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Abstract. The radial, oscillatory motion of the Earth’s mag- 1 Introduction
netopause has been found to occur predominantly with some
distinct, sometimes called “magic” frequencies, which have The magnetopause represents the boundary which separates
been attributed to magnetospheric wave guide modes, typithe magnetospheric plasma and magnetic field from their
cal solar wind variations or, more recently, surface waves orcounterparts of solar origin in the magnetosheath. Usually, in
the magnetopause standing between the northern and soutthe absence of reconnection, it can be treated as a tangential
ern ionospheres. In this paper we present for the first time aliscontinuity, across which hardly any normal flow of plasma
derivation of these surface waves, denominated as Kruskakakes place§onnerup and Cahjlll967 Sonnerup and Led-
Schwarzschild-modes (KS-modes), in the approximation ofley, 1974. Although most of the plasma parameters change
the ideal, single-fluid magnetohydrodynamic theory for in- across the boundary (for instance direction and strength of
compressible plasmas. The calculations are performed in ththe magnetic field, particle densities and temperatures), the
simplified geometry of the box magnetosphere with the mag-magnetopause is characterized by an equilibrium of the to-
netopause being a plane between two plasma regimes of haal pressureRaschmann et al1993 Phan and Paschmann
mogeneous conditions. The reflection of the KS-modes afl996: On the magnetosheath side the thermal and magnetic
the ionospheres is being discussed. Under the given assumpressures may be of similar importance; they are balanced
tions and realistic conditions the validity of the calculations is by the dominant magnetic pressure on the magnetospheric
shown to be limited to cases of parallel or anti-parallel back-side where, nevertheless, the thermal pressure may also be
ground magnetic fields on both sides of the magnetopausejon-negligible. Furthermore, the magnetic tension due to the
respectively. For these cases a detailed discussion of theurvature of the magnetic field contributes on both sides to
mode structure is presented. The magnetopause when afhe overall pressure balance, which determines the shape and
fected by a KS-mode is found to resemble a membrane untaverage) location of the magnetopauSpreiter et al.1966
der tension with respect to its motion; the ionospheres act aShue and Son@0032).
supporting points of the membrane and the KS-modes corre- Motion and undulation of the magnetopause have first
spond in this picture to their eigenmodes of oscillation. Lo- been studied using single spacecraft measurements (e.g.
calized pressure enhancements in the magnetosheath are disdbry et al, 1971). Its radial velocity and the thickness of
cussed as possible excitation mechanism for the KS-modests current and boundary layers could first be reliably deter-
mined with data from the two neighboring spacecraft ISEE 1
and 2 using timing techniqueBérchem and Russell982
Keywords. Magnetospheric physics (Magnetopause, cusp, e and Russell1994. These techniques became most use-
and boundary layers; Magnetosphere-ionosphere interaqy| when applied to measurements of the four spacecraft mis-
tions; MHD waves and instabilities) sion CLUSTER Paschmann et aR005 Panov et a].2008,
which also opened the door to more sophisticated analy-
sis methods and inter-method comparisadagland et a).
2004. However, the reconstruction of the (radial) magne-
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| v “magic” has been used for their denomination, which may
<t A be more appropriate considering the lack of direct evidence
for the existence of the cavity or wave guide modes (e.qg.
Sarafopoulos2005. Kepko et al.(2002 and Kepko and
Spence(2003 proposed that the discrete “magic” frequen-
cies (MF) could originate from typical length scales of den-
sity variations in the solar wind. In the Earth’s frame of ref-
erence these length scales are converted into typical frequen-
cies of geomagnetic pulsations driven by the corresponding
solar wind variations.
A third explanation has been more recently suggested by
half space: “b‘ Plaschke et al(2009h, where the magnetopause takes a
more active role: Surface waves on the magnetopause which
are reflected at and standing between the ionospheric foot-
points of closed field line shells may also account for the
frequency selection observed. Surface waves propagating
Fig. 1. Sketch of the box magnetosphere: Half space “b” (back- o the interface between two different plasma regimes have
ground) corresponds to the inner magnetosphere. Here the badfl'rst been predicted bigruskal and Schwarzschild954; as

ground magnetic field points in z-direction and is confined betweena tribute to their pioneering work thev are denominated as
the ionospheric boundaries (green surfaces) &t0 (south) and P . g y
Kruskal-Schwarzschild-modes (KS-modes).

z =zg (north). In the magnetosheath (half space “a”, foreground) )
the background magnetic field may be tilted within the y-z-plane.  Standing KS-modes on the magnetopause represent sur-
The magnetopause is located between the half spaces @t(blue face eigenmodes of the boundary. These modes should be
surface). damped in the presence of a gradual change between the
plasma regimesdhen and Hasegaw974k Uberoj 1989
due to resonant absorption and excitation of shearéxfv

measured in the vicinity of the magnetopauBagchmann  waves within the boundary (see alBelmont et al, 1995
et al, 1990 or the more advanced empirical reconstruction De Keyser et a).1999. Non-standing surface waves may
method De Keyser et a).2009 until the start of the five also be generated by the Kelvin-Helmholtz instability (e.g.
spacecraft mission THEMISAfigelopoulos2008. Pu and Kivelson1983 Fuijita et al, 1996. The aim of this

During the first months of operation (coast-phase: Februpaper is to calculate and discuss the properties of the stand-
ary to September 2007) the five THEMIS spacecraft were fly-ing KS-modes in the context of the ideal, single-fluid magne-
ing in arow on a common coast-phase orbit. The scale size ofohydrodynamic (MHD) theory for incompressible plasmas.
this so-called string-of-pearls configuration allowed for a di- The reflection of the KS-modes at the ionosphere as well as
rect reconstruction of the magnetopause motion solely basetheir excitation are also being addressed.
on the observed magnetopause crossing times and corre-
sponding positions of the respective spacecraft. Intervals be-
tween subsequent crossings were bridged using spline fun@ Basic equations
tions (Glassmeier et gl2008. A statistical analysis of the
coast-phase data with this method yielded distributions of theThe standing KS-modes on the magnetopause are derived
radial boundary velocity, amplitude, and most notably, fre-in the simplified geometry of the box magnetosphere (e.g.
quency of oscillationRlaschke et al20093. Interestingly,  Southwood 1974. Figure 1 depicts the situation consid-
the magnetopause was found to oscillate with higher probered: The x-direction corresponds to the radially inward
ability of occurrence with some distinct frequencies aroundpointing direction in the equatorial magnetosphere. The
1.3,1.9,2.7, 3.1 and 4.1 mHPlaschke et g120091). magnetopause is located at=0. Positive values ofc

Two decades ago the lowest three of these frequenciemdicate a location inside the (inner) magnetosphere (half
were found to stand out in ionospheric radar measurementspace “b”), negative values  0) correspond to the mag-
of geomagnetic pulsationR@ohoniemi et a).199% Samson  netosheath half space “a”. In this geometry the background
et al, 1997). Due to their stability and recurrence they were magnetic field is stratified and homogeneous in both half
attributed to magnetospheric cavity or wave guide modesspaces; it points in the z-direction in the magnetosphere:
(Samson et 811992 and called CMS frequencies after the Bgp = Bopez, Wheree, denotes the unit vector in the z-
cavity mode model of Samson. The distinctiveness of thesalirection. The direction of the background magnetic field
frequencies has been supported by some studies of geomamp the magnetosheath (half space “a”) shall only be re-
netic pulsations (e.d-enrich et al. 1995 Francia and Vil-  stricted to planes parallel to the magnetopause (y-z-plane):
lantg 1997 Mathie et al, 1999 and questioned by others Bga= Bo’a(O,SiHQB,COS9B)T. Since the background fields
(e.g.Ziesolleck and McDiarmid1995. Sometimes the term are tangential to the magnetopause in both half spaces,

mag"el‘o.
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the boundary in between can be regarded as a tangentiddere T denotes the total pressure perturbation (ddg.

