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Experimental evidence for the existence of monochromatic
transverse small-scale standing Alfvén waves
with spatially dependent polarization

A.S.Leonovich’, D. Yu. Klimushkin', and P. N. Mager’

Tnstitute of Solar-Terrestrial Physics SB RAS, Irkutsk, Russia

Abstract A transformation of a monochromatic standing poloidal Alfvén wave into a toroidal wave

has been observed. A theoretical interpretation is presented of Alfvén-type monochromatic oscillations
observed by the Radiation Belt Storm Probes (RBSP)-A satellite on 23 October 2012 when crossing the
plasmapause at 21.45-22.30 UT. It is shown that the process involves a poloidal Alfvén wave transforming
into a toroidal Alfvén wave. This transformation can serve as proof that the registered oscillations are a single
azimuthally small-scale Alfvén mode. As follows from the results of previous theoretical studies, such Alfvén
oscillations are generated on the poloidal resonance shell as poloidal standing Alfvén waves. Next, this
wave propagates to the toroidal resonance surface across magnetic shells and transforms into a toroidal
standing Alfvén wave. The oscillations are absorbed completely near the toroidal resonance surface due to
dissipation of their energy in the ionospheric conductive layer. It is shown that the RBSP-A satellite probably
crossed two transformation areas of Alfvén waves, located near the plasmapause transition layer.

1. Introduction

Ultralow-frequency (ULF) waves in the terrestrial magnetosphere can be classified according to their
azimuthal wave numbers, m. The geomagnetic field is close to a dipole in the inner part of the magnetosphere.
If we neglect the small azimuthal inhomogeneity of the magnetospheric plasma, we can use an axially sym-
metric model of the medium to describe MHD oscillations in the inner magnetosphere. Any disturbance in
such a model can be represented as an expansion in azimuthal harmonics of the form exp(im¢), where ¢ is
the azimuthal angleand m = 0, 1, 2, ... is the azimuthal wave number. Low-m waves are supposed to be gen-
erated by processes on the magnetospheric boundary or to arrive directly from the solar wind [Archer et al.,
2013; Mazur and Chuiko, 2013; Potapov, 2013; Hartinger et al., 2013].

Such an external source is ineffective for high-m waves, because the magnetosphere is opaque for fast mag-
netosonic (FMS) waves which can excite the Alfvén waves at the resonance magnetic shells. Therefore, high-m
Alfvén waves deep in the magnetosphere can only be excited by sources located at the same magnetic shells
where these waves can propagate. Currents in the ionosphere are proposed as such a source in Leonovich
and Mazur [1993] and magnetospheric nonsteady currents produced by high-energy particles drifting in the
magnetosphere in Pilipenko et al. [20011, Mager and Klimushkin [2008], and James et al. [2013]. If the conditions
exist for a high-m Alfvén wave instability, the wave amplitude grows in their propagation area in the mag-
netosphere. These conditions may be due to developing MHD instabilities [Cheng and Lui, 1998; Cheremnykh
and Parnowski, 2004; Leonovich and Kozlov, 2014] or to nonequilibrium populations of high-energy charged
particles [Southwood, 1980; Chen and Hasegawa, 1991; Klimushkin and Mager, 2011; James et al., 2013;
Liuetal., 2013].

Theoretical studies of MHD waves in the magnetosphere first started with Dungey [1954], where equations
were obtained describing the longitudinal structure and spectrum of standing Alfvén waves with azimuthal
wave number m = 0, which were called “toroidal” Alfvén waves. Magnetic field lines in these waves oscil-
late in the azimuthal direction. Later, Dungey [1967] and Radoski [1967] discussed the opposite limiting case
m — oo. Alfvén waves of this type were called “poloidal.” Magnetic field lines in these waves oscillate in the
magnetic meridian plane. The frequencies of poloidal and toroidal waves are slightly different (the so-called
“polarization splitting” of the spectrum).

