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AnHoTanus. VccienoBansl anb()BEHOBCKHE BOJIHBI,
TeHepUpyeMble B Marautocepe MpH MPOXOKIACHUN
MEXIUIAHETHOW ynapHOW BouiHbI. Ilocie mpoxoxxzaeHus
OBUTM 3apeTHCTPUPOBAHBI KOJICOAHHWS C JTUCTIEPCHEH,
TUIUYHOU JUIs anmb(BEHOBCKHX BOJH. Yaime Bcero
HAOJIOMAI0TCS. KOJICOAHUs C TOPOUAATIBHON TONspU3a-
LueH, MPOCTPAaHCTBEHHAs CTPYKTYpa KOTOPBIX XOPOUIO
ONHCHIBAETCSl TEOPHEH pe30HaHCa MAarHUTHBIX CHUJIOBBIX
muaui (FLR). Onnako vHOTIa mocie npoXosKAeHUs yaap-
HOHM BOJIHBI HAOIIFOAIOTCS KOJICOAHHS U C TIOJONIATBHON
nosspu3anueid. OHE He MOTIH OBITh CTeHEPHUPOBAHBI B
pe3ynbrare FLR, HO OHE Taxke He MOTIIH OBITH BBI3BAHBI
U HEYCTOMYUBOCTSIMH IOTOKOB BBICOKOIHEPTHYHBIX
Y4acTHUI], KOTOPbIE HE HAOIOJATNCh B 3TO BpeMs. MEI
o0cymaeM albTepHATUBHYIO THIIOTE3Y, IIpenrnoiara-
OIIYIO, YTO PE30HAHCHBIC aJIb()BEHOBCKUE BOJIHBI MOTYT
BO36y)KI[aTI)CH BTOPUYHBIM UCTOYHUKOM — CHJIBHO JIOKa-
JIM30BaHHBIM HMITYJILCOM 6I)ICTpI)IX MAaromTO3BYKOBBIX
BOJIH, KOTOPBII TeHepHpyeTcs B 00JacTH KOHTaKTa
yAapHO# BOJHBI ¢ MmiazMonay3oi. CIEeKTp TaKkoro Hc-
TOYHHKA COJCPXKHUT TapMOHHMKH KOJeOaHHH, KOTOPHIE
MOTYT BO30YXIaTh Kak TOPOUAAIbHBIC, TaK W MOJIOH-
JTATbHBIC Pe30HAHCHBIC alTb()BEHOBCKHEC BOTHEIL.

KiroueBble cioBa: marmurocdepa, IIIa3Momnaysbl,
yaapHbIiii QpoHT, anb()BEHOBCKUE BOJIHBIL.

Abstract. We study Alfvén waves generated in the
magnetosphere during the passage of an interplanetary
shock wave. After shock wave passage, the oscillations
with typical Alfvén wave dispersion have been detected
in spacecraft observations inside the magnetosphere.
The most frequently observed oscillations are those with
toroidal polarization; their spatial structure is described
well by the field line resonance (FLR) theory. The oscil-
lations with poloidal polarization are observed after
shock wave passage as well. They cannot be generated
by FLR and cannot result from instability of high-
energy particle fluxes because no such fluxes were de-
tected at that time. We discuss an alternative hypothesis
suggesting that resonant Alfvén waves are excited by a
secondary source: a highly localized pulse of fast mag-
netosonic waves, which is generated in the shock
wave/plasmapause contact region. The spectrum of such
a source contains oscillation harmonics capable of excit-
ing both the toroidal and poloidal resonant Alfvén
waves.

Keywords: magnetosphere,
front, Alfvén waves.

plasmapause, shock

INTRODUCTION

A considerable part of geomagnetic pulsations ob-
servable in Earth’s magnetosphere are related to the
generation mechanism known as “field line resonance”
(FLR). In particular, resonant Alfvén oscillations can be
generated by fast magnetosonic (FMS) wave pulses
caused by interplanetary shock waves propagating in the
magnetosphere [Allan et al., 1986].