discontinuity. Keyser et al.1999:
The magnetospheric magnetic field is delimited in the z- Bo-B

direction by the northern and southern ionospheres; in the = j 4 —° 9)

box magnetosphere these correspond to x-y-planes=dl Ko

(south) andz = zp (north). The ionospheres are assumed After replacingp in Eq. (7) with T from Eq. @) we obtain

to be infinitely conducting layers at which the electric field a system of seven scalar equations for the perturbed quanti-

vanishes. The magnetosheath magnetic field, instead, is ndies#, B and<. Elimination of all of these quantities yields

bounded by the ionospheres. The box magnetosphere mod#ie well-known dispersion relations for the three MHD wave

can only be a rough approximation to reality. In particu- modes (e.gDe Keyser et a).1999:

lar the geometry of the cusp region is extremely simplified: , > 2

close to the ionosphere magnetospheric and magnetosheath ~— ¢ — 'ZVA) =0 (10)

flux tubes should no longer be adjacent to each other; their,2 _ @ 2 (11)

separation, however, cannot be reflected in the model due to * V,§+C§S22/w2 !

thelziir?rt:gcggz\r/]a%fot: ?);n t?lgengg(s:ize;%ations we follow the where Va = Bo//liopo IS the Alfven velocity andk: =
. L } (0, ky,kz)T denotes the projection of the wave veckoonto

Computaﬂon; detguled iDe Keyser et al(1999: The gov- the magnetopause plane. Equatib) (s the dispersion rela-
erning equations in each of the two half spaces shall be th‘ﬁon for the shear Alfen wave, for whiche = 0 holds. Equa-
ideal, single-fluid MHD equations: tion (11) contains the dispersion relations for both magne-

9 B2 1 tosonic waves (fast and slow mode), whérshall be non-
P<§+(v~v)v> =-Vp=V5—+—(B-V)B (1)  vanishing.

Ho Mo The KS-modes on the magnetopause considered in this pa-

8_p = —V-(pv) 2) per consist of two evanescent magnetosonic surface waves,
dt one in each of the two half spaces, for which Eif)(holds.

9B — _VxE (3) T_heir amplitude shall decay exponentially with increasing

ot distance from the magnetopause: Herigehas to be neg-
E=-vxB (4) ative on both sides of the boundary.

Following Walker (1981 the boundary normal component
of the velocityvy and the pressure perturbatiomeed to be
continuous at the magnetopauyse=0):

Here p denotes the mass densitythe plasma bulk veloc-
ity, p the isotropic thermal pressurB,= | B| the modulus of
the magnetic field an& the electric field. As usual, the vac-

uum permeability constant is given juyg; ¢ denotes the time. Ta= Tp (12)
Equation 4), the generalized Ohm'’s law for the ideally con- > _ = 13

. o . . Ux,a = Ux,b (13)
ducting plasma, can be used to substitliten the induction S o _
Eq. (3). The derivativedp/dr may be replaced bg?s‘zap/at, such that pressure equilibrium is maintained at all times. The

whereCs denotes the sound speed. A plane wave ansatz  indices “a” and “b” denote here the half space, to which the
respective quantities pertain. Furthermore, the frequency of

0 = Q0+80 = Qo+ Qelkrie! (5) the perturbations and the boundary tangential wave vector
) . _ ki are also equal everywhere. The standing KS-modes have
is adopted for the quantities, p, v, B and E; herek = 4 gaisfy the boundary condition$2) and (L3), from which

T . ,
(kx. ky.kz)" is the wave vector of the perturbations consid- yeir gispersion relation can be computed. For this purpose a
ered andv the respective frequency. A vanishing background g|ation betweerly, and7 is needed, which can be obtained

electric field and velocityEo =0 andvo =0) as wellas con-  om Eq. 6); substitution ofB with Eq. @) yields:
stant background density(), pressure fp) and magnetic

field (Bo) are assumed in either of the two half spaces. Theyg2 — % _ k-Vp)(k-D)Va (14)
amplitudes of the perturbations in these quantities, denoted 00

with a tilde sign according with Eqg. (5), are also taken asSinceV 4 is restricted to y-z-planes in both half spaces, the
constant such that temporal and spatial variations are onlyk-component of Eq.14) is:

given by the exponential functions. Under these assumptions

the Egs. 1) to (3) can be rewritten after linearization as: 0xQ* = wkyT/po (15)
B Herewith the Eqgs.12) and (L3) can be combined to obtain
wpob = kT — (k- Bg)— (6) the general dispersion relation for the magnetopause surface
M waves or KS-modes (e.§u and Kivelson1983:
wp = (k-)CSpo (7) kx.a Jx. b
0B = —(k- Bo)o+ (k-9)Bo ©®) 7022 ponsZ (16)
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As already mentioned, the amplitude of the surface w::xves,oo,aszf1 = —po,bﬁg (18)
should decay exponentially with increasing distance from the 2 12 2 ; 2

4 ! i po.b Vi ks +p0.aVi ,(kySiNOp 4 k;,COPR)
boundary on either side of itkx o and kx p have to have w? = Ab7z a’Aavy BTz B
opposite signs, ant? has to change sign at the boundary, Po.b+pPo.a

too. Thus, any KS-mode on the magnetopause will propa-
gate faster than an Alén wave in field parallel direction in As mentioned above, these equations can also be derived for
one of the half spaces and slower in the other. the compressible case by substitutiggn Eq. (16) with re-
Simplification of the equations can be achieved, if the lation (11).
plasma is assumed to be incompressitMe v = 0). Using
the plane wave ansatz ferwe obtain the algebraic incom-
pressibility conditionk - » = 0. Herewith, the rightmost term ) )
of Eq. (14) can be omitted yielding® ~ k. Combining this 3 Standing Kruskal-Schwarzschild-modes
relation withk - » = 0 we obtain:
The above given equations constitute the basis for studying
the polarization properties of standing KS-modes. We start
This relation substitutes the dispersion relatidn)(in the ~ With the electricfield given by Eq4j in half space “b” (mag-
case of incompressibility; it can also be obtained from that"€l0SPhere)Ey = —vp x Bop. Replacing with Eq. (14) for
equation under the assumptiol = oo, which is equivalent  th€ incompressible casé - v =0) yields:
to the incompressibility condition.
It should be noted that the assumption of incompressibil-z, T

k? = ki +ki+kZ=0 (17)

ity on both sides of the magnetopause is certainly not always b=" Q%poﬁbk x Bop

justified. As will be demonstrated in Sedtwhere the valid- w7

ity of the presented calculations is considered in detail, par- = ——5——(kyBo,nex — kx,bBo,bey) (19)
ticularly the plasma on the magnetosheath side may have to bP0.b

be regarded as compressible. However, if the boundary tan-

gential wave number are large enough with respect to the At the ionospheres at= 0 andz = zo the electric field in
w-dependent term in Eq1{), then this equation should be the x-y-plane should vanish due to the high Pedersen con-
well approximated by Eq.(). For these cases the assump- ductivity, assumed to be infinite. An incident magnetopause
tion of incompressibility significantly simplifies the analyti- surface wave will be reflected there; both, incident and re-
cal treatment of the standing KS-modes, which is the aim offlected waves (upper indizes | and R, respectively) will be
this paper. Otherwise the full dispersion relatid)(would superposed such that the condition for the electric field is sat-
have to be considered: Replacikg, andkyp herewith in  isfied at the ionosphere#, = 0). Hence, to find a solution
Eq. (16) yields a polynomial of degree 10 infor which no  in the specified geometry a second wave of equal amplitude
analytical solution can be found in gener@li(and Kivelson ~ with respect to the incident wave needs to be added, which
1983. propagates in opposite directiorZ) with a phase shift of

