of the immo-
bile plasma when Q(2') = 0, the azimuthal component Bax
has no singularities in the amplitude distribution, so in the
vicinity of the resonant surface |Ban| < |Bin].
[30] We obtain for the electric field components

ko) 3

\/§ w( 5 (€ 4 ie) In(€ +ie)—

= Q1
Fsn ~ —iFE In | =———1
3N BN <V3\f N) 5 Ax n(§ + ic)

where En = bNei’”m. The azimuthal Fon and field-aligned
E3n components have logarithmic singularities, and the ra-
dial component E;y has the strongest singularity ~ £ %, so
|Ean| < |Ein| in the vicinity of € = 0. The relation be-
tween the transverse components of the disturbed electric
field changes to the opposite one (|E2n| > |Ein|) in the
model without plasma rotation.

[31] We have for the components of the velocity field in
the vicinity of the resonant surface

\/»TN A— In(¢ + ie)

VIN & —UN

- 1 0 . ,
VoN R —IUN <¢g§TNzk2(£ +ig) In(§ +de)+

92 T QL 1
91vgs | w A% (€t ie)

1 A?
V3N X IUN <V3 po

P TN> %kg(f +ie) In(é + ie)—

1 A?pg 11 1
ion | —V N | =-5
N (po ‘v ) B A E+ie)

where oy = (¢/Bo)bye™™ 2. The behavior of the disturbed

plasma velocity in the transverse direction is similar to the
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behavior of the magnetic field. If we take the plasma to be
immobile, then |van| < |vin| We have an inverse relation
|van| > |vin]| in the model with moving magnetospheric
plasma. Thus, the SMS oscillations in the plane transverse
to the field lines have a toroidal and poloidal polarizations in
the models without plasma motion and with it, respectively.
The plasma motion provides no significant influence on the
main component of the velocity field vsy.

[32] The expression for the disturbed pressure in the vicin-
ity of the toroidal resonant surface has the form

~ B B 1 . .
Py ~ ij k%\ETN (€ + ie) In(€ + ie)—
Z.BOBN 1 11

dr g1/ A% (€ +ie)

and does not depend on the plasma rotation velocity. In a
homogeneous plasma, the localized SMS waves have a typi-
cal singularity: the gas-kinetic pressure and pressure of the
magnetic field of such waves oscillate in antiphase with am-
plitudes close by magnitude, so the total disturbed pres-
sure of these oscillations is almost zero. One can easily
check that for the resonant SMS oscillations considered here
in the zero order of the disturbance theory, the condition
P+ BoB)/4m = 0 (where B)| = Bs/,/gs is the physical
field-aligned component of the disturbed magnetic field) is
also fulfilled.

7. Results of Numerical Solution

[33] We will find numerically the solution of equations
(11) and (16) (describing the structure of the resonant SMS
oscillations) for the main harmonics of standing SMS waves.
We take the geomagnetic field to be a dipole one such as
it takes place in the inner part of the magnetosphere. We
use the coordinate system (a, ¢, @) connected to field lines of
the magnetic field (see Figure 1). Here a is the equatorial
radius of the field line, ¢ is the azimuthal angle, and 6 is
the latitude counted from the equator. In this coordinate
system, the length of the radius vector of a point at the field
line is written as

2 2
r=a"cos” 6

and the element of the length along the field line has the
form

dl = acosfv/1 — 3sin? 6db

The strength of the dipole magnetic field is determined by

( )
a

and the components of the metric tensor have the form

3 4/1—3sin%6

cosb 6

BO (CL, 9) =

cos® 0

P g2 = a’cos® 0
1—3sin” 6

g1 = (27)
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We did not succeed in obtaining a simple expression of the
same kind for the g3 component. One can determine it
via the ratio of the segments of field lines with the equa-
torial radii ap and a crossed by two close coordinate surfaces

2% = const at latitudes 6y and 0 respectively:

g3(a,0) [ a\%( cosb 121 — 3sin? 6,

g3(ao,0o0) (ao) (cost90> 1—3sin?0
We will take the plasma distribution in the plane of the
magnetic meridian using the model of the magnetosphere
by Leonovich et al. [2004].