This interpretation explains well the generation of
Alfvén waves with toroidal polarization in the magneto-
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sphere [Leonovich, Mazur, 1989; Kozlov, 2010]. If the
magnetospheric plasma in such a model is inhomogene-
ous in the meridional plane (along the magnetic field
lines and across the magnetic shells), but homogeneous
in the azimuthal direction, then all its oscillations can be
regarded as an expansion in harmonics of the form
~exp(ime-imt), where m=0, +1, +2, ... is the azi-
muthal wave number, ¢ is the azimuthal angle, o is the
wave frequency.

Toroidal Alfvén oscillations are excited by azimuth-
ally large-scale FMS waves (with m~1). These FMS
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waves can penetrate deep into the magnetosphere from
the solar wind. Poloidal Alfvén waves are azimuthally
small-scale (m>>1). The azimuthally small-scale FMS
waves incident on the magnetosphere from the solar
wind are reflected by the magnetopause, thus failing to
penetrate into the magnetosphere [Leonovich, Mazur,
2000; Cheremnykh et al., 2016]. The FMS waves that
do penetrate into the magnetosphere are therefore be-
lieved to be likely to excite only toroidal Alfvén waves
in it [Leonovich, 2001; Chelpanov et al., 2018].

After interplanetary shock wave passage, Alfvén
waves with toroidal polarization are often observed in-
side the magnetosphere [Potapov, 2013]. They are gen-
erated by the field line resonance mechanism. A number
of studies based on spacecraft observations have
demonstrated, however, that Alfvén waves with poloidal
polarization can also be excited inside the magneto-
sphere after shock wave passage [Zong et al., 2009; Liu
et al., 2013]. Poloidal waves inside the magnetosphere
are most often generated by unstable high-energy particle
fluxes [Dai et al., 2013]. Sometimes (in 10-15 % of
cases), however, Alfvén waves with both the toroidal
and poloidal polarization are excited near the plasma-
pause, after an interplanetary shock wave front passes
through the magnetosphere. In the preceding time inter-
val, high-energy particle fluxes, which could be consid-
ered as a potential source of the poloidal waves, are
absent from the observation region [Zong et al., 2017].

In this paper, we propose a new concept for the po-
loidal Alfvén wave generation in the magnetosphere by
an interplanetary shock wave front. We suggest that the
shock wave front penetrates the magnetosphere and
interacts with the plasmapause. In their contact region,
a fast magnetosonic wave packet arises which then gen-
erates Alfvén waves at resonance magnetic surfaces. We
calculate the total field of Alfvén oscillations in the vi-
cinity of the plasmapause using a cylindrical model of
the magnetosphere.

1. OBSERVATIONS
AND POSSIBLE SCENARIO

An example of such observations is shown in Figure 1.
The measurements were carried out by the CLUSTER C3
spacecraft, which was in the vicinity of the plasmapause
at that time. Figure 1 contains 5 panels (a—€). The top (a)
panel illustrates the behavior of the integral flux of high-
energy (E>50 keV) electrons before and after the shock
front passage. The behavior of the electric and magnetic
components of the Alfvén oscillation field is presented on
two panels (b, c): (b) for the poloidal (B,, E,) and (c) for
the toroidal (B,, E;) modes. Panel (d) shows the behavior
of the magnetic field z-component. The magnetic and
electric fields are projected onto a local mean-field-
aligned (MFA) coordinate system, in which the parallel
direction p is determined by the 15-min sliding averaged
magnetic field, the azimuthal direction a is parallel to the
cross product of the p and the spacecraft position vector,
and the r completes the triad. Panel (e) of Figure 1 shows
the cold plasma density deduced from the potential as
measured by CLUSTER C1, C2, and C4. There was a
gap in the C3 spacecraft potential data, but all the four
spacecraft are quite close to each other in this case. We
use the method proposed by Moullard et al. [2002] to cal-
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Figure 1. CLUSTER C3 measurements of ULF waves and
energetic electron flux perturbations induced by an interplane-
tary shock on November 7, 2004: the integral flux of energetic
electrons (E>50 keV) measured by RAPID onboard C3 (a);
the toroidal mode wave magnetic field B, and electric field E,
(b); the poloidal mode wave magnetic field B, and electric
field E, (c); the magnetic field B, component from C3 (d); the
cold plasma density N, deduced from spacecraft potential
measured by CLUSTER C1, C2, and C4 (e). The position in
GSM, L value, invariant latitude (ILat) and magnetic local
time (MLT) for C3 are shown at the bottom. The vertical
dashed line shows the arrival time of the interplanetary shock

culate the density from the spacecraft potential. We can
see that the cold plasma density is ~20 cm™, the typical
value near the plasmapause.