If Eq. (17) holds k2 < 0 is automatically enforced i, and ~ 180°.

k; are chosen to be real numbers. Thus, surface waves occur Since perfect reflection of the incident wave is assumed,
at the magnetopause in the incompressible case regardlegse ionospheric dissipation of the wave’s energy due to Joule
of the plasma background parameters in the two half spaceleating and the consequent damping are neglected. Further-
(Uberoi 1989. Furthermore kx| is independent from the more, the Hall conductivity shall not be considered. This
side of the magnetopause. If compressibility were assumegmplies that additional ionospheric evanescent wavdisif
(EQ.11) |kx| would be dependent on the plasma conditions ofand Knox 1979 1982 generated by Hall currents upon re-
each side and, hence, would be different in both half spacedlection of an incident magnetopause surface wave are also
kf could also be positive corresponding to propagating fasieglected.

or slow waves instead of evanescent surface waves. For the reflected wavéyp, ky and o will remain un-

The geometry of the box magnetosphere can be used tgpanged. It follows from the incompressibility condi-
further simplify the dispersion relatiod§). The background 5 (17), thatk2 should be equal, too. Only the sign kf
magnetic field in half space "b" has been assumed to poingan and must differ. Since the plasma paramesers and
in the z-direction; it follows:Qf = w”—k; V5. The cor- po,b also hold for both waves, the relatios} , = — £, and

. . ugn o2 2 - ~ e

respondl-ng expression for half .spaTce a’ iR =w E)I/,bz _Eib can only be satisfied in:

V2 (kysindp + k;co9p)2.  Substitution ofky a= —i /k?

and kyp = iy/k? via Eq. (17) finally yields the following 8 Ep = (Ey . Ey p,0)Te! fxbrthyrmon gikes

equivalent relations: + (Eib’E)Iib’O)Tei(kx,berkyy*wt)efikzz (20)
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with k7 := k'Z = —k§ and Derivation of the components of EQ®8) and subsequent in-

. = .1 of'Bop § tegration of Eq. 80) yields after replacing?  + k2 by —k2
(Exp Eyp0)' = W(—ky,kx,b,o) (21) ViaEaq.(@7):

b 0,b '

- 5 wfRBo b Svzp = kziel(kx,bx+ky)’*wl)P_!b (31)

(Ezb’ E)Izb, O)T = QR—z’(—ky, kx b, O)T (22) £0,b
()%00p Finally we obtain for the velocity disturbance of the standing

from Eq. (19), if the quotients off andQ2 in the Eqgs. 21) ~ KS-mode in half space 0"
and @2) differ only by their sign: o bSinGkz) o

7! #R 7 Svp = | ikySin(kzz) z_ez(kx,berkyy—wt) (32)

Qg ob
(23) k,C09kz2) b0,

@2 @@
It should be noted, that the amplitudes of the two superposed
waves contributing to the disturbance of the velocity field
are consistent with Eq14) for the incompressible case, al-

Taking this into account the disturbance of the electric field
(Eq. 20) can be rewritten as:

SEp = 2i(E! va;/ . 0) Tt uprHyy=en gin g o) (24)  though they have not been directly obtained using this equa-
’ ’ tion.
The factor sifikz2) is inherent in Eq.20) and can be obtained  From Eq. 82) the disturbance of the magnetic field can be
using Eq. R3): easily determined using the induction Eg).(Replacement
Slyiks  #R—iksz : of E with Eq. (4)., usage (.)fBop = Bopez as wellasv-B =
Pipi=—+——r5 = 2 —5Sin(kzz) (25)  0,V-v=0and linearization yield:
Q2 (22 Qp 5 5
It should be noted that a minus sign in this sum would result3, 4 Bb = (Bob-V)dvp = Bo,ba—Zva (33)

in a factor cogk,z). More generally, we defin@. 5 as

follows to simplify some equations in this section: With Egs. €8) and 81) this results into:

= jikyz =R ,—ikgz kx.bkzP— b
tleike z Bop ’ ,
Pi,a/b = Qle . TQER : (26) 5By = _Lbez(kx,berkyyfwt) kykzpf,b (34)
( a/b) ( a/b) £0,b k22P+,b
As can be seen, the tangential electric field at the ionospheres 2B vE kx bkzCOSkz2)
(atz =0 andz = zp) vanishes, if the condition = —Lbze’(kx-b”kyy o0 kyk,CoSkz2) (35)
0,652 ik2sin(k,z)

kzzo = nw for neN (27)
) o i The quantities in half space “a” (magnetosheath) can be de-
is satisfied. Hence, for a KS-mode to be standing on the magy; e q using the magnetopause boundary conditiaak nd

netopause a multiple of half its wave length in the z-direction(l3)_ Both waves considered in half space “b” (magneto-
(2/2) must fit between the ionospheregi=n1/2. Thisdis-  gppere) necessarily have to have their counterparts in the
cretization ofi directly results from the confinement of the magnetosheath; the spatial structure of these waves result-
background magnetic field in the magnetosphere between thg,, from their ionospheric reflection on the magnetospheric
totally reflecting ionospheric boundaries. side is imposed via the magnetopause boundary conditions

From the x- and y-components of the ans@@ ©f $Eb {5 the waves in the magnetosheath, which lacks ionospheric
the corresponding velocity components can be easily Calcufeflecting boundaries.

lated via the linearized Eqd) In this half space “a” the x-component of the velocity field
(8vxb, 80y b) = (8 Ey,b,—8 Exb)/ By 's given by:
= (kx’b,ky)iei(kx,bﬁkyy—wl)p+,b (28) Sux.a = wkx.a P+’ael'(kx,ax+kyy—wt) (36)
Po.b _ P0,a
=2i (kx,b,ky)g)—r . (29)  This equation satisfielvy a = Svx,p atx =0 (boundary con-
§2500,b dition 13), if the following relation holds:

. ei(kx.bx+ky}'7wl) S|n(kzz)

kx,aP+ a - kx,bP+,b

The z-component of the velocity field can be obtained viathe 00,a £0,b
incompressibility conditior{V - svp = 0):

(37)

Considering the continuity af at the magnetopause (bound-
d a 0 ary conditionl2) Eq. (37) is satisfied, as it is equivalent to the

B—Z(sz,b = —a(va,b— 55"” (30 sum of the dispersion relation$@) for each of the surface

www.ann-geophys.net/29/1793/2011/ Ann. Geophys., 29, 1I7/8B2-2011
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waves (indices | and R) composing the standing KS-modeFroms$ By, (Eq. 35) ands B, (Eq.43) the current densities in
Furthermore, it can be easily seen, that E28) (holds true  both half spacess(j =V x § B/ o) can be easily computed:
also for half space “a”. . .