As was shown later, toroidal Alfvén waves with m ~ 1 can be excited by large-scale fast magnetosonic (FMS)
waves propagating in the magnetosphere, on the toroidal resonance shell, where the local frequency
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of toroidal Alfvén waves coincides with the frequency of the FMS wave source [Tamao, 1965; Radoski, 1974;
Glassmeier et al., 1999]. The transverse structure of Alfvén waves with m ~ 1 across magnetic shells has a char-
acteristic resonance peak, localized near the toroidal resonance shell. Initially, this result was obtained ina 1-D
inhomogeneous model of the magnetosphere (“box model,” considered in Southwood [1974] and Chen and
Hasegawa [1974]) and then it was shown that the same structure also holds for 2-D inhomogeneous dipole
models [Lifshits and Fedorov, 1986; Leonovich and Mazur, 1989; Chen and Cowley, 1989]. These oscillations
have the form of standing waves in the geomagnetic field line direction between the magneto-conjugated
ionospheres. The toroidal polarization of the resonant standing Alfvén waves with m ~ 1 remains the
same in all their location regions, as confirmed by ground-based magnetometer network observations
[Samson et al., 1996].

The transverse structure of azimuthally small-scale Alfvén waves with m > 1 was first theoretically studied
by Leonovich and Mazur [1993]. It was shown that a monochromatic source generates these oscillations as a
poloidal standing Alfvén wave on the poloidal magnetic resonance shell, where the local frequency of the
poloidal Alfvén wave coincides with the source frequency. Unlike toroidal waves, poloidal Alfvén waves do not
retain their polarization in a monotonicallyinhomogeneous plasma. They slowly (with a much smaller velocity
than the Alfvén speed) propagate across magnetic shells to the toroidal resonance surface where they are
completely absorbed by plasma ions in the ionospheric conductive layer. The poloidal wave is transformed
into a toroidal wave in the process of its propagation. In the direction of magnetic field lines, the wave remains
a standing wave. In [Klimushkin et al., 1995] these results were implemented in a 3-D inhomogeneous model
of the magnetosphere, and in Klimushkin [2000, 2007] and Klimushkin and Mager [2011] they were adapted
for Alfvén waves interacting with high-energy charged particles. In Mager and Klimushkin [2002], Klimushkin
et al. [2004], and Kozlov et al. [2006] these waves were studied in a magnetospheric model with hot plasma,
and in Klimushkin and Mager [2004], in a model with magnetic field line shear.

However, a transformation of Alfvén waves involving a change in their polarization has not been examined
in observations until now. The reason for this may be as follows. If the absorption in the ionosphere is strong
enough, poloidal Alfvén waves cannot reach the toroidal resonance surface and are absorbed by ionospheric
plasma at a stage when they are not yet transformed into toroidal waves [Leonovich and Mazur, 1997]. A
second possibility for the existence of poloidal Alfvén waves is magnetospheric resonators existing in areas
with extrema in poloidal eigenfrequency distribution across magnetic shells [Leonovich and Mazur, 1995;
Klimushkin et al., 2004]. A resonator does not allow a poloidal wave to travel across magnetic shells, thus keep-
ing its poloidal polarization throughout the wave localization region. Such resonators extract oscillations with
frequencies corresponding to their eigenfrequencies from broadband-source spectra. Alfvén resonators may
appear near the plasmapause [Leonovich and Mazur, 1995; Mager and Klimushkin, 2013] and in the region of
the ring current intensity maximum [Vetoulis and Chen, 1994; Yeoman et al., 2012].

The sources of monochromatic Alfvén waves are difficult to find in the real magnetosphere. Typically, these
sources are broadband, so that observable oscillations represent a superposition of waves excited at differ-
ent resonance shells [Leonovich and Mazur, 1998a, 1998b; Klimushkin et al., 2012; Dmitrienko, 2013]. However,
observations of almost monochromatic oscillations of the Alfvén type were presented recently by Dai et al.
[2013], where a transformation is clearly seen of a poloidal Alfvén wave into a toroidal wave. That paper only
presents part of the full record of such oscillations, but it is evident even from that part that these oscillations
are significantly different from poloidal Alfvén waves usually recorded in observations. Their most interest-
ing feature is a gradual —over many periods—transformation of monochromatic poloidal Alfvén waves into
toroidal waves.