It is evident from Figure 1 that after the shock front
passage both modes of Alfvén oscillations are excited:
poloidal and toroidal. After that, the poloidal component
amplitude of the oscillation field decays rather quickly,
while the toroidal component amplitude remains almost
unchanged. At the same time, the high-energy electron
flux begins to increase. Zong et al. [2017] suggested
that poloidal Alfvén waves interact with the plasma
electrons, transferring their energy to them.

The question remains as to the source of the poloidal
Alfvén waves themselves. We suggest the following
generation scenario for such poloidal Alfvén oscillations
generated by shock wave passage through the magneto-
sphere. When the shock wave front interacts with the
plasmapause, a localized perturbation arises in their
intersection region. A narrowly localized FMS wave
packet contains harmonics capable of effectively excit-
ing both toroidal and poloidal Alfvén waves. Using the
cylindrical model of the magnetosphere, we calculate
the field of Alfvén oscillations generated in the magne-
tosphere by such a secondary source and determine sec-
tors, where the poloidal magnetic field component dom-
inates in the generated Alfvén oscillations.

2. MEDIUM MODEL

We consider the generation of Alfvén waves by an
FMS wave packet in the near-equatorial region of the real
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shock front

Figure 2. Diagram of shock front passage through the
plasmasphere in the cylindrical model of the magnetosphere.
The source of the resonant Alfvén waves (FMS pulse propa-
gating along the plasmapause) is stretched along the shock
front/plasmapause intersection lines (source lines)

magnetosphere, using a model plasma cylinder with an
axial magnetic field (Figure 2). We employ a cylindrical
coordinate system (p, ¢, z). The plasma is assumed to be
inhomogeneous in the p coordinate. FMS wave pulses
generated by shock wave at the plasmapause have the
form of a straight line moving along the surface together
with the shock front (source lines, Figure 2).

We use the following model for the equatorial Alf-
vén speed profile over the radius:
Vam *+Vap = (Vam —Vap ) tanh pApp :

p

€]

where Vam, Vap are the characteristic magnitudes of the
Alfvén speed in the outer magnetosphere and in the
plasmasphere respectively, p, and A, are the mean
radius and thickness of the plasmapause. The following
parameter values were chosen: va,R=300 km/s,
Vap=1000 km/s, p,=4Rg (where Re is the Earth radius),
Ap=0.6 RE.

Note that in the real magnetosphere the Alfvén ve-
locity profile near the plasmapause has a “knee” with a
local minimum value of ~100-300 km/s at the inner
plasmapause boundary and a local maximum value of
~800-1200 km/s in the outer magnetospheric region
adjacent to the plasmapause [Kim et al., 2018]. However,
in order to avoid unnecessary complications in the cal-
culations, we use simpler model (1) for the va(p) distri-
bution near the plasmapause, where the v, profile is
described by a simple transition layer.

The model takes into account the following features
of the plasma distribution in the real magnetosphere.
The Alfvén velocity decreases, on average, in the direc-
tion from Earth to the magnetopause, which is reflected
on the common factor p~*. Moreover, the model Alfvén
velocity distribution has a sharp jump in the v, value
near the plasmapause, from v,~1500-2000 km/s, typical
of the plasmasphere, to va~200-400 km/s, typical of
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the outer magnetospheric regions. A characteristic value
of vap=1000 km/s (average between the minimum and
maximum) was therefore chosen in the plasmapause
transition layer, and va,=300 km/s in the outer magne-
tosphere. In our subsequent studies, we plan to examine
a similar problem in a more complex model of the
plasmapause transition layer, including a non-
monotonic distribution va(p) in it.