The other two components of the velocity field can be ob-8/a=38jb=0 (44)

tained with Eq. {4) under the assumtion of an incompress- yence, the KS-modes (surfaces waves) are not associated
ible plasma, whiclbvp, (Eq. 32) andévx.a (EQ. 36) are con-  yith any currents flowing inside of the two half spaces (mag-
sistent with. We obtain: netosphere and magnetosheath).

_ D i (ky ax+kyy—ot Currents do only flow on the magnetopause itself. These
(Ovy.a.0v22) = (kyPr-a kZP_’a)pT,ae e 38 shall now be computed: At the boundany=£ 0) the surface

. ) , current density] = Jo+48J is composed of the background

It_shall be noted, that the SIgn IR 2 1S negat|v_e foBvz a, value, associated with the background magnetic fiBlglin
sincek; has opposite signs for the two considered waves., b half spaces, and of its disturbarscegiven bysB. Jo

Altogether, a comparison of the velocity disturbgn&e;of is the steady Chapman-Ferraro (CF) current on the magne-
both half spaces at the boundany= 0) yields, taking into 5,56 The surface current can be computed from the curl

account the dispersion relatiobhd), the boundary conditions of the magnetic field across the discontinuityXat 0) using
(12) and @3) as well as the definition af (Eg. 26): Stokes’ theorem:

(va,a Sux b Jy 1 Bz a—Bzp
dvya| = | —dvyb (39) _(Jz _% Byb—Bya (45)

8U2’a _SUZ,b

~

Herewith the CF current is given by:
Hence, the plasma flow tangential to the magnetopause is

expected to oscillate in opposite direction on both sides undery, — i (BO»aCOSHB__ Bo»b> (46)
the influence of a standing KS-mode. Ho —Bo,asintp
Equations 3@ and @8) can be further simplified with the - 345 7 can be written in the following form using the disper-
help of Eq. @3): sion relation {8) and the boundary conditiod 2):
ikxaSiN(kz2)\ o = 27 I kyk;COS(kzz) .
Svg = ikysin(kzz) ZLTet(kxaerkyyfwt) (40) 8J = _Mopo bQZ el kyy—ot) { (-yikzzsin(kzzz)> Bo aSinfp +
kzco9kzz) al0.a o Y

ik2sin(kzz)
As can be seen, this relation is practically identical to the + (—kykzcos(kzz) [Bo,aCoSp + Bo,pl
one of Eq. 82). The mentioned velocity shear across the )
magnetopause is consistent with the change in signaf This vector contains the y- and z-components of the surface
(Eq.18). current density. The surface divergence of the current can be

To obtain the disturbance of the magnetic field in half calculated therewith:

(47)

space “a” Eq. 83) has to be reevaluated for a non-vanishing 0 0
y-component of the background magnetic fi#lgl: V8T = 5‘”}/ +o7002= 0 (48)
il As expected from the current densitidginside of the two
E(SBa = (Boa-V)ova 4D par spaces, the divergence of the surface current on the mag-
( _ 0 0 ) netopause vanishes.
= Bop.al sinfg—38va+Cco¥p—3v,
’ ay 9z
Herewith we obtain using Eqs3¢) and (38): 4 Validity of the calculations
5B = _%ei(kx,aX+kyy7wt) . (42) The purpose of this section is_to discuss gndgr which cor_1di-
00.a tions the above given calculations are valid. First, a possible
ky.aPs.a ky.aP-.a conflict between the dispersion relations of the magnetosonic
kysindg | kyPya | +kcodp | kyP_a waves and the KS-modes has to be considered in detail: The
kyP_ 4 kz P 2 wave number of the reflected surface wave (R) differs from
2B P the incident wave (I) to the ionosphere only by the sign of
- _Lazeﬂkx.aﬁkyy*wf) : (43)  its z-componentkR} = —k}. This is a direct consequence of
£0,a823 the dispersion relationl{) in the incompressible case con-
ik, aky SiNOp SiN(kzz) + kx ak,COPp COLk72) sidered; assuming compressibilkej could be obtained from
ik)?sineg sin(kzz) + kyk,co9 g cogk,z) the more general relatiod {) for magnetosonic waves. The
kyk,Sindp coskzz) + ik§c039 B SiN(kzz) frequencyw must be equal for both waves, which potentially
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conflicts with the dispersion relatiod®) for the KS-modes,
from which the frequency may be obtained for a given wave
vector. If a common frequency holds for the two waves, ei-
ther Eq. (L7) or (18) may not be satisfied. Assuming the
validity of Eq. (17) kR = —k}, the dispersion relatiorl) is
consistent herewith only, {ky sindp +kzco095)2is equal for
both waves o1Bg ; = 0 in the magnetosheath, which would
be an unrealistic assumption. Sinkg has to remain un-

2.0

1.5}

NN
X L
~ 1.0
N L
X

changed for the boundary conditions at the ionospheres to be 0.5 ]

fulfilled, the above stated condition is, hence, only satisfied, h -

. . alf space "a" (magnetosheath)

if ky =0 (case 1), sifig =0 (case 2) or cap =0 (case 3). 0.0k , . . . =
Additionally, it has to be tested if the assumption of an in- 0.0 0.2 0.4 0.6 0.8 1.0

compressible plasma is justified. For this purpose Ed) ( cos?(6g)

may be used, which converts to EG.7) in the limit of in-

o= ) S - K212 k212 o
compressibility. The first term on the right side of EfyL). Fig. 2. RatiosK “/ k7 = K/ k of half space "a” (magnetosheath)

for different values of c07393 and typical plasma conditions given
in the text. Case 1k = 0) has been considered. For low ratios
Kz/k§ « 1 the assumption of incompressibility would be justified.

K2 (49)
T VRHCEQ%w?

has to be much smaller than the second term on this side:
We first consider case 1 and $gt=0 as well as the val-

ues given above ik 2, k? and in the dispersion relation of
the KS-modes18). From this relation the corresponding
eigenfrequencie& of the standing KS-modes are obtained.
Please note that in the cases 1 an@2is proportional to:?

and weakly dependent on ¢@g; this holds true also fok 2
typical values of the plasma parametgiis (magnetic pres-  (gq.49), which is a function of»2. The ratio ofK 2(co£0)
sure), Np (proton number density) anél (quotient of ther-  andk2 is shown in Fig2 for half space “a” (magnetosheath),
mal and magnetic pressures) on both sides of the magn&yherek? = k2 for ky = 0. This quotient is no longer depen-
topause are used: We obtain these for the low shear (higent on:; hence, it is valid for all the harmonics of the stand-
shear) situation at the magnetopause from the Figs. 9 anghg KS-modes under the above given assumptions (case 1)

|K?| < kf (50)

It shall be noted, thak can be negative (see definition of
Q2).
In order to make a realistic assessment of the relaGoh (

10 of Phan et al(1994); they are listed in Tabld. Aver-
ages for the low and high shear situations are computed fo
each half space. Fromp and N, typical values of the back-

and parameters. The assumption of incompressibility would
be justified, if the quotient were far below K¢ < k2). In
Fig. 2, however, it can be seen that in half space “a” this

ground magnetic fields and of the mass densities can be caljyctient is mostly even larger for all the orientations of the

culated. For the magnetosheath we obtaBig;; =33.1nT
andpp.a = 3.18x 10-2°kg m~3. It follows an Alfvén veloc-

ity of: Va.a=166km s1. The sound speed can then be com-
puted with 3 = 2.75: Csa= Va.av/¥Ba/2 =251kms™,
Here an adiabatic coefficient ¢f=5/3 has been used. For
the magnetosphere (half space “b”) we get the following val-
ues: Bop =613nT, pop=3.35x 10 kgm~3, B, =0.15,
Vab=945kmstandCsp=334kms?.

magnetic fieldp in the magnetosheath. Therefore, we have
to conclude that the assumption of incompressibility is not
valid for typical plasma conditions at the magnetopause if
ky =0 is chosen.