[34] Figure 2 shows the distributions of the poloidal and
toroidal eigenfrequencies of the first three harmonics of stand-
ing SMS waves. They were obtained as a result of numer-
ical solution of equations (11) and (16) with homogeneous
boundary conditions on the ionosphere. Figure 2 shows also
the distributions of the polarization splitting of the spec-
trum across the magnetic shells for the first three harmonics
of SMS waves. Unlike for the Alfvén waves, the frequen-
cies of the main harmonics of SMS waves differ considerably
from their values in the WBK approximation. For example,
for the first harmonic of SMS waves, the exact value of the
frequency differs from its WBK value by a factor of 5.

[35] Figure 3 shows the field-aligned structures of the first
three harmonics of standing SMS waves. It should be noted
that the spectrum and structure of the SMA oscillations with
m > 1 almost coincide with the case m ~ 1. A rapid de-
crease of their amplitude is also observed at the approaching
the ionosphere. So SMS oscillations can not be observed on
the surface of the Earth and in its vicinity. The most prob-
able place of their detection is the near-equatorial magneto-
sphere in the region of closed field lines.

[36] Figure 4 shows the dependence of the ratio of the
polarization splitting of the spectrum to its eigenfrequency
(AQ1/Q1) on the azimuthal wave number k2 = m and the
transverse coordinate L = a/Rg (Rg is the Earth radius) for
the first harmonic of SMS oscillations. The value of AQ;/Q
is very small (~ 1073 — 10™*) almost for all values of the m
and L parameters. Moreover, a spectral splitting sign rever-
sal is observed for the first harmonics (it is its feature). This
means that there exists a shell ! = Z' at which the toroidal
and poloidal frequencies coincide QTl(i’l) = Qp1 (fl) Dis-
sipation of the energy of such oscillations occurs at the same
shell they where excited at, in the similar way as it occurs
at the magnetosonic resonance [Leonovich et al., 2006].

[37] Figure 5a shows the transverse structure of the oscil-
lations with x = 0.1 for the cases of a moderate (¢ = 0.1) and
strong (¢ = 1) attenuation. The structure of these oscilla-
tions is of a typical resonant type. The maximal oscillation
amplitude is observed at a toroidal resonant surface. The
characteristic scale of localization of oscillations across the
magnetic shells in this case is determined by the dissipa-
tion level. Figure 5b shows the structure of the oscillations
for k = 20. At moderate attenuation, the structure of a
“running wave” type is distinctly seen. The amplitude of
the oscillations in the vicinity of the poloidal resonant shell
where their generation occurs is much larger then in the
vicinity of the toroidal shell where they are absorbed. So on
the whole, one may consider their polarization as a poloidal
one. It should be noted that such a structure of SMS waves
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Figure 4. The dependence of the ratio of the spectrum po-
larization splitting to the eigenfrequency (A€Q:/Q1) on the
azimuthal wave number m and the magnetic shell parameter
L = a/Rg for the first harmonics of SMS oscillations. The
value of AQ /0y is very small (~ 1073 — 1074) and changes
its sign in the outer magnetosphere for some values of m.

is rather hypothetical. In the real magnetosphere, one can
not obtain the relation between parameters required for the
structure realization.

[38] Figure 6 shows the distribution of the parameter
value in the plane formed by the values of the azimuthal wave
numbers m typical for the observed in the magnetosphere ge-
omagnetic pulsations and the magnetic shell parameter L.
One can see that in the entire magnetosphere x < 1. This
means that all the SMS oscillations observed in the mag-
netosphere of the Earth should have a resonant structure.
Observation in the daytime magnetosphere of SMS oscilla-
tions of the “running wave” type is impossible.

8. Conclusions

[39] At the end we summarize the main results of our
investigation.