In particular, it involves a gradual transformation of the phase shift between the various oscillation com-
ponents of the wave field. Moreover, a decrease is observed in the amplitudes of the field components
corresponding to the poloidal Alfvén wave as well as an increase in the amplitudes of the components cor-
responding to the toroidal Alfvén wave. The registered oscillations did not exhibit any abrupt phase change
throughout the entire record, suggesting that a single Alfvén mode was observed.

This paper presents a complete record of this event as well as their detailed theoretical interpretation. It has the
following structure. Section 2 presents the properties of azimuthally small-scale Alfvén waves from previous
theoretical studies. Section 3 presents the full record of the oscillations registered by the RBSP-A satellite on
23 October 2012 and their theoretical interpretation as monochromatic azimuthally small-scale Alfvén waves

LEONOVICH ET AL.

HIGH-M STANDING ALFVEN WAVE 5444



@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA021044

-
— —

Figure 1. Schematic structure of the fundamental harmonic of standing azimuthally small-scale Alfvén waves and the
curvilinear coordinate system (x', x2, x3) tied to geomagnetic field lines. Here X;N and X.:.N are the coordinates of the
poloidal and toroidal resonance surfaces.

undergoing a full-phase transformation from poloidal to toroidal Alfvén waves. Oscillation features that are
due to satellites crossing the plasmapause are discussed. The main results are summarized in section 4.

2. The Structure of Azimuthally Small-Scale Alfvén Waves

We describe the structure of monochromatic azimuthally small-scale Alfvén waves using a curvilinear orthog-
onal coordinate system (x',x2,x3) , in which the x> coordinate is directed along the magnetic field lines, x'
across the magnetic shells and x2 in the azimuthal direction (see Figure 1). We consider Alfvén waves with
m > 1 as azimuthally small-scale oscillations.

Along magnetic field lines, their structure has the form of standing waves between the magneto-conjugated
ionospheres, and their harmonics are numbered by the longitudinal wave number, N = 1,2,3,.... The
complete spatial structure of azimuthally small-scale Alfvén waves excited by a monochromatic source is
theoretically investigated in a dipole model of the magnetosphere with a “cold plasma” in Leonovich and
Mazur [1993] and in models with a “hot plasma” in Mager and Klimushkin [2002], Klimushkin et al. [2004],
and Kozlov et al. [2006]. Qualitatively, this structure, based on the theoretical model designed in Leonovich
and Mazur [1993, 1997], is shown in Figure 1 for the magnetic field components of the fundamental
harmonic (N = 1).

Across the magnetic shells these modes represent a small-scale wave traveling from the poloidal to the
toroidal resonance surface. Such oscillations are generated as a poloidal standing Alfvén wave near the
poloidal resonance surface. The source of these oscillations might be, for example, external currents in
the ionosphere [Leonovich and Mazur, 1996] or magnetosphere [Mager and Klimushkin, 2008], whose spec-
trum contains harmonics with frequencies corresponding to the eigenfrequencies of poloidal standing Alfvén
waves on the magnetic shell in question. This monochromatic wave travels to the toroidal resonance surface
where it is absorbed completely due to dissipation of its energy in the ionosphere. In the process its polar-
ization changes from poloidal to toroidal. In presence of the kinetic or MHD instabilities, the wave amplitude
grows in the course of the transverse propagation. Nevertheless, the wave is attenuated near the toroidal
surface [Klimushkin, 2000; Leonovich and Kozlov, 2014]. Note that in this propagation process the oscillations
keep their large-scale structure along the magnetic field lines as a standing wave. In the directions transverse
to the field lines (in the azimuthal direction and across the magnetic shells), they are running waves.

The distance between the poloidal and toroidal resonance surfaces strongly depends on the temperature of
the background plasma, more precisely on parameter § = 8zP, /B2, where P, is kinetic plasma pressure and B,
is the magnetic field strength. In the plasmasphere, where f < 1 and the geomagnetic field can be assumed
to be almost dipole, Alfvén waves can be described using MHD equations obtained in the “cold plasma”
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approximation. In the outer magnetosphere, where § ~ 1, the geomagneticfield is different from a dipole, and
equations derived in the “warm plasma” approximation have to be used to describe the oscillations, taking
into account the effects associated with finite gas-kinetic plasma pressure.