Let us now consider case 3 (&gs=0), where sidp = +1
necessarily holds. The background magnetic field in the
magnetosheath (half space “a”) is, hence, assumed to be per-
pendicularly directed with respect to the field within the mag-

As can be easily seen, the relative importance of the Sounﬂetosphere. As described, the quotiﬁ’r?t,/ktz can be com-
speedCs is greater in the magnetosheath, where it is largerputed with the above given plasma parameters. However, in

than the Alf\én velocity. However in absolute terms both
characteristic speeds (ABn and sound speed) are larger in

this case the quotient is only dependentgrand no longer
ondp. If ky is chosen as a factor df, which is propor-

the magnetosphere than in the magnetosheath. A typicalonal ton, it becomes itself proportional to the number of

length along the magnetopause between the ionospheres
taken fromPlaschke et al20090:
20=2.73x 10° km (51)

According to the relation for standing KS-mode&X/), the

tBe harmonic. ThusK?(ky/kz), w?(ky/kz) andkf(ky/kz)

will be proportional to and the quotieli'stz/kt2 independent
from n2. This quotient is depicted in Fi@ for the magne-
tosheath. It can be seen that also in this case 3 the assumption
of incompressibility €2 <« k?) can hardly be justified, since

field parallel wave number (on the magnetospheric side) isratios around [ or larger are obtained for typical plasma

chosen to bé; =nn/zp.

www.ann-geophys.net/29/1793/2011/
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Table 1. Typical values of the magnetic pressyrg, the proton number densityp and the quotient of thermal and magnetic pressfires
on both sides of the magnetopause for the low and high shear situations. Taken from the Figs. 9 d@lthihCedfal(1994.

low shear high shear
guantity magnetosheath  magnetosphere magnetosheath  magnetosphere
(half space “a”)  (half space “b”) (half space “a@”)  (half space “b")
PB 0.6nPa 1.7nPa 0.3nPa 1.3nPa
Np 20cni3 3em 3 18cmi 3 l1cm3
B 2.0 0.2 35 0.1

flow velocity increases in the actual magnetosheath with in-
creasing distance from the stagnation point towards the tail.
If the plasma convection inside the inner magnetosphere is
neglected, a fairly good approximation to this situation could
be achieved in the box magnetosphere model, if a radially
outward directed magnetosheath plasma flow tangential to
the magnetopause would be assumed diverging from a cen-
tral (stagnation) point at=zo/2.

The theory of the KS-modes can be generalized to include
effects of a constant shear flow across the boundary as shown
for instance irPu and Kivelsor§1983 by taking into account
10° 102 10 i 10" 102 10 a doppler shift of the frequency in one of the two half spaces;

k, / Kk, if only a flow in the magnetosheath half space “a” is present,
¢ this relation would be:

L half space "a" (magnetosheath)
OO | L 1 1 L 1 1~

Fig. 3. RatiosK2/kf = K?/(k + k%) of half space “a” (magne-
tosheath) for different values df;/k; and typical plasma condi-

tions given in the text. Case 3 (a&gs=0) has been considered. For L .
low ratios K2/k2 < 1 the assumption of incompressibility would eT€wa andwy, are the frequencies in the respective plasma
be justified. rest frames andyg , is the background flow velocity vector

(tangential to the magnetopause) in the magnetosheath. By
substitution ofw, with Eq. (62) in Qg of Eq. (18) a modified
dispersion relation for the KS-modes can be obtained (see
Eq.53below) as computed biyu and Kivelsor{1983.

Although the propagation of the KS-modes is in princi-
ple possible in the presence of a magnetosheath plasma flow,
finding a solution of the MHD equations for the complex (di-
vergent) flow situation suggested above would most probably
e . - : 'have to be subject to numerical calculations and, thus, out of
if sindp =0 yields (case 2), a sufficiently largg will result  yho scone of this paper. Therefore, we opted for consider-
in the incompressibility assumption to be globally justified. ing only the case of a vanishing background plasma veloc-

The results of the preceding section are, hence, only apity, which describes best the situation close to the stagnation
plicable, if the magnetic field in the magnetosheath is par-point on the terrestrial magnetopause.
allel or antiparallel to the magnetospheric background field. Additionally, a strong shear flow would be quite unfa-
As already stated, the dispersion relation of the surface KSyorable for the appearance of standing KS-modes: first, the
modes (Eq.18) becomes then independent frofp; the  boundary could become Kelvin-Helmholtz unstable. In this
eigenfrequencies of these modes remain only dependent ogase the perturbations caused by a propagating KS-mode
the plasma parameters in both half spaces and the distang®uld grow in amplitude fed by the shear flow; the wave
between the ionosphereg along the magnetopause field forms would at some point be distorted due to non-linear
lines. effects diminishing the constructive self-interference of the

The validity of the calculations is further limited due to KS-mode after reflection at the ionospheres, which is re-
the simplified geometry of the box magnetosphere and als@uired for a standing wave to occur.
due to the assumption of a vanishing background velocity in  Secondly, the larger the flow is on the magnetosheath side
both half spacesvg = 0). It shall be recalled that the plasma the more difficult it should be for a KS-mode to propagate

wa=wp—kt-v0.a (52)

The only remaining option for all equations to be strictly
satisfied is case 2 (s = 0): In this case both frequencies
w? and Q? are not dependent aky; hence, this holds true
also for K2. If ky is increasedk? = k)?—i—kg will grow and
the ratio| K 2|/ k? will decrease correspondingly such that the
relation 60) can be satisfied in both half spaces. Therefore
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in opposite direction to this flow. This shall be considered 800 F ' : : : 3
in detail: In case 2 (parallel magnetic fields in both half i 1
spaces) the dispersion relatioh8( of the KS-modes for a 600
non-vanishing flow in the z-directiond a = vo aez) is given T 400 3
. N +
by E :
W2 " = 200
k—g(po,a-i-po,b) - k—:2,00,avo,a+ (53) %, =
n 2 _y2 _v2 A
£0,aVp 3~ L0,a¥A,a— PO,bVA b —200
This flow situation may be apparent at the real terrestrial  —400 L . . . . o
magnetopause north or south of the stagnation point towards 0 100 200 300 400 500
the cusp regions. The solutions dp/ k; of this quadratic Voo [km/s]

equation correspond to the propagation speeds parallel or an- o _ _
tiparallel to the flow in the z-direction in the frame of the rest- Fig. 4. Solid lines: propagation speeds of a KS-mode in the z-
ing magnetospheric plasma. They are depicted in &gy direction @b/kz) in the frame of the resting magnetosph_erlc plasma
solid lines as a function afy 5 for the typical values opo as a function of the magnetosheath flow spegd (also in the z-

v ndVa + derived f? mPhan et al(1994. Th & direction). &: parallel or anti-parallel propagation of the KS-mode
£0.b, A:aa - YAD erived ro an et al( . 4. The+ with respect to the flow. Dashed line: functieg/ kz = vg g, dotted
and— signs indicate the flow-parallel and anti-parallel prop- ;.. wp)kz =0, '
agation speeds. For comparison the functigyik; = vo a IS
shown with a dashed linejp/ k; = 0 is depicted by a dotted