3. ANALYTICAL DESCRIPTION

Within the ideal MHD framework, we can obtain a
system of equations describing interacting linear Alfvén
and FMS waves in a cylindrical coordinate system by
expressing the transverse (relative to the background
magnetic field) component of the disturbed electric field
E, via scalar and vector potentials ¢ and y=(0, 0, y)

[Leonovich, 2001]
E, =V, 0+[V, xy].

For an individual wave field harmonic of the form
~exp(—iot+ime+ik,z ) (where o is the frequency, m
is the azimuthal wave number, and k; is the wave-vector
z-component) the equation for the Alfvén mode excited
by an FMS source is

0

%P

o - m NvZ _
KE =g ~y,
o P P

KZ¢ = imo?

O]

where ¢ and i are Fourier harmonics,

0)2
—
VA

Ka

= k2.

The components of the disturbed magnetic field are ex-
pressed via the potentials as follows:

- . C{m-= .0

B =ik, —| —¢—-i—Wv |;

’ Zw[pd) 3PW]

= . C[.0+ m_

B, =ik, —|i—¢+— |; ®)
@ ol op p

B _ig(lipim_m_zq,j

©oolpdp o P’

Assuming that the FMS wave field (potential ) re-
sults from nonlinear interaction of the shock front and
the plasmapause, we cannot determine it using linear
theory and will use the following model expression for
propagating pulses instead:

v(p.o.1)
=y,0(t)0(t, —t)R(p—p, ) F(0—0. (1)),

where v is the amplitude of the FMS pulse propagating
along the plasmapause, 6(t) is the step function (6(t)=0
when t<0, 6(t)=1 when t>0), R(p) and F(p) are the
functions narrowly localized in the p and ¢ coordinates
respectively, t, is the time interval within which the
shock front stays in contact with the plasmapause and
¢. are the azimuth angles of source lines (intersection
lines of the shock front and the plasmapause surface). If
the shock front moves at velocity v; (see Figure 2) and at

(4)
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moment t=0 first comes into contact with the plasma-
pause boundary, then

:2&

t
P v,

The azimuths of the two source lines moving along the
plasmapause when 0<t<t, are

. (t)=+arccos Ut
Py
We use the following models for the functions R(p—p;)
and F(p-o,(t)):

A

p

(p—pp)2+A§ |
Fo-0.(1)= =

e
2 L
(0-0.(1) +4,
where parameters Ap and A¢ describe the localization
area of the FMS pulse.
The individual harmonic y in the right-hand side of

(2) is related to the source function (4) by

I eat[” v
1/2 Z Imq),[

The solutlon descrlblng the total field of resonant
Alfvén oscillations excited by source (4), may be ob-
tained from the solutions of (2) using inverse Fourier
transform (5). It has the form [see Zong et al., 2018]:

io(t i i
o(p.o.t)= I(ﬁZme"‘”’*"“m'*’sinmcp><
p

m=1

R(p=py)=

Im(pd(Pn
()

¥(p.m, o) v(p, ¢t

v(p ot (p,m, ®)e™do.

min(t,t, ) eimApt'(l—iep)

< |

0

cos(me, (t'))

(t-t') +72

iwAt”(p—pp +iAp)

xr €
° \/(t—t'+t”)2+rfn

where wa=k,va(p) is the local frequency of resonant
Alfvén oscillations with longitudinal wave vector k, on
the magnetic shell with radius p; wap=wa(pp) is the
Alfvén oscillation frequency at the plasmapause;

-1
a=-2(dInv; /dp)
function va(p) near the resonance shell, ¢, = w, A /©,,a;

Ty =ma(p)/poa (p), 9s=¢4(1).

When calculating the integral over time t', the upper
limit is restricted to the current time t. This is due to the
causality principle: the oscillation field at a given point,
at time t, is determined by the source function over the
entire preceding time interval. A formal justification for
this condition can be found in [Leonovich, Mazur,
1998]. Using formulas (3) and (6), we can calculate
numerically the magnetic field of resonant Alfvén oscilla-
tions with given longitudinal wave vector component k,.

dt’ x (6)

dt”,

is the characteristic scale of the
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4. RESULTS OF NUMERICAL
CALCULATIONS
AND DISCUSSION