The distance between the poloidal and toroidal resonance surfaces calculated for the fundamental harmonic
of the standing waves (N = 1) is much larger than for the higher harmonics of standing waves in “cold plasma”
models [see Leonovich and Mazur, 1993]. For poloidal Alfvén waves actually observed in the magnetosphere
(m < 300), the above structure of field oscillations, where numerous wavelengths in the x' coordinate fit in
between the poloidal and toroidal resonance surfaces, can be expected for the fundamental harmonic only.
Accordingly, it is only for this harmonic that we can expect a transformation of a poloidal Alfvén wave into
a toroidal wave. In models with a “warm plasma” the calculated distance between the resonance surfaces
is large enough for all the main harmonics of standing Alfvén waves which is why such a structure can be
observed for all of them [Mager and Klimushkin, 2002; Kozlov et al., 2006; Klimushkin et al., 2004].

Let us consider the structure of azimuthally small-scale Alfvén waves based on the findings in Leonovich
and Mazur [1993]. All field components of such oscillations can be expressed in terms of the electric field
scalar potential, @. In the ideal MHD approximation £ = 0 for all MHD waves. Thus, the wave’s electric field is
two-dimensional, E = (E,, 0), where the subscript | means projection onto the direction perpendicular to the
background magnetic field B,. Like any two-dimensional vector field, the transverse electric field can be
decomposed into the sum of the 2-D curl-free and vortical components, where the former can be expressed
in terms of the two-dimensional gradient of scalar potential ¢, and the latter in terms of the two-dimensional
curl of vector potential ¥:

E,=-V,p+[V,, Y]

Thefirstand the second terms in this expression describe the Alfvén and the magnetosonic wavefields, respec-
tively [Klimushkin, 1994]. Further we will consider the Alfvén oscillations described by the scalar potential
@ only.

The relation of the electric E and magnetic field B of the oscillation is given by

Hence, for monochromatic waves of the form exp(ik,x? — iwt), where w is the oscillation frequency and k, is
the azimuthal wave number (if azimuthal angle ¢ is used as the x> coordinate, then m = 0,1,2,3, ... is the
azimuthal wave number), we obtain the following relations between the electromagnetic field components

ck, g
E,=-V,p, B, = szvﬂ),
. .C 9
E, = —ik,, B, =i—==V,V,0p, m
w \/§
£, =0, By=S<2 (V,E,-V,E).

©\
where V; = d/ox (i = 1,2,3),g = \/m, and g, g,, g; are the metric tensor components. In this approx-
imation, the wave’s parallel magnetic field is absent, B; = 0. However, when small corrections in the MHD
equations due to the field line curvature and plasma pressure are taken into account, a parallel magnetic field
of high-m Alfvén waves emerges. However, it is very sensitive to the pressure gradient of the background
plasma and magnetic field geometry [Leonovich and Mazur, 1993; Mager and Klimushkin, 2002].

Since the wavelength of these oscillations along and across magnetic field lines are very different, we can
use the multiple-scale method to describe their structure. As a result, the structure of an individual oscillation
harmonic can be presented as

on, X%, x3) = Uy(xXHHu(X, x3) explik,x* — iot), ()]
where N = 1,2,3, ... is the harmonic number of a large-scale standing wave. Function Uy(x") in equation (2)

describes the oscillation small-scale structure across magnetic shells and Hy(x", x3) the structure of standing
Alfvén waves along magnetic field lines.
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Let us note an important property
of the field structure of these waves
following from equation (2). The field
structure of a standing wave along
magnetic field lines is described by
the Hy(x',x3) function, where the
dependence on x' and x3 is deter-
mined by the background plasma
distribution on the magnetic shell
under study. Oscillations travelling
along the azimuthal x? coordinate
in the axisymmetric magnetosphere
model in question do not change
the wave field structure along the
magnetic field lines. When waves
propagate across magnetic shells, a
significant change in their structure
can occur only when the plasma distri-

Figure 2. The structure of the first three harmonics of standing poloidal . . .
(solid lines) and toroidal (dashed lines) Alfvén waves along geomagnetic bution along the magnetic field lines
field lines. changes significantly.