“ni‘s can be seen, the flow increases the propagation speed szlocity for a standing Alfen wave would be proportional
! propag P £ a factor siitkzz), which maximizes in the equatorial mag-

fche KS-modes in its direction where_as oppositely prOpagat'netosphere in the case of the fundamental mode. The am-
:‘?og\’/vK?r;”t]r?i(sjec:?a?eO\c/)? \lea%\;\é?]rir:gilrl)vvyltll?géi te;) (rinaagrz;t(t)sgeathpmude of the magnetic field oscillations, however, would be
: L L L strongest in the vicinity of the ionospheres; their amplitude
propagation is symmetric in the z-direction at (§daschke would be proportional to a factor cdsz)
et al, 2009h: o o
In the case of the KS-modes the amplitude distributions
Uph 1= wp/ k; =332 km st (54)  are not as simple: The reflection takes place only on one side
of the magnetopause, while the plasma parameters on both
given by the typical magnetosheath and magnetospherigjges are important for the propagation of the KS-modes.
plasma parameters indicated above. If the flow speed reachee sine and cosine factors are both part of the amplitudes
a critical value (here approximately,a=350kms™) then  of the velocity and magnetic field disturbances, depending
KS-modes are no longer able to propagate against the flow, the component, and are both present in each component
in the magnetospheric plasma rest frame and standing KSy¢ 3B, andsJ, which makes the situation more complex.
modes cannot occur. This shows that the concept of therpese differences simply arise from the fact that KS-modes
standing KS-modes is not applicable any more if at any pointye ot plain Alfien waves: The governing dispersion rela-
along the magnetopause any of the two oppositely propagatjon in both half spaces belongs to the magnetosonic waves.
ing waves composing the standing KS-mode is not able toyeyertheless, the standing KS-mode does have some remark-
propagate against the magnetosheath plasma flow as its spegfje similarities with a standing Alen wave, which will be
may exceed the critical value. Clearly, a slow solar wind yiscussed in this section.

leading to diminished plasma flow velocities in the mag-
netosheath appears to be favorable for standing KS—modeg
to occur, as suggested also by the resultPlakchke et al.
(20099.

We begin with an interpretation ¢fB; andé By (Egs.43
nd35). According to the results of the previous section the
background magnetic field in the magnetosheath (half space
“a”) is assumed to be parallel to the magnetospheric field:
Bo a= Bo ae;. It follows thatég =0, sirdp =0 and codp =
5 Discussion and properties of the KS-modes 1. This simplifies considerably the relations §&, (Eq.43)

ands J (Eq.47). Furthermore, only the fundamental mode
The ansatz used in Se8tfor the standing KS-modes, where Of the standing KS-modes shall be discussee(). From
their reflection at infinitely conducting ionospheric layers is Ed. (27) we obtain:kzzo=1.
assumed, is not new. It has been used for instance for the Under these assumptions the field perpendicular compo-
computation of standing Alen waves in the magnetosphere nents of the disturbances of the magnetic field (x- and y-
(e.g.Cummings et al.1969. In a box magnetosphere model components o8 B, and§By) are strong only in the vicin-
of the situation the disturbance in the electric field and theity of the ionospheres. In Eq3%) this is apparent in the
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A thermore, it is potentially Kelvin-Helmholtz unstable under
Z the assumption of parallel background magnetic fields in the
\\ B 20 z-direction. The implications this may have to the KS-mode
* are unclear at this point; further studies are required to deter-
mine possible adverse effects on the stability of the KS-mode
| T SB.= 0 or any changes in its properties if the Kelvin-Helmholtz in-

stability is taken into consideration.

¢ The continuity of the x-component of the plasma veloc-
5B, % 0 ity has been set as boundary conditidny (Egs. 32 and
/ / 40) also represents the radial velocity of the magnetopause
X boundary itself. Its amplitude distribution is consistent with
> the expectation, that the most notable motion of the magne-
topause should occur in the equatorial plane; the boundary
Fig. 5. Sketch of the magnetic and velocity fields and of the mag- is fixed by the magnetospheric magnetic field at the iono-
netopause inclination. _In the equatorial plgne the radial velocity Ofspheres and, hence, its motion shall be minimal there, as de-
the magnetopauséz(x) Is strongest. Atthe }ongspheres no bound- picted in Fig.5. The inhomogeneous radial velocity field
ary motion takes place. The consequent inclination of the magney, . i 1+, 2 inclination of the boundary, which is largest near
topause corresponds with the inclination of the magnetic field in . .
both half spaces, such that it remains tangential to the boundary. the ionospheres in the geometry O_f the box m,agnetOSphere'
In the real magnetosphere the points of negligible magne-
topause (radial) motion would correspond to the northern
and southern cusp regions. At the magnetic equator, how-
ever, where the magnetopause moves in normal direction, no
inclination in the x-z-plane is observed for the fundamental
KS-mode.
Interestingly, although thévx component is continuous

magnetopause

factor cosk,z) of these components, which maximizes at
z=0 andz = zo. This applies also to Eq48), where due to

sindp = 0 only the second terms of the sums within the vec-
tor are relevant. However, the field parallel components (z-

direction) in bqth half spaces vanis_hzat:O andz = zg due across the magnetopausdy is not. This raises the ques-
to the factor sikkzz). Hence, the disturbances of the mag- tion if the conditionV - B =0 may not be satisfied at the

netic field close to the ionospheres are purely field perpenboundary. With the dispersion relatio6) and under the

dicular and the standing KS-modes look almost like Standingassumption of parallel background magnetic fiells£ 0)

Alfv én waves there. In the vicinity of the equatorial plane theWe obtain from the x-components of the E and @3
character of the KS-mode is completely different: The ampli-at the position of the magnpetopause:(O)' a5 €3

tudes of the z-components (field-parallel) of the disturbances
of the magnetic field maximize on both sides of the magne-§ Bx / Bop = 8 Bx.a/ Bo.a (55)

topause; the field perpendicular components vanish. Hencqr ] ] ] ) ]
the oscillations in the magnetic fields are purely compres-] NiS result is consistent with the radial velocliy, and the

sional there. This difference in the character of the magnetidnclination of the magnetopause discussed above (se8)Fig.
field disturbances depending on the location (Atfic atthe 1 he amplitudes of thé B components are largest at the

ionospheres, compressional at the equator) is one of the mo!qnOSPheres, where the inclination of the magnetopause is
remarkable properties of the standing KS-modes. largest. Since the quotient of the disturbance in that direc-

The oscillations in the velocity fields correspond with the tion and th_e bacl_<ground magnetic field (in z-direction as
results obtained for the magnetic fields via the inductionassume.d) S contmuou_s across the magnetopause, the total
Eq. @). Unlike for 8B, the direction of the background magneUc flelq vectors in the x-z-plane qt the boundary re-

AT a . . main tangential to each other on both sides and consistent
magnetic field in the magnetosheath ) is generally irrel-

. with the magnetopause inclination (see F&y. This can
i]v?hné :g;‘svr;egss aér:;aed)t/hkengxnlfto ' dsetggtfj;;g ':é'; W?]\;erz be easily proven: The displacemegtof the boundary (in
: 9 P ! 1piitu ximize w x-direction) can be obtained from the velocity (e.g. De
the ones of§B do not and vice versa. Accordingly, the )

) ) ; Keyser et al.1999:

field-perpendicular components are strongest in the equato-

rial plane (sine factor); the z-component (field parallel) max- —iw&, = vy (56)
imizes at the ionospheres.

