Ann. Geophys., 24, 2272289 2006 ~ "*
www.ann-geophys.net/24/2277/2006/ G Ann_ales
© European Geosciences Union 2006 Geophysicae

Magnetosonic resonance in a dipole-like magnetosphere

A. S. Leonovich, D. A. Kozlov!, and V. A. Pilipenko?

Lnstitute of Solar-Terrestrial Physics (ISTP), Russian Academy of Sciences, Siberian Branch, Irkutsk, Russia
2|nstitute of the Physics of the Earth, Russian Academy of Sciences, Moscow, Russia

Received: 17 February 2006 — Revised: 4 July 2006 — Accepted: 17 July 2006 — Published: 13 September 2006

Abstract. A theory of resonant conversion of fast magne- wave. The interaction between these modes is confined in a
tosonic (FMS) waves into slow magnetosonic (SMS) oscilla-narrow range of magnetic shells, where a local frequency of
tions in a magnetosphere with dipole-like magnetic field hasAlfv én eigenoscillations is close to FMS wave frequency.
been constructed. Monochromatic FMS waves are shown to The field line resonance theory was first developed for
drive standing (along magnetic field lines) SMS oscillations, a one-dimensional inhomogeneous model of the magneto-
narrowly localized across magnetic shells. The longitudi-sphere, where the magnetic field lines are assumed to be
nal and transverse structures, as well as spectrum of resatraight, and plasma inhomogeneity is directed across the
nant SMS waves are determined. Frequencies of fundamerfield lines. This theory was later advanced for magnetosphere
tal harmonics of standing SMS waves lie in the range of 0.1-models with plasma inhomogeneous, both along magnetic
1mHz, and are about two orders of magnitude lower thanfield lines and across magnetic shells with either straight
frequencies of similar Alfén field line resonance harmon- magpnetic field lines (Kivelson and Southwood, 1986; South-
ics. This difference makes an effective interaction betweenvood and Kivelson, 1986) or a dipole-like magnetic field
these MHD modes impossible. The amplitude of SMS oscil-(Lifshitz and Fedorov, 1986; Leonovich and Mazur 1989;
lations rapidly decreases along the field lines from the mag-Chen and Cowley, 1989; Wright, 1992).

netospheric equator towards the ionosphere. In this context, | g plasma with finite pressure there is another branch
magnetospheric SMS oscillations cannot be observed on thgf MHD oscillations — the slow magnetosonic (SMS) mode.
ground, and the ionosphere does not play any role either il5Ms waves are in many aspects similar to &ffivwaves:
their generation or dissipation. The theory developed can bgoth modes are guided by magnetic field lines and have con-
used to interpret the occurrence of compressional Pc5 wavegnuous spectra (Lifshitz and Fedorov, 1986). Many authors
in a quiet magnetosphere with a weak ring current. (e.g. Southwood, 1977; Walker, 1987; Taylor and Walker,

Keywords_ |0nosphere (Wave propagation) _ Magneto_ 1987; Walker and Pekrides, 1996) examined the COUpling of

spheric physics (Magnetosphere-ionosphere interactions? small-scale (large azimuthal wave numbers; 1) Alfvén
MHD waves and instabilities) mode with SMS mode in a finite-pressure plasma embedded

in curvilinear magnetic field. These theories were aimed at
understanding the physics of compressional Pc5 waves per-
sistently observed by space-borne magnetometers (Barfield
and McPherron, 1978; Woch et al., 1990). Various kinds of
instabilities of ring current ions were suggested as a possi-
ble excitation mechanism for these waves (Pokhotelov et al.,
1986; Cheng and Lin, 1987; Cheng et al., 1994). These theo-
"ies are relevant to the storm-time periods, when the intensity
of the ring current is high enough and effective magnetosonic
velocity of energetic particles is about the Adfv velocity

f background plasma. However, some compressional Pc5

aves were observed under very weak ring curréni{0)
Correspondence toA. S. Leonovich (Greene et al., 2005), so probably they are excited by an-
(leon@iszf.irk.ru) other, still unidentified, mechanism. Those Pc5 oscillations

1 Introduction

In studies of magnetospheric MHD oscillations, one of the
most productive ideas was the theory of field line resonance
Having appeared for the first time in Tamao (1965), this
theory was later developed by Chen and Hasegawa (1974
Radoski (1974), and Southwood (1974). This theory de-
scribes resonant driving of Alén field line oscillations by a

monochromatic fast magnetosonic (FMS, or compressional
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cillations. In Sects. 4 and 5, we find solutions in the WKB
approximation to equations describing the structure of res-
onant SMS oscillations along and across the magnetic field
lines. In Sect. 6, analytical equations are obtained represent-
ing the components of the field of resonant SMS waves in
the resonant region. In Sect. 7, we solve numerically the
equations describing the structure and spectrum of three first
harmonics of resonant standing SMS oscillations, and com-
pare the spatial structures of Afm and magnetosonic reso-
nances. Finally, in the Discussion and Conclusion sections,
we summarize the principal results and discuss possible ver-
ification of the proposed theory.

2 The model and the basic equations

We consider coupled MHD oscillations in a magnetosphere
model with a dipole-like magnetic field (Fig. 1). We intro-
Fig. 1. The curvilinear orthogonal coordinate systerh,(x2, x3) of duce a curvilinear orthogonal coordinate systeth 2, x%)
the magnetic field lines and the non-orthogonal coordinate systenyf the magnetic field lines, in which the coordinatgis ori-
(a, ¢, 6) used in numerical calculations. ented along the field line;! is directed across the magnetic
shells, and the azimuthaP coordinate completes the right-
. hand coordinate system. The squared length element in this
cannot be merely monochromatic FMS waves, because for : . .
. . : coordinate system is determined as
such waves the magnetosphere is an opacity region, and their Lo 55 52
)* + 82(dx")” + g3(dx™)”,

amplitude should decrease exponentially upon penetrationﬁls2 = g1(dx

into the inner magnetosphere at a much smaller scale than i%heregi (i=1, 2, 3) are metric coefficients. We assume that
typical size. Klimushkin (1997) suggested that ionosphericihe plasma and magnetic field are homogeneous along the
currents could be a source of magnetospheric SMS waveszimuthal coordinate2. We employ the system of MHD

However, as will be shown in this paper, the efficiency of equations for an ideal plasma with a finite isotropic pressure:
such a generation mechanism is doubtful.