Let us consider the distribution of magnetic field
components of Alfvén waves excited by FMS pulses
moving along the plasmasphere. Figures 3 shows the
spatial distribution of the toroidal (B,) and poloidal (B,)
components of the disturbed magnetic field for the fun-
damental harmonic of Alfvén oscillations, N=1 (with
k., =k, =n/L, where L=2.3p, is the field line length in a
dipole magnetic field connecting its two intersection
points with the ionosphere) at different moments of time
across a section of the cylinder. For numerical calcula-
tion we have chosen the following localization pa-
rameters for FMS pulses: Ap=0.3Rg, rad, shock front
speed v{=500 km/s. Note that the coordinates (x, Y)
used in Figure 3 do not correspond to the coordinates
(Xesm» Yesm) in Figure 1. The coordinate system (X, y) is
tied to the shock front/plasmapause first contact point.

Figure 3, a shows the distribution of the oscillation
field corresponding to the moment t=0.05t,. The top
panel shows the distribution of the disturbed component
B,; the middle panel, that of the disturbed component
B,; and the bottom panel, the ratio of their magnitudes,
roi=|Bo|/|Bp]|. Figure 3, b presents the distributions of
the same parameters for the moment t=1.1t,. The ratio
r,: allows us to determine the polarization of the oscilla-
tions. The Alfvén oscillations can be conventionally
referred to as poloidal for ry<1, or toroidal for ry>1.

In the region located near the FMS pulses the ampli-
tude of the toroidal component of the magnetic field is
much larger than that of the poloidal one. However,
even in this region there always exists an area where the
generated Alfvén oscillations have a poloidal polariza-
tion. This is possible because the toroidal component of
magnetic field B, is proportional to V ¢, while the po-

loidal component B, is proportional to V ¢. Oscillations

of the poloidal and toroidal components are phase-
shifted in the azimuthal direction. Thus, an area exists in
the region of the FMS pulse location, where the ampli-
tude of the toroidal component passes through zero and
the amplitude of the poloidal component has a maxi-
mum. Therefore, in the region near the source location
there always exist adjacent sectors dominated by either
toroidal or poloidal magnetic field components.

The distributions in Figures 3, a, b demonstrates an-
other feature of Alfvén oscillations. Alfvén waves al-
ways have poloidal polarization in both the region of the
first shock front/plasmapause contact (¢=0) and in the
region where the contact is lost (o= *x). This follows
directly from the form of solution (6). All azimuthal
harmonics of the toroidal component of Alfven oscilla-
tions have a zero amplitude at these points (~sin(me)).
If such is the case also in the real magnetosphere, this
feature of the Alfvén oscillation distribution can be used
to determine the sector of the first shock
front/plasmapause contact. Note that the position of this
sector is determined by the propagation direction and
the inclination of the shock front and may differ sub-
stantially from the noon-midnight meridional cross-
section of the magnetosphere.
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Figure. 3. Distribution of the resonant Alfvén oscillation field in the (x, y) plane perpendicular to the Z axis at time moments:
t=0.05t, (a) and t=1.1t, (b). The top panels show the distribution of the magnetic field poloidal component Re(B,); the middle
panels, the distribution of the toroidal component Re(B,,); the bottom panels, the ratio r,=|B,|/|B,| determining wave polarization.
Shades of gray show sectors with poloidal polarization of Alfvén waves (r,<1)

Based on these calculations, the following interpre-
tation can be given for the data in Figure 1. When the
shock wave arrived at the plasmapause, CLUSTER C3
was located in the sector, where the amplitudes of po-
loidal and toroidal oscillation components were com-
parable to each other. The spacecraft then left the sec-
tor dominated by the poloidal component, which no-
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ticeably decreased. At the same time, the high-energy
(E>50 keV) electron flux began to grow. This growth
can be explained as follows. It is known that the toroidal
Alfvén waves decay strongly in the plasmapause transi-
tional layer due to their interaction with background
plasma electrons [Leonovich, Mazur, 1989]. The phase
velocity of Alfvén waves in this region becomes equal
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to the thermal velocity of electrons, which leads to Che-
renkov resonance between them, resulting in electron
heating.

The study by A.S. Leonovich and D.A. Kozlov (Sec-
tions 2 and 3) was performed with budgetary funding of
Basic Research program 11.16.
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