As computed above the standing KS-mode is associate<|]I is a function of the coordinates andz: & =&x(y,2). A

with a shear tangential plasma flow across the magnetopau%e(;f:tor normal to the boundaryis given at any pointy. )

boundary (see E89). Near the ionospheres only a field

parallel plasma motion (z-component) takes place in the fun- 1
damental KS-mode. In the equatorial plane, however, the; = | —3&,/dy (57)
azimuthal y-component of this shear flow is strongest. Fur- — &y /0z
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A

z
A

Jo=Jcr

X

>

magnetosheath magnetosphere

magnetopause y / ;
Fig. 6. Sketch of the magnetic field in the x-z-plane: The total field

is tangential to the magnetopause on both sides, such that the normal X
component vanishes. The magnetopause keeps being a tangentia >
discontinuity. The inclination of the magnetic fields corresponds

with the local inclination of the magnetopause.

Fig. 7. Current system in the fundamental KS-mode. The indenta-

tion of the equatorial magnetopause (red arrow) is associated with a
For the total magnetic field to be parallel to be magnetopausegisturbance surface current (orange arrows), which increases the CF
it must obey the relation - B =0. This gives withBpx =0 current (yellow arrows). The localization of the indentation makes
independently of the half space considered: the currents to be closed via field aligned currents to the ionosphere,

where they are closed via ionospheric currents (green arrows).
O=n-Bo+n-6B (58)

9&x 9éx
=—(Bgo-V 6By — —8By— —
(Bo-V)&x+6Bx dy y 9z

Linearization of this Eqg.59) yields the omission of its last
two terms, because they consist of a product of two perturbedhen the magnetopause moves in the equatorial plane, the
guantities. Thus we obtain: magnetic field will be compressed on one side and expanded
- on the other. Hence, By 5 and Bg p are both positive (paral-

(Bo-V)éx =0 Bx (60) lel background fields) B, must have opposite signs on both
Replacingéyx with vy via Eq. 66) yields exactly the x-  sides consistent with Eq6{). If the background fields are
component of the induction Eqs33) and @1) for the half  anti-parallel, the expansion and compression correspond to
spaces “b” and “a”. Hence, in the framework of linearized magnetic field disturbancés; in equal direction: the nega-
MHD theory the magnetopause strictly keeps being a tantive sign in Eq. 61) is countered by the opposite signs of the
gential discontinuity without any magnetic field component background fields3.
normal to its surface, wheré- B =0 is satisfied. In the vicinity of the ionospheres only the field parallel z-

We now focus on the disturbance of the surface currentcomponent o8J remains: The superposed, additional cur-
density: if sirdp =0 is assumed, the background surface rent to the CF current in the equatorial plane has to be closed
current Jo flows everywhere on the magnetopause surfacesomehow. Since the surface divergence has been found to be
in y-direction (CF current). The disturbanéd is given by  zero (Eq48) and also the current densities vanish in both half
Eq. @7), of which only the second term in the brackets (pro- spaces (Eg44), this closure can only be achieved via field
portional to By aCO¥p + Bo,b) is important. Interestingly, aligned currents in the magnetopause from and towards the
if cosfp =1 and Bo.a= —Bo,p thensJ =0 follows (anti-  ionospheres at=0 andz = zo. In this aspect the standing
parallel background fields of equal strength). Otherwise, theKS-modes are similar to standing Aéfa waves, whose field
y-component o8 J is strongest in the equatorial plane, where aligned currents also have to be closed in the ionosphere.
oscillations in its field parallel z-component vanish. Hence, The field aligned currents themselves are associated with the
the CF current is periodically increased and decreased in thig\Ifv énic magnetic disturbances near the ionospheres, which
plane, but not deflected. This corresponds to the oscillationiave already been discussed. The complete current circuit
in the z-component of the magnetic fields on both sides ofon the magnetopause and in the ionospheres corresponding
the magnetopause. to an inward motion of the boundary is depicted in Fig.

At the boundary X = 0) the y- and z-components of  As already mentioned, the current density vanishes within
8B (Egs.35 and43) obey the following relation assuming the half spaces (Eq#4). Therein only evanescent waves
0p =0: propagating along in opposite directions can be observed,

(SBZ (59) CSBy/Z’a _ (SBy/Z’b

(61)
Bo,a Bo,p
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which belong together to the standing KS-mode structure de- This process can also occur inside the magnetopause,
scribed. The KS-mode is, hence, a pure surface wave, whickf the boundary is considered to be of (small but) non-
is supported by currents flowing entirely inside of the bound-negligible thickness, wherein a smooth transition between
ary (closed via the ionospheres); any divergence of these sumagnetosheath and magnetospheric values of all relevant
face currents would lead to mode coupling of the KS-modeplasma parameters takes place. In this case fast waves in-
to propagating waves inside of any of the two half spacescoming from the magnetosheath may be reflected at turning
The motion of the magnetopause associated with a KS-modpoints or couple locally to Alfén or slow waves at (multi-

is very similar to that of a membrane under tension: Theple) resonance points depending on the characteristics of the
KS-modes correspond in this picture to the membrane eigenfast wave (the boundary tangential wave vector), the gradient
modes. The wave numbgy along the background field ac- of the Alfvén velocity and the rotation of the magnetic field
counts for the quantization of these eigenmodes. The standnside the magnetopause. Different classes of possible solu-
ing KS-modes are possible due to their reflection at the ionotions are discussed in detail Belmont et al(1995 andDe
spheres, where the magnetopause is at rest and the oscillatimggyser et al(1999.

(magnetopause) membrane is supported. The FLR and the excitation mechanism of KS-modes are
The current system and the characteristics of these mensimilar with respect to the local coupling of a compressible
brane eigenoscillations match the excitation mechanism oflisturbance (a fast wave or a pressure enhancement) to an-