The similarity between the Alén and SMS modes sug- pﬂ =—-VP+ i[curIB x B], 1)
gests that SMS oscillations could be generated through 4
a mode conversion similar to the Alin field line reso- — = curllv x B], )
nance, as was demonstrated by Yumoto (1985) within a one9?
dimensional plasma model. The processes of resonant corz’ + V(pv) =0, ©)
version of FMS disturbances into ABn or SMS oscillations 97
may be termed the Al&n and magnetosonic resonances, re-ii -0 (4)

spectively. During the magnetosonic resonance, monochrod? p”

matic FMS waves excite SMS oscillations at those magnetiovhereB andv are the magnetic field and plasma velocity,
shells where the FMS wave frequency coincides with the lo-p and P are the plasma density and pressure, and the
cal frequency of SMS eigenoscillations. adiabatic index.

In this paper we develop the theory of magnetosonic reso- Application of the ideal MHD approximation is well jus-
nance in a two-dimensional inhomogeneous magnetosphetrtfied for oscillations in collisional plasma. The magneto-
model with dipole-like magnetic field. Distributions of the spheric plasma is more likely to be collisionless for the os-
main plasma parameters in this model correspond to theillations under study. To fully examine the oscillations in
mildly disturbed dayside magnetosphere of the Earth. Un-such a medium, one should use the kinetic theory. However,
der these conditions, the typical frequencies of Alfivand  the kinetic theory of MHD oscillations in two- and three-
SMS oscillations differ by about two orders of magnitude, dimensional inhomogeneous plasma is too complex and does
so interaction between these modes is very weak, in contrastot always allow for rigorous solutions of the resulting equa-
to the models of the ring current plasma (e.g. Walker, 1987 tions. For our purpose — to examine the structure of MHD os-
Taylor and Walker, 1987; Walker and Pekrides, 1996). cillations in an inhomogeneous medium — the MHD approx-

The paper is organized as follows. In Sect. 2, we intro-imation is usually applied, with some reservations. The sub-
duce a model of the medium and the basic equations descritstantiation of its applicability in this case is the CGL (Chew-
ing the magnetosonic resonance. In Sect. 3, the ionospheriGoldberg-Low) theory for oscillations in magnetized plasma
boundary conditions are inferred for the resonant SMS os{Chew et al., 1956).
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To determine the oscillatory electric fiell we use the p, — £ 82 g, (iVl(p + k2£w> ,

frozen-in condition w /g NG

[v x B] B3 = ZE— (Vl—Vﬂﬁ ﬁlﬂ) , 9
E=——7— o8\ V8 v

-1
In a stationary conditiond(/3:=0), the system1-4) de- v = —% (ikzgo + £V1w> ,

scribes the distribution of the parameters of an unperturbed 0 V8 ~
magnetosphereBg, Vo, Eg, 0o, and Po. We assume that _cp ” 81 . .VsP (10)
the background plasma flow is absentvge-0, andEq=0. "2~ g, \ V¥ 7! 2@‘# =
Let us linearize the systeni{4) with respect to small per— _ _ _
turbations as follows:B= Bo+B v=V, E=E, p=po+5, The perturbed pressure is described by the following equa-
and P=Py+P, where theB, ¥, E, 5, and P are related tiON
to MHD oscillations. Each of the perturbed components ¢ PO JBPE

can be represented as harmonics of the Fourier expansmhoP = ly— f’/_ [ik2¢V1 +
w /8

x exp(ikox?—iwt), wherew is the oscillation frequency, and Bo

k, is the azimuthal wave number §if=¢ is the azimuth an- pPJ piPg
O Vi — k2 0 (11)
gle, thenk,=m=1, 2, 3...). From Eq. () we have o & 2
~ By 1 ~ .

—iwpovy = —V1 P + —0—(V331 — V1B3), (5) wherep=./g2/g1, and the operatakg is

47 /g3 )

. L s B 1 ~ Y PO RS

—iwpov2 = —ikpP — — ——(ik2B3 — V3B>), (6) Lo=— V3——V3+ 1

A /g3 w? g &3 P0

iwpovz = V3P, (7)  Let us multiply Eq. 6) by ik2Bo/po, and Eq. 6) by Bo/ o,

then differentiate the latter with respect.td, and subtract
the obtained equations one from another. As a result we ob-
tain

where v;, and B; (i=1,2,3) are the covariant “compo-
nents of the perturbed velocifyand magnetic field, and
V;=0d/0x"'. From Egs. 8), (4) we obtain