[40] (1) We have developed the theory of the slow mag-
netosonic oscillations with high azimuthal wave numbers in
a model of the magnetosphere with rotating plasma. The
structure and the spectrum of such oscillations are investi-
gated both analytically and numerically. These oscillations
have some peculiarities. It is shown that these oscillations
similar to the Alfvén waves propagate along the magnetic
field lines. The SMS waves like Alfvén waves due to high con-
ductivity of the Earth’s ionosphere have the form of stand-
ing waves along the magnetic field lines. Nevertheless as it
is confirmed by numerical simulations the amplitude of the
standing SMS waves drastically decreases from equatorial
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Figure 5. The structure of SMS waves across the magnetic shells in two limiting cases. Panel (a)
shows the dependencies of the real and imaginary parts of the Uy function describing the resonant type
of oscillations for which ky = 0.1. Panel (b) shows the real and imaginary parts of the Uy function
describing the oscillation structure of the “running wave” type for which xx = 20. Thick and thin curves
correspond to the cases of moderate € = 0.1 and strong (¢ = 1) attenuation, respectively. The resonant
structure (panel (a)) is more likely to be observed in the real magnetosphere.

plane towards the ionosphere. As the intensities of gen-
eration and dissipation are proportional to the amplitude,
the influence of the ionosphere on these oscillations can be
neglected. Possible source of the SMS oscillations can be
situated on the same magnetic shells in the near equatorial
region of the magnetosphere. In our paper the external mag-

130

110

90 02

70 0.075

50

30

10

2 3 4 5 6 7 8 L

Figure 6. The dependence of the x parameter on
the azimuthal wave number m and magnetic shell parameter

netospheric currents are considered as such source. The dis-
sipation of such oscillations is determined by local properties
of the background plasma. This dissipation is strong enough
because the phase speed of the SMS oscillations is close to
the averaged thermal speed of ions in the background plasma
(w/kj ~ S). The attenuation can be so strong that the pres-
ence of the SMS waves in the form of eigenmodes becomes
practically impossible. It should be mentioned that SMS
oscillations can serve as one of the channels of dissipation
of the ring current energy. Being excited in the equatorial
plane by time dependant component of ring current these
oscillations can transmit their energy to the particles of the
background plasma.

[41] (2) Analytical investigation of the structure of the
SMS oscillations across the magnetic shells shows that these
oscillations similar to Alfvén waves can have two types of the
transverse structures. The shape of the transverse structure
is determined by the value of Kk ~ koAyn. If K < 1 the
oscillations across the magnetic shells take the form of the
resonance peak while for k > 1 they have the structure of
the propagating wave. While investigating Alfvén oscilla-
tions it was shown that the conditions under which these

L =a/Rg. For k > 1 the transverse structure of the of the
SMS wave has the form of the propagating wave. At the
same time for Kk < 1 it has a typical resonance structure.
As it is seen from the figure, for the whole magnetosphere
£ < 1. Observation in the daytime magnetosphere of the
SMS oscillations of the propagating wave is impossible.
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oscillations have the form of a propagating wave across the
magnetic shells are fulfilled within the considered model only
for the first harmonic of the standing Alfvén waves. This is
connected with the anomalously large equatorial distance
between the resonance shells for this harmonic. The equato-
rial splitting of the shells for the SMS oscillations is several
orders of magnitude less than for the main harmonics of the
Alfvén waves. The values of the parameter x for small-scale
SMS oscillations are less than unity. As a result the SMS
oscillations with high azimuthal wave numbers always have
resonance structure across the magnetic shells.

[42] The most probable region for registration of the lo-
calized SMS oscillations with high azimuthal numbers is the
near equatorial region of the magnetosphere where the am-
plitude of these oscillations achieves maximal values [Taka-
hashi et al., 1987]. As an indicator of the SMS oscillations
can be used the peculiarity that the total disturbed pres-
sure for these oscillations is approximately equal to zero (in
the presence of the longitudinal component of the disturbed
magnetic field [Glassmeier et al., 1999; Woch et al., 1990]).

[43] Acknowledgments. The work was partly supported by

the Russian Foundation for Basic Research (project no. 06-05-
64495 and 07-05-00185), INTAS (projects no. 05-1000008-7978)
and the Programs of the Presidium of RAS (no. 16) and Physical
Science Division of RAS (no. 16).

References

Chen, L., and A. Hasegawa (1974), A theory of long period
magnetic pulsation. 1. Steady state excitation of field line
resonances, J. Geophys. Res., 79(7), 1024.

Glassmeier, K. H., S. Buchert, U. Motschmann, A. Korth, and
A. Pedersen (1999), Concerning the generation of geomag-
netic giant pulsations by drift-bounce resonance ring current
instabilities, Ann. Geophys., 17(3), 338, doi:10.1007/s00585-
999-0338-4.