An exact calculation of the Uy(x") and

Hy(x",x3) functions is rather compli-
cated and can only be carried out numerically. For a qualitative understanding of the structure of azimuthally
small-scale Alfvén waves it is sufficient to consider these functions in the WKB approximation in a “cold
plasma” model. For the H,(x", x3) function, describing the structure of the oscillations along magnetic field
lines, we have, in the WKB approximation,

X
Hy(x',x3) ~ sin </
x3

for the x® coordinate. Here ky = w4/g5(x", x3) /v,(x', x3) is the wave vector component along the longitudinal
coordinate, v,(x',x3) = By/+/4xp, is the Alfvén speed, and x3 is the coordinate of the field line intersection
with the ionosphere in the Southern Hemisphere. The structures of the poloidal and toroidal Alfvén waves
are identical in this approximation. The exact numerical solutions of MHD equations describing the structure
of the poloidal and toroidal waves are shown in Figure 2. It can be seen that the differences are minimal.

3

k3(x1,x3')dx3/>,

For the Uy(x") function describing the oscillation structure across magnetic shells, we can use the following
representation:

1
exp (Ifx); k, (X”)dX“) s X<
PN
! ’ '
exp <—/XX |k, '")|dx’ ) > x> X<t

1
PN

Uy ~

where one can use the following expression:

1 X1

X
(o) = kp—2
X X

for a qualitative description of the k, (x") wave vector [see Leonovich and Mazur, 1997; Klimushkin et al., 2004].
The upper expression in equation (3) describes the oscillations in the transparency region x;N <x'< X}N; the
lower expression does the same for the opacity regions. The complete spatial structure of the fundamental

harmonic (N = 1) for the oscillation magnetic field components is shown qualitatively in Figure 1.

To compare the oscillation structure calculated theoretically to the observed oscillation structure, let us pro-
ceed from the expressions obtained in the curvilinear coordinate system to the expressions in the local
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Euclidean frame. Let us subscript the components of the vectors over the radial (transverse to the mag-
netic shells), azimuthal, and parallel (along the magnetic field lines) coordinates with r, a, and p respectively.
We have

E1 E2 E3
E,=——, E,=—, E,=——, (4)
Vo V92 V95
B B B
B=——., B,=—=, B,=—, (5)
Vai V9 NCH
and from equation (2)
i i
E=-ViEs  B,=VE, ©6)

a

where k, = k,/4/9, is the azimuthal component of the wave vectorand V, = 91_1/2

the radial coordinate.

V, is the derivative along

Note the polarization features of the oscillations. Since the oscillations are standing waves along magnetic
field lines, it follows from equations (2), (4), and (5) that the phase shift between their £, and B, components
is /2. As follows from equation (6), in the opacity regions over the radial x coordinate and near the poloidal
resonance surface (x' = x) the phase shift between the B, and B, components is also z/2, which corre-
sponds to an oscillation that is not propagating along the x' coordinate. However, in the transparency region
(xpy < X' < x7\), when moving away from the poloidal resonance surface toward the toroidal surface, the
phase shift between these components gradually changes to z (assuming that k, and k, have the same sign),

which is typical of a traveling wave along the radial coordinate.

Dai et al. [2013] discovered evidence that the oscillations are amplified due to resonant interaction with
charged high-energy particles. Note that the instability must be considered as a wave amplification mecha-
nism rather than the source. To set this mechanism to work, some initial perturbation is required. This initial
perturbation can be provided by ionospheric or magnetospheric currents. If the instability conditions are
satisfied, then, as the wave travels across magnetic shells, the amplitudes of all wave electromagnetic field
components first rise due to interaction with the particles when moving away from the poloidal surface and
then decrease when approaching the toroidal surface. The oscillation polarization changes from poloidal
(with dominant E, and B, components) to toroidal (with dominant E, and B, components) [Klimushkin,
2000; Klimushkin and Mager, 2011]. Irrespective of whether an instability is present or absent, the waves
are fully absorbed near the toroidal resonance surface due to dissipation of their energy in the ionosphere
[Klimushkin, 2007].