VilVigp — k% (Lpo+

1-o0
~ .VPO [ (\/E o )
P=—i- Vi —Pyv1) + S2 /g3 P?
o /8 g1 0 -3 L4 VllnBOVllnﬂ =
A /8182 Bo
Y8 po V8 pa
ik~ —Povz+ Va| - —Fyuz) |, ka (o~ 81, =~ g2
g2 g3 i—= <V1Lr—w - Lp—Vu/f) . (12)
& NG NG

whereg=./g1g2¢3, ando=1/y.
It is convenient to describe the MHD field componetts Here S and A denote characteristic plasma_velocities:
v, E, 5, and P via electromagnetic potentials. According to S=+¥ Po/po is the sound velocity, and=Bo/+/4r oo is the

the Helmholtz expansion theorem (Korn and Korn, 1968), anfAlfv én velocity. We have introduced in EQ.2) the toroidal
arbitrary vector field, at any point of which its first derivative L7 and poloidal » longitudinal operators, as follows

is determined, can be represented as a sum of potential and 1 w2

vortex fields. For the two-dimensional vecte«(E1, Ez, 0) Ly = —Vg— 3+ Ve

this expansion has the form vé V8

- -1 2

E=-Vip+[VL ¥l It A o
V& /83 A2

whereV, =(V1, V2) is the transverse 2-dimensional Lapla-
cian, ¢ and ¥ are the scalar and vector potentials, re- Now we derive an equation for the magnetosonic mode
spectively. Under proper gauge calibration, the vector po-characterized by the potentigl. For this purpose we apply
tential has only a longitudinal (field-aligned) component, the operatoLq to Eq. ) and substitute in the obtained equa-
w=(0,0, ¥3 = ). Using the linearized system-4) we  tion the components of perturbed field via potentials from
express the perturbed field components through the poterEg. ). After some rearranging of the terms we have

tialsp andyr as

Bo./g o—
. . To22 Ry + S2AY + 02y =
E1 = —Vip +ikyy, Ez = —ikyp —V1y, E3=0, (8) 47TPO V83

c g1 .BO\/ 2 V&3P
B1=——V3|kp—i—V LBLV kS—VIn , (13
1 w@3<2¢ l[1¢> ko “OPOLT VIO ipks 7 By (13)
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A, Cg magnetosonic modes. The solution of the dispersion equa-
(103kmys) tion (14) can be represented as
2 Ko o k4 2
A o = E(A + 859 + Z(A2 +52)2 — k2k” A282,

Here the plus/minus sign corresponds to the FMS/SMS
waves. If one of the inequalities« A, AKS, or |k|<|kL|
L holds, the following approximate dispersion equations can be
obtained:
w?~k?C2 for the FMS waves, wher€2=A42+52 and
- w?~k2C3 for the SMS waves, wher€Z=4252/(A%+5?).

FMS oscillations can freely propagate in the magneto-
sphere within their transparency regions. As for SMS os-
- cillations, which, in magnetized plasma, are a modification

C . .
> of the ion-sound wave branch, some doubts exist whether
| I | | they can exist in the magnetosphere as an eigenmode. It is
o : ) p : . : . : 0L known (see Krall and Trivelpiece, 1973) that in plasma with a

very anisotropic distribution of ion and electron temperatures

Fig. 2. Equatorial distribution of the Alfen velocityA and the (@t 7e>>T;), the decrement of these oscillations due to their

velocity of SMS wave<g across the magnetic shells£a/R, interaction with the background plasma ions is sufficiently
R[ is the Earth’s radius). small (Imw/Rew~./m./m;<1). In this case, a branch of

almost undamped SMS oscillations can well exist. How-
ever, such conditions are rare enough in the Earth’s magne-
whereA anda are the differential operators analogous to the toSPhere and can only be realised in the region of maximum
Laplace operator: conce_zntratlon qf hlgh-e_nergy_electrons in the outer raghatlon
belt, in the regions of intensive parallel currents, or in the
morning sector of the magnetosphere at the substorm peri-

2
A=y Sy _ ky vy, 8L ods. In other regions of the magnetosphere, the anisotropy
NI 82 NIV of electron and ion temperatures is more likely to be inverse
— By 1 PPy (T; 2 T,). In this case the decrement of SMS oscillations un-
A= — \Y%1 Vi — . . .
Fg /8182 Bo der study is not small. Estimates show that in homogeneous
K2 po JEPS plasma Ine/Rew~0.1, and such oscillations areldifficult to
270 4 V3__OV3L) ) be regarded as an eigenmode. Hopefully, inclusion of plasma
p Bo 83 po  Boy/g3 inhomogeneity will decrease the decrement due to the inter-

action of the waves with background ions. This is caused
Equations 12) and (13) form a closed system for the poten- by deteriorating conditions for resonant interaction between
tialsp andyr. In a homogeneous plasma, the right-hand partsthe waves and particles along geomagnetic field lines. In
of these equations vanish. Then, the operator in the left-hanthis case the SMS oscillations may display themselves as
part of (12) provides the dispersion equation for the Afv  noneigenmode oscillations driven by an external source. For
wavesw?’=k? A2, wherekf=k3 /g3 is the field-aligned com-  example, as is the case in our problem, the decrement of
ponent of the wave vector. The operator in the left-hand partSMS oscillations may be quite sufficient for them to stand

of Eq. (13) yields the dispersion equation for the slow and out against the exciting FMS wave.

fast magnetosonic waves: In the following calculations we use the spatial distribution
of the plasma and magnetic field parameters provided by the
0 — wk2(A? + S?) +k2kﬁA2S2 =0 (14) self-consistent model of the magnetosphere (Leonovich et

al., 2004). Distribution of these parameters in the magnetic

meridian plane corresponds well to a moderately disturbed
where k?=kZ + k7 is the squared total wave vector, and dayside magnetosphere. Radial distributions of the &xifv
kizkf/gﬁk%/gz is the squared transverse wave vector velocity A(L, 0) (where L=a/Rg, anda is the equatorial
component. Thus, Alfén oscillations are described by the radius of the magnetic shell) and of the SMS wave velocity
scalar potential, and magnetosonic modes are character-Cs(L, 0) in the equatorial plane, according to this model, are
ized by the longitudinal componenit of the vector poten-  shown in Fig. 2.
tial. In an inhomogeneous plasma, the right-hand parts of At least one of the above mentioned inequalities (e.g.
Egs. 12 and (L3) describe the interaction of Alan and  S«A) is valid throughout the entire magnetosphere (with