the KS-modes described Plaschke et ali20091: A local other mode (an Alfén wave or a KS-mode), which absorbs
indentation of the magnetopause leads to a local disturbancgart of the energy of the original disturbance and may evolve
of the CF current, which is closed via field aligned currentsinto a standing mode due to ionospheric reflection. One of
associated with an Alnic disturbance of the magnetic field the major differences are the modes taking part in the re-
(Glassmeier and Heppner992. The localization of the in-  spective coupling processes: As stated above, the KS-mode
dentation is emphasized here, because a global motion of this a collective mode of oscillation involving plasma on both
magnetopause would only result in a global modification of sides of the boundary. It is composed of two evanescent mag-
the strength of the CF current without a qualitative modifica- netosonic waves, one in either of the two half spaces. The
tion of the current configuration. The field aligned currents Alfv én wave generated by a FLR, instead, may propagate in-
are closed in the ionosphere, if they flow on closed magneside the magnetosphere or inside the magnetopause boundary
topause field lines. Hence, the current system set up by a loanly. Both waves (Alfén and KS-modes) may be simultane-
cal indentation of the magnetopause matches the one asso@usly present at the magnetopause. The &ifwave is gen-
ated with the KS-mode as described above (seefrigcon-  erated via a FLR in a boundary of finite thickness, where the
sequently, a localized pressure enhancement in the vicinity oplasma parameters change smoothly from the magnetosheath
the dayside magnetopause within the magnetosheath shoutd the magnetospheric side. The KS-mode, instead, will be
be favourable for the excitation of a standing KS-mode. exponentially damped unless the boundary has a vanishing
This mechanism of excitation is in some respects simi-thickness. The damping rate increases if the change in the
lar, however, ultimately different to the field-line resonance plasma parameters is more gradual (less shar@has and
(FLR) process, by which standing ABn waves may be gen- Hasegawg1974 have shown.
erated inside the magnetosphere; the FLR process shall be The nature of the KS-mode actually opposes its excita-
briefly recalled (se&outhwood1974: if compressibility of ~ tion by a fast wave incoming from the magnetosheath: on
the plasma is assumed, then compressional waves travelintis side of the boundary the KS-mode resembles an evanes-
from the magnetopause in the direction of the Aliweloc-  cent magnetosonic wave. A propagating fast wave would in-
ity gradient into the magnetosphere (towards the Earth) mavitably have to have the same tangential wave vedtgr (
encounter a turning point where they are totally reflected.as the (evanescent) KS-mode to which it couples; the wave
Beyond this point the character of the compressional wavesiumberk? would also have to be equal for both waves (see
changes from propagating to evanescent. Nevertheless, fukq.11). This, however, is impossible, since a wave cannot be
ther inside the evanescent compressional waves can coupl the same time evanescent (imagingsryamplitude decay-
locally to Alfvén waves at a resonance point, where theiring exponentially with distance from the magnetopause) and
propagation velocity in the direction of the magnetic field propagating (reakx). Thus, a KS-mode cannot be excited
equals the Alfen velocity (resonant coupling, first resonance with a running fast wave via resonant coupling (FLR) inside
condition). Alfven waves standing between the ionospheresof the boundary.
may occur where their eigenfrequency coincides with the fre- Due to the same reason a KS-mode cannot radiate its en-
quency of the driving compressional wave (second resonancergy away by coupling to fast waves. In the real magne-
condition). Since there is a smooth gradient in eigenfre-topause a KS-mode will, however, be damped due to cou-
guencies across field-line shells in the magnetosphere distupling to Alfvén waves inside the magnetopause boundary, as
bances of a broad range of ultra-low frequencies may lead ta@escribed above, due to ionospheric dissipation (Joule heat-
the generation of standing An waves via the FLR process. ing) or coupling to Alf\en waves inside the magnetosphere or
magnetosheath regions in the presence of anéilfvelocity
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gradient (non-uniform plasma conditions) or curvature of thethe magnetosphere. However, the outer magnetosheath
magnetic field Chen and Hasegawh9743. plasma is not disconnected from the magnetospheric side due
Another major difference between standing Afwwaves to the magnetopause boundary conditions: the spatial struc-
generated via a FLR and standing KS-modes excited by localure of the magnetosheath waves is imposed by their mag-
pressure enhancements in the magnetosheath is their rangetospheric counterparts, whose spatial structure is, in turn,
of possible frequencies: in the magnetosphere a smooth gratetermined by the ionospheric reflection. As a result, this
dient in the Alfven velocity directed towards Earth and the reflection holds for the entire KS-mode and not only for the
gradual change in field line length yields a smooth gradi-waves on one of the two sides. If reflection takes place at
ent in eigenfrequencies of Alén waves standing between the two opposing ionospheres KS-modes can be trapped in
the northern and southern ionospheres. This also holds fdpetween and a standing KS-mode can be established.
FLRs occurring inside the magnetopause due to the gradual One of the restrictions for a standing KS-mode to occur
change in the plasma parameters. The propagation speed & the consistency between the E1), the dispersion re-
KS-modes, however, is determined by the plasma conditiondation for magnetosonic waves, antbj, the dispersion rela-
on both sides of the boundary; if the geometry of the mag-tion for the KS-modes. These equations correspond With (
netopause is given (assumption of a fixed distance betweeand (8), if incompressibility of the plasma is assumed; they
the ionospheres along closed magnetopause field lines) theteave been found to yield consistent results regardiramd
is in principle no range of eigenfrequencies KS-modes canw for KS-modes reflected at the ionospheres under realistic
be excited with. Instead there is a set of discrete eigenfremagnetopause plasma conditions if the background magnetic
guencies for standing KS-modes. A calculation of those hadields adjacent to the dayside magnetopause are parallel or
already been presented Riaschke et al(20091 for case 2  anti-parallel to each other.
(parallel or antiparallel magnetic fields in both half spaces):  Furthermore, the background plasma flow velocity has
Assuming a fixed propagation speed along the magnetibeen assumed to vanish; on the magnetosheath side this is
field of vph=332km s1 (Eq.54) and a distance between only strictly fulfilled along the stagnation streamline. As
the ionospheres af = 2.73x 10° km (Eq.51) afundamental ~ shown, a magnetosheath flow would enhance the propagation

frequency of (Eq. 5 in Plaschke et al., 2009b): of KS-modes in the same direction, whereas the propagation
’ speed in the opposite direction would be diminished. Hence,
f= h _ 0.6 mHz (62)  there is a critical plasma flow velocity beyond which KS-
<0 modes can only follow the flow, which possibly impedes the

is obtained. It shall be noted that this is only an approxima-occurrence of standing KS-modes. An increased flow may
tion to the real fundamental eigenfrequency of standing KS-2/o cause the boundary to become Kelvin-Helmholtz unsta-
modes; a slightly higher frequency aB% mHz, for instance, ~ ble which has been found to be adverse for the development
would be in excellent agreement with the “magic” frequen- Of standing KS-modes.

cies previously observed (harmonics at3,1195, 26 and In addition, damping of the KS-modes is not considered
3.25mHz). It is this coincidence of the frequencies which in the presented calculations: the ionosphere is treated as
makes the standing KS-modes a promising candidate for th@ Perfectly reflecting boundary neglecting its Joule heating
explanation of the prominent appearance of the “magic” fre-2nd the consequent dissipation of energy of the reflected

guencies in magnetospheric and ground measurements moftS-mode. The assumptions of a vanishing magnetopause
vating the study of these modes. boundary thickness and of homogeneous background plasma

conditions on both sides thereof prevent any possible cou-
pling between the standing KS-modes considered andeAlfv
6 Summary and conclusions waves in the magnetosheath, the magnetosphere or inside
of the magnetopause. Being this the case, energy could be
In this paper the structure of standing KS-modes (surfacdransferred to Alfén waves causing the amplitude of the KS-
waves) on the magnetopause has been computed in the aprodes to decay with time.
proximation of the ideal, single-fluid MHD for incompress-  Given the stated limitations, the structure of the KS-modes
ible plasmas. The KS-modes consist of evanescent magias been discussed assuming parallel background magnetic
netosonic waves on both sides of the boundary; they ardields in the magnetosphere and the magnetosheath. These
pure surface waves, as the currents supporting these wavese our main findings:
flow entirely within the magnetopause. Standing KS-modes In the fundamental mode the radial motion of the magne-
can occur, if they are reflected at both northern and southtopause takes place at the magnetic equator, where the distur-
ern ionospheres. This is particularly remarkable, as onlybances in the magnetic fields are compressional and the mag-
the closed magnetospheric field lines on the inner side ohetopause shows only minimal inclination. This inclination
the magnetopause are connected to the ionospheres. Cois-most pronounced at the ionospheres, where the boundary
sequently, the reflection of the KS-modes or, more preciselyjs fixed. In contrast to the equatorial situation, the distur-
the inner magnetospheric surface waves occurs only withirbances of the magnetic fields are purely field perpendicular
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