3. A Theoretically Calculated Structure of Azimuthally Small-Scale Alfvén Waves
as Compared to RBSP-A Satellite Observations

Almost monochromatic Alfvén type oscillations with frequency ~12 mHz were recorded by the RBSP-A satel-
lite on 23 October 2012 at 21.45-22.30 UT [Dai et al., 2013]. The full record of the oscillation electromagnetic
field components are shown in Figure 3. This record is one of the few where such oscillations are observed for
numerous periods with no abrupt phase change, which can be regarded as one and the same mode observed
while the satellite flew through its localization region. What catches one’s attention is that the oscillations are
localized in the range of magnetic shells 4.4 < L < 5.2 (altitudes from =~ 26, 000 km to ~ 21, 000 km) and their
polarization changes during the recording. Three intervals are identified corresponding to the three regions
with different polarizations the satellite crossed, as shown in Figure 5b.

We note especially that the polarization change in the RBSP-A observed oscillations cannot be explained by
phase mixing in a wave packet that initially has a poloidal polarization, which later changes to toroidal in a
strongly inhomogeneous plasma (as, for example, in Mann and Wright [1995], Leonovich and Mazur [1998a],
and Klimushkin et al. [2012]). The frequency of such oscillations should change significantly with L shells. In
contrast, the RBSP-A observed oscillations exhibit very high monochromaticity for many oscillation periods.
Moreover, during these observations the RBSP-A satellite shifts strongly across the magnetic shells, where the
plasma parameters vary greatly. However, the wave frequency remained the same. It is a clear indication that
the pulsation was generated by a monochromatic rather than time-dependent source. On the other hand,
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Figure 3. RBSP-A-recorded oscillations of the electromagnetic field components (23 October 2012). Three regions are
highlighted with different polarization of oscillations corresponding to the satellite crossing two transparency regions
(I and Ill) separated by an opacity region (ll), as shown in Figure 5b.
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the polarization change can very well be explained in the framework of the above proposed model of high-m
Alfvén waves generated by an ionospheric or magnetospheric current and amplified by a flow of high-energy
particles. Thus, the observed polarization change can only be explained by the presence of a single monochro-
matic oscillation mode having the poloidal polarization at one of the magnetic shells, which changes to the
toroidal polarization at the others shells.

Let us now attempt to treat these oscillations in terms of the theory of azimuthally small-scale Alfvén waves in
the previous section. We assume that the satellite observed oscillations with frequency @ = w4k, v, ,, where
k = k1/\/g_1 is the radial component of the wave vector and v, is the radial component of the satellite
velocity. Inside the transparency region, k, ~ m/a, Qp, ~ v,/a, where a is the field line equatorial radius.
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Figure 4. (a) Alfvén speed (b) and plasma density distribution across magnetic shells, as registered by RBSP-A satellite in
the 23 October 2012 event.

Given that v4 & 1000 km/s, v, , ~ 1 km/s and m < 100, we have @ ~ ; i.e,, the oscillation frequency was
determined by the source not by the satellite crossing the oscillation small-scale radial structure.

The fact that the oscillations were registered in a limited range of magnetic shells can be regarded as their
being localized between the poloidal and toroidal resonance surfaces. The phase shift between the compo-
nents of £, and B, is = /2. This corresponds to the structure of a standing wave along magnetic field lines. In
magnetic field oscillations, the observations begin with the dominant poloidal B, component, its amplitude
first increasing and then decreasing gradually. At the end of the recording the toroidal B, component is dom-
inant. This can be regarded as the satellite entering the transparency region from the direction of the poloidal
resonance surface and moving towards the toroidal surface. The phase shift between the B, and B, compo-
nents is /2 at first and then gradually changes to z, which is also fully consistent with the structure of the
oscillations in the previous section.

Oscillations of the electric field components exhibit a somewhat unexpected pattern. They start before
the oscillations of the magnetic components. At first they are dominated by the toroidal E, component,
which becomes almost zero at magnetic shell L = 4.9 but gradually increases and at the end of the record-
ing becomes dominant again. Of course, one can consider this part of the record as unrelated to subsequent
oscillations in magnetic components. However, the oscillation frequency is very close to the frequency of sub-
sequent oscillations in the magnetic components. This may indicate a single-wave process. If this is true, then
we can offer the following interpretation for it.