Ann. Geophys., 24, 2272289 2006 www.ann-geophys.net/24/2277/2006/
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the exception of the plasma layer). In this approximationEq. (16) we obtain the equation for the resonant SMS oscil-
the dispersion equation for SMS waves is very similar to thelations:

dispersion equation for Alen waves. The velocity of SMS BoJg5~ Bo ~ -

waves, as well as of Alien waves, is directed along mag- Lo——Avyrs + S2Ays + 0’ =

netic field lines. In an inhomogeneous plasma this provides a4”'00 Va3

necessary condition for the resonant excitation of SMS oscil- A2S? pO/“/gngV NIR s v Bo X 17
lations by monochromatic FMS waves. Although the poten-~ w2  BoP¢ ° g3 po /23 vr. (37

tial ¢ describes both the fast and slow magnetosonic modes ) )
in the linear approximation this potential can be decomposedrhe right-hand part of Eq.1() represents the driver —
as the sum of the componegi, related to the FMS wave, monqchromatlc FMS wave f_|eld, that will be treated as a
andys, related to the SMS wave, thatis=y 7 +s. It can function known from the solution of Eql6). At the frequen-

be shown that in a homogeneous plasma the perturbation H€S in guestion the magnetosphere as a whole is an opacity
total pressure by SMS waves0, =) is region for FMS. If we accept that the source of FMS oscilla-

tions is outside of or at the boundary of the magnetosphere,

N _ _ K242 their amplitudes decreases exponentially inside the magne-
(P+Pu) /P~ (P+Py)/Py= —lﬁ tosphere on a scale proportional an  FMS oscillations

ke AZ+S with m>>1 virtually do not penetrate into the magnetosphere.
whereP,,=BoB, /4 is the perturbed magnetic pressure. For Only oscillations withva~1 on resonant shells have an am-
oscillations with small-scale transverse structiresk;, it plitude suff|C|e_nt to dn_ve (_effectlv_ely FMS waves. Therefore,
follows from the above that an SMS wave practically does'Ve Shall consider oscillations with~1.
not disturb the total pressure

~ _ 3 The boundary condition for the SMS waves in the
P+ Py~ 0. (15) ionosphere

For the magnetosphere the typical eigenfrequencies of funtq complete the formulation of the resonant SMS wave struc-
damental harmonics of standing Aéfr and SMS waves, as  yre problem, Eq.X7) should be supplemented by the bound-
determined by the background plasma, differ considerablygry conditions at some coordinatesandx3. Since we sup-
This means that the interaction of Aéia and SMS waves, pose that a desired solution fgrs is localized close to the

which may occur in a finite-pressure plasma embedded in &asonant surfacect=x1), a natural boundary condition is
curved magnetic field (Southwood and Saunders, 1985), ighat the wave amplitudgs should decrease away fram,,
negligible. Therefore, while examining the SMS oscillation  Another boundary condition is set at the intersection of ge-
structure described by Eql3), one setsy=0 in its right-  gmagnetic field lines with the conductive layer of the north-
hand part. ern and southern ionospheres. A solution of the problem
As will be seen from the calculations below, the resonantconcerning the structure of the Aﬁmic-type wave field in
SMS waves are strongly localized across magnetic shellghe atmosphere and ionosphere for an inclined geomagnetic
near the resonant shell. Away from it, the main contri- field was found by Leonovich and Mazur (1996). Using the
bution to potentialyy comes almost exclusively from the same approach, we obtain the following ionospheric bound-
FMS oscillations ¢~ ). Neglecting the small component ary condition for the transverse components of the SMS wave
(~S/A«1) related to the derivatives along the longitudinal glectric field
coordinatex® in the operatoio in Eq. (13), we obtain an
equation that describes the FMS wave field far from the res- — —iﬂEn y(le) — ,I"y_(li)
onant surface: ol j=py v V.

0Ey,y

(18)

Here the signs +” refer to the intersection points of the
field lines with the northern and southern ionosphetés;
the coordinate measured along the field line from the equa-

An approximate solution of Eq16) was found by Leonovich 3
. tor, dl=,/g3dx>, and E,=E and E,=E are
and Mazur (2000). They showed that the back influence fromthe phy;i/ggl components olf/ﬁwave élect?i{:\/f%d. The

the resonant mode to the driving FMS wave was small, so the ; ) .
. I other parameters are the ionospheric Pedersen velocity

decoupled Eq.16) can be used to describe FMS oscillations (Leonovich and Mazur, 1991; Pilipenko et al., 2000) afd

throughout the entire region of their existence, even inside ' - HIP v

the resonant region. c?cosys . w

In the vicinity of the resonant surface the total magnetic’* = -, & > "+~ &

. . - . iG> VL%

field of magnetosonic oscillations is composed from the FMS P P

and SMS wave fieldsy =y r + 5. Substituting this expres- The height-integrated (across the ionospheric conducting

sion for the potentials into Eqg. (L3) and taking into account layer with thicknessA) Pedersen conductivity and surface

A2AYE + SPAYE 4 0*Yp = 0. (16)

www.ann-geophys.net/24/2277/2006/ Ann. Geophys., 24, 22283-2006
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density of transverse external currgfit”) in the ionosphere  We assume that the functios§x?, x3) in the main order

are satisfy the homogeneous boundary conditions in the iono-
A A sphere:S(x1, x3)=0. The solution of the spectral problem
5 ) . (ext) (21) are the eigenfunctionSy (x1, x3) (N=1, 2, 3... is the
p= | opdz; Iy = Jx.y dz, . . ; .
harmonic number) and the corresponding eigenfrequencies
0 0 w2=Q§N. The eigenfunctions are normalized by the follow-

where I,=1, cosy, and x is the angle between the verti- ing condition

cal and the field line at the intersection point with the upper

boundary of the ionosphere (see Fig. 1). Assuming that in F pPo A2
: P02 241 =1 22