Guliel’'mi, A. V. (1979),
Nauka, Moscow.

Kozlov, D. A., A. S. Leonovich, and J. B. Cao (2006), The
structure of standing Alfvén waves in a dipole magnetosphere
with moving plasma, Ann. Geophys., 24(1), 263.

Korn, G. A., and T. M. Korn (1968),  Mathematical handbook
for scientists and engineers, McGraw-Hill Book Company, NY,
USA.

MHD waves in the near-Earth plasma,

KOZLOV: SLOW MAGNETOSONIC OSCILLATIONS

GI3004

Krall, N. A., and A. W. Trivelpiece (1973), Principles of
plasma physics, McGraw-Hill Book Company, NY, USA.

Leonovich, A. S., and V. A. Mazur (1989), Resonance excitation
of standing Alfvén waves in an axisymmetric magnetosphere
(monochromatic oscillations), Planet. Space Sci., 87, 1005.

Leonovich, A. S., and V. A. Mazur (1993), A theory of
transverse small-scale standing Alfvén waves in an axially
symmetric magnetosphere, Planet. Space Sci., 41(3), 697,
doi:10.1016,/0032-0633(93)90055-7.

Leonovich, A. S., and V. A. Mazur (1997), A model equation for
monochromatic standing Alfvén waves in the axially symmetric
magnetosphere, J. Geophys. Res., 122, 11,443.

Leonovich, A. S., V. A. Mazur, and J. B. Cao (2004), Self-
consistent model of a dipole-like magnetosphere with an
azimuthal solar wind flow, J. Plasma Phys., 70(1), 99,
doi:10.1017/50022377803002411.

Leonovich, A. S.;, D. A. Kozlov, and V. A. Pilipenko (2006),
Magnetosonic resonance in a dipole-like magnetosphere, Ann.
Geophys., 24, 2277.

Southwood, D. J. (1974), Some features of field line reso-
nances in the magnetosphere, Planet. Space Sci., 22(3), 483,
doi:10.1016,/0032-0633(74)90078-6.

Southwood, D. J. (1977), Local compressional hydromagnetic
waves in the magnetospheric ring currents, Planet. Space Sci.,
25(6), 549, doi:10.1016/0032-0633(77)90061-7.

Takahashi, K., J. F. Fennell, E. Amata, and P. R. Higbie
(1987), Field-aligned structure of the stormtime Pc 5 wave of
November 14-15, 1979, J. Geophys. Res., 92(A6), 5857.

Tamao, T. (1965), Transmission and coupling resonance of hy-
dromagnetic disturbances in the non-uniform Earth’s magneto-
sphere, Sci. Rep. Tohoku Univ, ser. 5, 17, 43.

Taylor, J. P. N., and A. D. M. Walker (1987), Theory of magne-
tospheric standing hydromagnetic waves with large azimuthal
wave number. 2. Eigenmodes of the magnetosonic and Alfvén
oscillations, J. Geophys. Res., 92(A9), 10,046.

Woch, J., G. Kremser, and A. Korth (1990), A comprehensive
investigation of compressional ULF waves observed in the ring
current, J. Geophys. Res., 95(A9), 15,113.

Walker, A. D. M. (1987), Theory of magnetospheric standing
hydromagnetic waves with large azimuthal wave number. 1.
Coupled magnetosonic and Alfvén waves, J. Geophys. Res.,
92(A9), 10,039.

Walker, A. D. M., and H. Pekrides (1996), Theory of magne-
tospheric standing hydromagnetic waves with large azimuthal
wave number. 4. Standing waves in the ring current region, J.
Geophys. Res., 101(A12), 27,133.

Yumoto, K. (1985), Characteristics of localized reso-
nance coupling oscillations of the slow magnetosonic wave
in a non-uniform plasma, Planet. Space Sci., 33(9), 1029,
doi:10.1016,/0032-0633(85)90021-2.

D. A. Kozlov, Institute of Solar-Terrestrial Physics SB RAS,
p/b 291, Irkutsk 664033, Russia. (kozlov-da@iszf.irk.ru)

11 of 11