Figure 4 shows the Alfvén speed and plasma density distribution as recorded by RBSP-A as it crossed magnetic
shells during the 23 October 2012 event. This distribution implies that the satellite was in the plasmapause
region [see, e.g., Sheeley et al., 2001]. We assume f < 1insideand # ~ 0.1—0.3 outside the plasmasphere. This
estimate of # outside the plasmasphere can be regarded only as a rough one based on its typical values near
the plasmapause. § varying within this range does not change qualitatively the structure of high-m Alfvén
waves across the magnetic shells [Mager and Klimushkin, 2002; Klimushkin et al., 2004].

Therefore, the theory describing the Alfvén waves in a “cold plasma” model is applicable here. The results of
this theory imply that the above oscillation structure can only be observed for the fundamental harmonic
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Re(U,) Vg of sta.mding Avaér? waves (N =1). Trje
(e poloidal and toroidal standing Alfvén
Vatr wave eigenfrequency distribution for

the fundamental harmonic is shown
5.2 qualitatively in Figure 5b for a wide
L=a/R, range of magnetic shells.
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The above scheme implies that near
the plasmapause the satellite must
cross two transparency regions (I and
Il in Figure 5b) separated by a small
opacity region (ll). In this scheme,
the first transparency region (I) is
adjacent to the plasmapause from
the outer-magnetosphere side, the
opaque region (ll) is located at the
outer boundary of the plasmapause
transition layer, and the second trans-
parency region (lll) is inside this transi-
tional layer.

Q(T,P)l

I2mHz = ———— -

The expected field structure of the
Q azimuthally small-scale oscillations is
T1 shown in Figure 5a. The satellite enters
into the first transparency region (I)
from the side of the toroidal reso-

|HI: I :I: nance shell. Therefore, the initial polar-
R ization of the oscillations is toroidal.

Xir Xip X;pX .
1 Xip XipXyp L The phase shift between the £, and E,
Figure 5. (a) Transverse radial structure for oscillations in the two components is 7, which corresponds
transparency regions crossed by RBSP-A satellite. (b) A schematic to a wave traveling toward the toroidal
representation of the satellite crossing the localization region of resonance surface. This is in line with

azimuthally small-scale Alfvén waves near the plasmapause, with two

. ¢ - our expectations, because in the first
transparency regions (I and Ill) separated by an opacity region (Il).

and second transparency regions the
waves run toward the toroidal surface
in opposite directions (the radial k,=k; /\/g_1wave vector component has different signs in these transparency
regions). The absence of the oscillations in the magnetic field when crossing the first transparency region
can be explained by the fact that at the time, the satellite may have been near the node in the longitudinal
distribution of the wave magnetic field components (see Figure 1).

As it travels the satellite shifts toward the poloidal resonance surface and the toroidal component, E,, becomes
much less than the poloidal component, E,. In this case, the phase shift between E, and E, changes to 7 /2.
At nearly the same time the oscillations begin in the magnetic B, and B, components, with a phase shift of
x/2. This corresponds to the satellite entering a small opacity region (Il). It then crosses this opacity region
and enters the second transparency region (lll) from the direction of the poloidal resonance surface. When
the satellite enters the second transparency region, it is far enough from the standing wave node, and the
oscillations in magnetic components become noticeable. We do not consider the parallel component of the
wavefield, Bp, because, as noted in the previous section, it is very sensitive to # parameter variations. In view of
the absence of data on the field-aligned g distribution, making predictions about B, behavior in observations
is not possible.

Let us note that RBSP-A was at a nearly constant magnetic latitude (~ —17°) during the observations. Thus,
the satellite coming out of the node region of oscillation magnetic field is not due to its motion along the
geomagnetic field lines. Most likely it is due to greatly changing Alfvén speed distribution along geomagnetic
field lines when the satellite is crossing through the plasmapause transition layer. The fundamental harmonic
node is located at different points (relative to the magnetic equator) for different magnetic shells. Therefore,
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while crossing different magnetic shells, the satellite finds itself at different distances from the node of the
observed standing waves.