Eq. @) only the componentg, related to the SMS oscilla- o2 ONGE= L (22)

A o : 183 C2
tions, is non-vanishing, we obtain from EQG8}: I 8183 &5

v+ AVYs J&® In order to obtain a qualitative representation of the structure
Vsli=t, = Fi— e +’2§)i)’ (19)  of the eigenfunctionsSy (xL, x3) in question, let us find a

solution to Eg. 21) in the WKB approximation, applicable
where the functiond =7 (/=1.) are related to the density for harmonics with¥v>>1. Using the standard method (e.g.
of external currents in the ionosphere by Leonovich and Mazur, 1993), one may find the solution of
Eg. 1) normalized by the condition2@), in the first two

N orders of the WKB approximation as follows

AL = / (v x j@“))zdz,

0
(23)

where AL=V3+V§ is the transverse Laplacian. The first
term in the right-hand part of Eql9) describes the decay

of SMS waves due to the Joule dissipation in the conductingHere Qg is the eigenfrequency determined by the travel

ionosphere, while the second item describes a possible dritime r; of SMS wave between the conjugate ionospheres,
ing of SMS waves by external currents in the ionosphere.  namely

4 The field-aligned structure of standing SMS waves Qqy = 2 N tg = ﬂ (24)
ts Cs
In the following calculations we will consider the field- I
aligned structure of several first harmonics of standing SMSA solution to Eq. 21) for the fundamental and lower har-

waves. Typical field-aligned wave length of such oscnlatlonsmOniCS (V~1) can be found only numerically. The numer-

is on the order of the field line Iength..As we will see, the. ical solution of Eq. 21) in the magnetosphere model under
typical scale of resonant SMS oscillations across magnetic. , - «iqeration is discussed in Sect. 7

shells is much smaller than their longitudinal wave length,
V15 /¥ |3>|Vars /vrs|. Therefore, a solution to EQLY)
may be sought using the method of different scales, repre5 Transverse structure of the resonant SMS-wave
senting the potentials as
1 1 3 1 .3 We assume that there are no external currents in the iono-
Vs = UGS G x%) + h(, x7), (20)  sphere, so the correction termy (x1, x3) in Eq. (20) satisfies
where the functionl/ (x1) describes the small-scale trans- the following ionospheric boundary condition (see E8):
verse structure of oscillations along the coordingkén the ve 3S
main order, whereas the functioiix®, x3) describes the os-  hnlj—, = FiUn wh—= 2N . (25)

I - . ) o dl |
cillation structure along magnetic field lines. The typical +
scale ofS(x1, x3) alongx! is assumed to be much larger
than the scale af/ (x1). The small correction terma(x®, x3)
describes the oscillation structure in higher orders of the per
turbation theory.

An equation for the longitudinal structure can be obtained

if one retains in Eq.17) only the main-order terms«{(vV2ys) (@? +iyn)? — Q2

Let us pre-multiply Eq. 17) by SypP$/./g35% and inte-
grate along the field line between the conjugate ionospheres.
Taking into accountq1) and the boundary conditior2¥),

we obtain for the functior/ (x1) the following equation:

SN 92772
of the perturbation theory: 2 ViUy — (26)
-1 P§ _ B 2 (@* +iyn)* — Q3
pop V3\/§ 0y, 29 s Y s=o. (21) Bv + (k3Ban + Ban) SN\ Uy =Ty,
v 2 2
BoPy = g3po 81483  C§ ®
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where whereisy=1/./B3yn, We obtain an equation describing the
transverse structure of magnetosonic resonance
2
P = / 2% s ( sS2vn b By SN) dl, (€ + is)azﬂ —len + (L+dy)(E +i8)lUy = Gy. (29)
VAN 9E2 :
. The coefficients of this equation ares=yyL/wisn is
B = / pPy A A the dimensionless width of the resonaneg=pivLAsy,
2N = c2 N dy=PBank3r2,, andGy=TyAsy L. These coefficients may
1 be considered as constants because they vary insignificantly
+ pe A2 within the localization region of the desired solutibiy (£).
Ban = _/ P 5 SnVat= 82 V3—SNdl Solution to Eq. 29) can be found by representing the de-
g3 § NN/ sired functionUy (¢§) as a Fourier integral
1 _ A
Q2 pP" A? Uy (§) = —— f Uy (ke dk.
'y = a)z . C—SNAlﬁFdl NG V21 N
—00

Substituting this equation into EQRY) we obtain a first-order
The damping rate caused by the Joule dissipation of thejifferential equation for the functioty y (k). This equation
SMS wave energy in the northerfs={ ;) and southern/&l1)  can be solved easily (Leonovich and Mazur, 1997), and after
ionospheres is described by the inverse Fourier transformation we obtain a solution to the
initial equation in the form

1 | pPA%  BSy
YN = 502 U T + [ explik(E + i) +ic(k)]
sw | 8183 Ity Un &) =Gy [ dk,  (30)
pPgAZ b ket 1 dy
ro” , 22N .27 0
8183 M 1= where
The expressions for the coefficients of EQ6(become (k) = N arctan .

much simpler for oscillations withV>>1, when the WKB ap- V1+dy V1+dy
proximation along the longitudinal coordinate is applicable, Let us consider the behavior &fy (£) in the region near
namely the resonant plang& —0) and at large asymptotic distances

L L (J€|—00). As £—0 the bulk of the integrand3Q) accumu-

1 [gidl Q gdl lates in the domairk>>>1, so that one may set(k)~¢(co)
Bin ~ 0, fon ~ — - 'k in the exponent, and neglect all the terms bkfiin the de-
ts ) gCs’ T CsS ) . ;
nominator. Thus, we obtain an expression for the second
derivative
Tl v i¢(c0)
YN = - §-0G 0)e'
Cy Gy UpE) ~ OGN O™
& +ie)