Oscillations in the second transparency region begin as poloidal (with the oscillation field dominated by the E,,
and B, components) and gradually transform into toroidal oscillations (with dominant E, and B, components).
The phase shift between the E, and E, components and the B, and B, components gradually changes from
x/2 to x, which corresponds to a wave traveling from the poloidal to toroidal resonance surface (but with
the opposite sign of the wave vector k, component compared to region (Il)). We suppose that the sign of
the k, component of the wave vector remains the same. When crossing the toroidal resonance surface, the
oscillations disappear.

4. Summary
Let us summarize the main results of this work.

1. The basic properties of monochromatic azimuthally small-scale Alfvén waves are described in a magneto-
spheric model with a dipole magnetic field. The oscillations have the form of standing waves along magnetic
field lines between the magneto-conjugated ionospheres. They are small-scale harmonic traveling waves
in the azimuthal direction. In the radial direction (across magnetic shells) the waves have the following
structure. The waves are generated by a monochromatic source at the resonance magnetic shell, where the
source frequency coincides with the eigenfrequency of a poloidal standing Alfvén wave. From there the
wave escapes toward the toroidal magnetic resonance shell where its frequency coincides with the eigenfre-
quency of a toroidal standing Alfvén wave. In the process the standing poloidal wave gradually transforms
into a toroidal standing Alfvén wave. Near the toroidal resonance shell, the wave is completely absorbed
due to the dissipation of its energy in the ionospheric conductive layer.

2. The structure of Alfvén waves recorded on 23 October 2012 by RBSP-A satellite at 21.45-22.30 UT is com-
pared with a theoretically calculated structure of azimuthally small-scale Alfvén waves. It is shown that the
observed picture of oscillations can be explained by the satellite crossing two transparency regions for
azimuthally small-scale Alfvén waves, located near the plasmapause. The satellite must have observed the
fundamental harmonic of standing Alfvén waves, because it is only for that harmonic that poloidal Alfvén
oscillations can be observed to transform into toroidal oscillations.

When it crossed the first transparency region, the satellite was near the node of the standing Alfvén wave mag-
netic field. Therefore, oscillations are only observed in electrical components, which have an antinode in this
area. When crossing the second transparency region, the satellite was far away from the standing wave node,
and the oscillations were observed in both the electricand magnetic field components. In either transparency
region, a transformation of poloidal into toroidal Alfvén waves was observed.

Here are a few comments on some complications of the proposed interpretation. The chief is the fact that the
proposed pattern of azimuthally small-scale Alfvén waves can only be observed for a narrow enough wave
packet, both in the k, (or m) wave number space and in the frequency spectrum. Itis hard to imagine a magne-
tospheric process in which oscillations could be generated that have a narrow enough band in azimuthal wave
numbers and are almost monochromatic. Their source must exist in a wide enough longitudinal range, within
which a nearly sinusoidal wave has to be generated and to travel in the azimuthal direction. It is known from
optical observations, however, that such structures are observed in the high-latitude ionosphere as discrete
auroral arcs. A similar process might take place here.

We suppose that the observed polarization change cannot be explained by phase mixing of the Alfvén
waves generated by a nonstationary process. The wave frequency would then depend on L shell [Mann and
Wright, 1995] and time [Leonovich and Mazur, 1998a], but neither phenomenon had been observed. Thus,
an explanation in terms of a monochromatic standing Alfvén wave propagating across magnetic shells looks
most plausible.

The high monochromaticity of the recorded oscillations can be explained as follows. It can be seen from the
Alfvén speed distribution in Figure 4 that the speed is almost constant in the plasmapause transition layer.
The eigenfrequencies of poloidal standing Alfvén waves may exhibit the same distribution in this area. In this
case, the transition layer has many resonant surfaces for poloidal standing Alfvén waves with almost identical
eigenfrequencies. Therefore, these oscillations stand out against the background of other oscillations in the
spectrum of a broadband source (external currents in the ionosphere?), and we see them as monochromatic
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oscillations. For oscillations at other frequencies there is only one resonance surface and they are not
visible on the background of the main oscillation frequency corresponding to the maximum in the poloidal
eigenfrequency distribution across magnetic shells (see Figure 5b).
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