In this approximation the damping rate does not depend O fier integration of this expression we obtain
the harmonic numbe¥ or oscillation frequency of standing

SMS waves. _ _ o Un(®) =0 G (e + i) In(E + ie). (31)
Now we find a solution to Eq.26) in the vicinity of ] )

Let the functionQsy (x1) change monotonically, so that in t&ined from Eq.Z9) by the Frobenius method.

the vicinity of the resonant surface one may approximate N the asymptotigs|—oo the bulk of the integrands()
Qs (x1) by a linear dependence accumulates in the domaknik 1, so that one may sét=0 in

¢ (k) and in the denominator. After that the integral is easily
calculated

1 xt— x.%N
QSN(X )X w 1-— T . (28) |&]—00 GN(O) 1
U ~ - i
NE) 1+dy &+ie
This approximation is valid atjx!-xI,|<L, where Thus, the amplitude of the resonant SMS oscillations away
L=|3InQgy/dx1~1 is the typical scale of2gy variation  from the resonant plane decreases asymptoticatly g L.

at the pointe’=x}, . Substituting Eq.28) into Eq. @6) and  Such behavior satisfies the boundary conditions on the coor-
introducing the dimensionless variakzj&(xl—x§,\,)/lszv, dinatex?.

(32)
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6 Spatial structure of the SMS wave components inthe Thus, the oscillatory plasma pressure, like the magnetic field

resonant region compressiomBay, has a singular character in the resonant re-
gion. As expected, the pressure oscillations are out of phase

Let us consider the behavior of various components of theyith the oscillations of the magnetic field compression. It is

field of resonant SMS oscillations close to the resonant Sheneasy to Verify that for the field components of the resonant

|§|—0. For the magnetic field components we use the ex-SMS wave the conditionl6) of vanishing total pressure is

pressions §) in which we setp=0, andy=vsy. Using  met.

the relationship31) as an approximate representation of the

functionUy (§), we obtain
7 Results of numerical calculations

. Bwn . 81, &
Buy = IASN I +ie) <\/§V3\/§SN> ' Only numerical solutions can be found to Edal)(and @9),
_ ' _ g2 g1 describing the spatial structure of magnetosonic resonance,
Boy = kaBn (& +ie) In(§ +ie) <7V375N> ; for the fundamental and low harmonics. For a numerical
_ 8 & solution we use the coordinate systemd, 6) related to the
Bay ~ l-B_N 1 S_N dipole magnetic field lines (Fig. 1) is the equatorial ra-
A2y (E+ie) g1 dius of the field lineg is the azimuthal angle, artlis the

latitude measured from the equator. In this coordinate sys-
tem the length of the radius vector to a field line poim®)
is r=a cog 0, and the length element along this field line is

whereB y=(c/w)G y(0)e'*® . The longitudinal (compres-
sional) magnetic componersy has the strongest singu-
larity, o« £~1. The radial magnetic componeBty has a

weaker logarithmic singularity, but it dominates close to the 4/=4 €0S9v'1 — 3sirf¢. The dipole magnetic field magni-
ionosphere, where the compondhly « Sy (x1, x3) has a

tude is
node. The azimuthal componeBiy is regular. ao\3 v/1— 3sirfo
For the electric field components we use E&. Substi-  Bo(a, ) = Bo <_) coso

tuting into themUy in the form of Eq. 81) we obtain . “
and the metric tensor components are

Ein ~ikoEN(E +ie)In(E +ie) (ﬁSN) ) coso
1— 3sirfo
E %__Nln(g—i—zg) QS . - . . .
2N . NG N> However, there is no similar simple relationship for the com-

_ _ ponentgs. It can be determined through the ratio of the seg-
whereE y=G y (0)¢’*™). The azimuthal electric component ments of field lines with equatorial radib anda crossed by
E2y has aweak logarithmic singularity &s>0, whereasthe  two nearby coordinate planed=const at latitudegg and®,
radial componenE,y is finite at the resonant point. respectively:

For the velocity components, the relationshig€)( as
well as Eq. (1) relating the perturbed velocity to the per- g3(a, 6) < a >6 ( cost )12 1—3sirf 6y

turbed pressure, give us g3(ao, 60)  \ao COSbp 1—3sirfe
iy A _UN INGE + ig) S_N The plasma distribution is specified using the self-consistent
ASN /&3 model of the dipole magnetosphere (Leonovich et al., 2004).
o . Sy Radial distributions of the Alfén and magnetosonic veloci-
van ~ —ik2un (§ +ig)In(§ +ie) N ties in the equatorial magnetospheric plane derived from this
83 - . .
_ 5 model are shown in Fig. 2. All the following calculations
vay A — on/po 1 : 3A po Sy ’ have been made for the magnetic shell corresponding to the
A2 w2 (€ +ie) g1 /83 geosynchronous orbit=6.6 Rf.

wherety=(c/Bo)G y (0)ei¢™. The spatial structure of the Figure 3a shows the radial distributions of the eigenfre-

oscillatory plasma velocity is somewhat different from the quencies of the first three harmonics of standing SMS waves,

electromagnetic field structure. Both transverse componentgbtallned frorlr; thegumerlczl_tsolutlclrlrc])f I_qul W';_[]h thel?o-
v1y andvoy have a node close to the ionosphere. Thus, thg"09geneous boundary conditions at th€ lonosphere. For com-

longitudinal field-aligned componengy, having a singular- Earlson,_ Flg.th: sk:jqws 2:2:6“ dlstrl?utltohns of the f|rs('; t?re}e
ity o« £, dominates throughout an entire resonant region. tarn:nom(r:]sto ssnr ng h f}/va\r/es" ct)r the St‘?r\r/]el rt?r(; € Ion
The expression for the perturbed plasma pressure near th € magnetosphere. -tach figure ists the trave € along
the field line between the conjugate ionospheres for the SMS
resonant plane has the form . X
o wave s) and Alfvén wave {4). These travel times deter-
~ _ .ByBp 1 SN mine the oscillation eigenfrequencies in the WKB approx-

PN ~ —l " . . . .
4ma2, (€ +ie) g1/83 imation. In contrast to the Al&n waves, the frequencies
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fSN STy
mH /, \\ tS(S)
( vA . PR -
1.6 — 2500
1.2 — 2000
0.8 — 1500
0.4 — 1000
0 I 500
0
fAN tA(S) Fig. 4. Structure along the magnetic field lines of the first three har-
(mHZ) L monics of standing Alféen waved'y (9) (N=1, 2, 3) (dashed lines)
and SMS wavesy (0) (N=1, 2, 3) (solid lines) at the magnetic
200 — 80 shella=6.6 Rg. Both functions are normalized to unity.
150 — 60 : - :
Eq. @7) in the limit ko—o0. The spectrum of such oscilla-
B tions practically coincides with the spectrum of oscillations
100 — 40 with m~1. This means that an effective interaction between
| the Alfvén and SMS oscillations is impossible in the magne-
tosphere which is mildly disturbed by the ring current. This
50 — 20 interaction can only be effective in a plasma whegyetr,,
| which may occur in the magnetospheric regions populated
0 0 with the hot plasma sheet or ring current particles.
' Figure 4 shows the field-aligned structures of the first three

harmonics of standing Alen and SMS waves. Both for the
resonant Alfen and for the SMS waves, the solution can be

; 1 1.3 —
Fig. 3. (a)Distribution across the magnetic shells of eigenfrequen- reﬁreseﬂte? in t.he fornic XN(X .LTN(xh’x ), Iiv_l’l 2.3,
cies fgy of the first three harmonics of standing SMS waves angWhere the functiorVy (x*) describes the small-scale struc-

the travel time along the field line between conjugate ionospheredure of oscillations across magnetic shells, while the function
is with the SMS wave velocity's. (b) Same, for a standing Alan 7w (x*, x%) describes their field-aligned structure. We ap-
wave. ply here the solution of the Al&n resonance problem in the
model magnetosphere under consideration from Leonovich
(2001). One can see from the figure how very different the
of fundamental harmonics of SMS waves differ greatly from longitudinal structures of the Alen and SMS waves are. For
their values in the WKB approximation. For example, the the Alfvén waves the actual field-aligned structure resembles
difference between the exact eigenfrequencies of the firsthe expected WKB approximation picture. The fundamen-
SMS harmonic and their WKB estimates is nearly 5-fold.  tal harmonics of standing SMS waves differ from their WKB
Additionally, we would like to pay special attention to the representation2d) radically.
dramatic difference, about two orders of magnitude, between A small blip in theSy (x1, x3) curve aty~+28 is related
the eigenfrequencies of Alén and SMS fundamental har- to the peculiarity of the employed magnetospheric model,
monics. We can show that the longitudinal structure and than which a double plasmapause occurs. In the vicinity of
spectrum of SMS oscillations witlh>>>1 are determined by 6~+28° the magnetic field line crosses the second plasma-
an equation analogous to EQ1j which is obtained from pause which does not coincide with the magnetic shell.
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B _a; tained for the external currents in the ionosphere (se@ 8q.
N a B -7 - as a possible driver of SMS oscillations. Thus, the iono-
| ROy sphere can neither be a source nor an absorber of the SMS
0.8 — J wave energy. SMS wave damping in the magnetosphere must

be caused by other mechanisms, probably by their resonant
interaction with the the background plasma particles.

Figure 5 shows the radial amplitude-phase struc-
ture of the physical components of the wave magnetic
field (By=B1/,/g1=|B.|e'*, By=B2/./g2=|By|¢'**, and
B,=Bs/./g3=|B;|e'*:) of the fundamental harmonidV(=1)
of SMS waves near the resonant magnetic sihe.6 Ry .
Figure 5a shows the oscillation structure in the near-
equatorial region (far from the nodes of the functidisand
aSy/0l). The response shown to the FMS pumping wave
is normalized in such a way as to make the peak value at
the resonancgB,;|=1. The initial oscillation phase is chosen
to be zero in an asymptotically distant region to the right of
the resonant shell. For numerical calculations the damping
rate and imaginary correction factor were chosen to be rather
small,e=10"2, to make the resonant structure evident. The
magnitude of the resonant enhancement of SMS oscillations
is controlled by the magnitude of the FMS pumping wave
and damping rate. Whepy ande increase, the amplitude
maximum decreases and the resonant peak widens. Passing
across the resonant peak the phase of the compresd#onal
component changes approximatelysbythe phase of th,
component by-x /2, while the phase of th8, component
remains practically the same.

Figure 5b shows the radial distributions of transveisg
and| B, | components of the oscillation field close to the iono-
sphere. It should be remembered that tBg] component
vanishes in the ionosphere, so that immediately above the
ionosphere the horizontal magnetic components prevail over
the compressional component. However, because of the fast
0 R IR T I R decrease in the functianSy /9! when approaching the iono-

6 6.2 6.4 6.6 6.8 L sphere (Fig. 4), the amplitudes of transverse magnetic com-

ponents are very small close to the ionosphere as compared

Fig. 5. Transverse structure of magnetic field componentsto their equatorial values.

(i=x, y, z) of the first harmonic §=1) of the SMS oscillations in For comparison, Fig. 6 shows similar calculations for the

the resonant region near=6.6: (a) the amplitude B; | and phase; magnetic components of resonant Afvwaves. Unlike

distributions close to the equatorial plane, ghjlabove the iono- gMmS oscillations, the amplitude of Alén oscillations in-

sphere.. At the ionospheric boundary the compressional componertiaases (approximately two-fold) from the equator to the

B; vanishes. ionosphere, owing to the convergence of dipole field lines.
The difference in field-aligned structure of the Adfv and

The main peculiarity of fundamental SMS harmonics is magnetosonic waves may be qualitatively explained as fol-
the fast decrease of their amplitude upon approaching théows. According to the WKB solution2@), the SMS wave
ionosphere. Such a structure$y (x1, x3) results in anum-  amplitude varies asc Sy (x1, x3) « A1, whereas an anal-
ber of important consequences. First, resonant SMS oscillaegous function for the Alfén wavesx Ty (x1, x3) « vA.
tions are impossible to detect on the ground or by a low-orbitThe Alfvén velocityA increases by two orders of magnitude
satellite. Second, the ionosphere cannot play any significanfrom the equator to the ionosphere. This results in the in-
role either in the generation or energy absorption of mag-crease of the Alfén wave amplitude and a fast decrease of
netospheric SMS waves. This statement follows, for exam-the SMS wave amplitude. Some weaker contributions to the
ple, from the form of the expression for the damping rate ofamplitude change are provided by variations of other param-
SMS waves in the ionosphere. From EZ7)(it follows that  eters — the metric tensor components and background plasma
yn~(0Sn/01);=.—0. An analogous result can also be ob- pressure.

B
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For low-frequency FMS waves the Earth is located inthe ' gy A _ _ —— — a.
opacity region. Therefore, only large-scale FMS oscillations =~ ' B a .7 Q '
can reach the ionosphere, though attenuated, but with de-
tectable amplitude. Part of the FMS wave energy is reso- () §
nantly converted into Alfén or SMS oscillations. The SMS
waves are localized near the equatorial plane of the magne-
tosphere, so that the Alén waves are the only component of 06
MHD oscillations which can reach the Earth’s surface. )

8 Discussion 0.4

Satellite observations of intense long-period ULF waves
show an antiphase relationship between the magnetic field( >
compression and plasma pressure variations. This rela-
tionship is a persistent feature of storm-time Pc5 waves
(Barfield and McPherron, 1978; Woch et al., 1990), Pg pul-
sations (Glassmeier et al., 1999), nightside Pi2-like waves
(Nakamizo and lijima, 2003), etc. This kind of diamagnetic
behavior is specific to the SMS mode, thus indicating its in-
volvement in the observed wave structure. Bl
Numerous theories aimed at interpreting the physical
mechanism of Pc4-5 waves with dominant compressional
magnetic component were based on the notion of&ifes- 2
cillations coupled with the SMS mode and modified by drift
effects and excited by resonant interaction with ring current
protons. These theories fairly reasonably explained the ob-
servational data, so there was a feeling that the theory of
compressional Pc4-5 wave generation was nearly complete
(see review by Pilipenko, 1990). However, Takahashi et
al. (1987) found a “global Pc5” event where the field-aligned
wave scale was much smaller than the A&livwavelength.
The unique combination of several near-geostationary satel-
lites during the 14-15 November 1979 event gave the possi- 0.5
bility to determine the field-aligned structure of exception-
ally monochromatic and long-lasting-44 h), long-period
Pc5-6 oscillations. Rather surprisingly, the field-aligned
wave scale (distance from top of field line to wave node) 6.4 6.5 6.6 6.7 L
was about 5only, much less than the expected Alfvwave
length. Further, Woch et al. (1988) showed that the dras+ig. 6. Transverse structure of magnetic components of the fun-
tic changes in the compressional Pc5 wave structure duringamental =1) Alfvén oscillations in the region of “classical”
a slight shift of the GEOS-2 satellite from the top of the Alfvén field line resonance at=6.6 (compare with Fig. 5): the dis-
field line could only be interpreted by invoking a small field- tribution of the wave amplitudgB; | and phase;, (i=x, y) close to
aligned wave scale. These observations revealed that in th&e equatorial plan) and above the ionosphefie).
magnetosphere there is at least one sub-class of long-period
waves for which all the previously well-elaborated theories
of Alfv én mode excitation are not valid. However, these ob-dients. The field-aligned structure of an unstable SMS mode
servations still remain the only evidence of the possible oc-was shown by Woch et al. (1988) to be much smaller than a
currence of very small field-aligned structure of long-period field line length.
ULF waves. Our theory predicts that there might be an additional
The difficulties with the interpretation of compressional source of compressional Pc4-5 oscillations — the resonant
Pc4-5 waves with a short field-aligned scale may be resolveadonversion of FMS waves. This mechanism can be most
by invoking models based on the excitation of SMS modes efficient in a mildly disturbed magnetosphere, when fluxes
The SMS oscillations can be spontaneously generated duringf ring current ions are too low for excitation of instabili-
the drift instability of ring current ions with steep radial gra- ties. The mechanism of the drift or bump-on-tail instabilities

0
6.4 6.5 6.6 6.7 L
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dominates during the main and recovery phases of magnetiof the fundamental harmonics of standing Afvand SMS
storms, when a sufficient amount of the ring current parti-waves differ by about two orders of magnitude, so an effec-
cles have been injected into the inner magnetosphere. Theve coupling between these two branches of MHD oscilla-
slow velocity of SMS mode results in the severe dampingtions is impossible in a mildly disturbed magnetosphere. The
of the SMS mode in an isothermdl,tT;) plasma, owing resonantly excited SMS oscillations can be an intermediary,
to the interaction with background thermal ions. Thus, thistransferring energy from the solar wind to the heating of the
mode may occur in a realistic magnetosphere only upon permagnetospheric near-equatorial plasma.

manent driving, such as the considered pumping of external
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