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Abstract. This paper is concerned with the spatial structureequals the local Alfvén frequency (for a more comprehen-
and temporal evolution of the azimuthally small scale Alfvén sive overview seé&lassmeier et §11999. As a result, the
wave generated by a sudden impulse concentrated on a givenroidal Pc5 Alfvén wave is observed in the magnetosphere
magnetic shell. At the outset, both poloidal and toroidal com-and on the ground (e.gAgapitov et al, 2009. This pro-
ponents are present in the wave’s magnetic field. The oscilcess is effective only in the case of the lewinitial per-
lation in the poloidal component on a given magnetic shellturbation (wheren is the azimuthal wave number), since in

is a superposition of two monochromatic oscillations, onethe opposite case the magnetosphere is opaque for the fast
with the local resonance frequency on this shell, and the othemagnetosonic wave. The initial fast mode can be generated
with the frequency corresponding to the resonance frequenchy a process on the surface of the magnetosphere, e.g. by
on the source surface. The superposition of these two oscilkelvin-Helmholtz or Kruskal-Schwarzschild instability (e.g.
lations leads to beating. Due to phase mixing, the poloidalMishin, 1993 Fuijita et al, 1996 Plaschke and Glassmejer
component of the oscillation decreases with time down t02011;, Mazur and Chuikp2011).

zero, transferring its energy to the toroidal component. Beat- Surface perturbations on the magnetopause are also sup-
ing in the toroidal component is less pronounced. As timeposed to generate traveling convection vortices in the iono-
elapses, energy concentration near the source magnetic shelbhere Kivelson and Southwoqdl991; Glassmeigr1992
occurs with the frequency of the oscillation correspondingChi et al, 2006. In this case the perturbation is highly local-

to the Alfvénic resonance frequency on this surface. Out-ized in the azimuthal direction, which means that it mainly
side this thin region wave amplitudes become rather small atonsists of the higlws harmonics. Therefore, this kind of
oscillation frequencies corresponding to the local resonanc@erturbations must have Alfvénic character, being mostly the
frequency of the respective magnetic shell. parallel current disturbanceSkassmeier1992. Neverthe-

less, a compressional magnetic field perturbation can appear
due to finite plasma pressure and field line curvature effects
(e.g-Mager and Klimushkin2002).

This picture was initially established for a monochromatic
driving wave, which is not a realistic case, since all wave phe-
1 Introduction nomena in the magnetosphere are related to finite-duration

) ) processes. Several theoretical studiéegh and Hasegawa
A general framework for the interpretation of ultra-low fre- 1974 Radoskj 1974 Mann and Wright 1995 Leonovich
quency (ULF) wave phel'wome.na in planetary magnetospheregng Mmazur 1998 Klimushkin and Mager2004 Klimushkin
is the' concep.t of the field line resonance: a fast magneg; al, 2007 addressed the problem of the spatio-temporal
tosonic wave is generated on the magnetopause and progye|ution of such an initial finite-duration disturbance across

agates into the inhomogeneous magnetosphere generatifgagnetic shells. It was shown that in the course of the
an Alfvén mode on a surface where the wave frequency
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evolution the wave field structure is governed by a phe-with 79 denoting the onset time at the surface with radial co-
nomenon known as phase mixing. At the initial onset of theordinatexg. FollowingAkhiezer et al(1975), this driving ex-
perturbation, all field lines oscillate with the same phase andernal current/ should be considered as an additional term
the wave field is characterized by a predominantly poloidalin Ampere’s law:

polarization. However, since each field line oscillates with 4 Ao

its own eigenfrequency, the oscillations on neighboringmag-v x b = —j + — J. 2)
netic shells rapidly acquire significant phase differences. As ¢ ¢

a consequence, the wave acquires a very small spatial scalehe linearized equation of motion for small oscillations takes
across magnetic field shells and, hence, becomes toroidallthe form

polarized to preserve the source-free nature of the magnetic 52

field. pPom—=JjxB=0 (3)
However, since the initial disturbance is often viewed as 9t ¢

a surface wave on the magnetopause, it is of interest to conwhere

sider a case when the Alfvén wave is excited by an impulsive 19b

source concentrated on a specific magnetic shell. For thiy/ X E = <% 4)

special caseHasegawa et al1983 found features similar
to those of the case with a source widely distributed acros&@nd
L-shells. In our present study, we reexamine the problem as 10§

the solution obtained bijasegawa et a{1983 does not take E= > B. (%)

into account surface wave features. . . . .

In Sect. 2 we formulate an equation describing the spatio-Usmg. thgse equatlgns, one obtains the equation for the wave
temporal structure of a high-wave generated by a sudden electric fieldE (x, 1):
impulse concentrated on a given magnetic shell. In Sect. 3we1 §2E A7 9J
perform a Fourier-transform of the equation over time obtain- 42 5,2 — VXVxE= T2 ot (6)
ing as a result an integral solution for a spatial structure of a ) i
harmonic with a definite frequency. In Sect. 4 we perform anWhereA = B//4zp is the Alfven speed. S
inverse Fourier-transform, that is, we integrate the obtained L€t US suppose that the region under investigation lies in
monochromatic solution over frequency. In Sect. 5 we applyth€ opaque region for the fast mode. For example, it is pos-
a saddle-point method to the integral found in the previousSible when a highs perturbation is considered. Then the
section which allows us to find an asymptotic solution of our ©Nly propagating wave mode is the Alfvén mode. Assuming
problem. In Sect. 6 we discuss some consequences of ot infinite plasma conductivity in the magnetic field direc-

solution. Section 7 presents the principal results of the papefion. the parallel electric field component may be neglected;
thus, the wave’s electric field lies on surfaces orthogonal to

the field lines. According to the Helmholtz theoreMdfrse

2 Initial equations and FeshbaghL 953, an arbitrary vector field can split into

) ) ) the sum of potential and vortical components. By applying
In this study the magnetosphere is approximated and repreps theorem to the two-dimensional fiek we use the rep-
sented as a rectangular box. A field-aligned Cartesian coofrgsentationt = —V,®+V, xe,¥, wheree, = B/B and
dinate system is used: the z-coordinate is directed along th@l is the transverse nabla-operator. The “potentidisind
field lines, the x-coordinate is directed across the magneticy, represent the electric field of the Alfvén wave and fast
field lines and takes the role of the radial coordinate in themode, respectivelylimushkin, 1994 Fedorov et a].1998.
magnetosphere, and the y-coordinate is directed both acrosgs we are considering a region lying deep within the fast
field lines and magnetic shells, completing the triad and tak-y,ode opaque region, the fast mode contributiocan be ne-

ing the role of the azimuthal coordinate. Plasma parametergjected, and the electric field of the wave can be represented
are assumed to vary only in the x-direction; thus, all per-;, the form

turbed quantities on the azimuthal and longitudinal coordi-

nates vary agkyy+iksz, E=-V,o. 7
The equilibrium values of the magnetic field and plasma

density are designated d and p, respectively;# denotes

the displacement of plasma from its equilibrium positiéh,

b andj are the electric field, magnetic field, and electric cur-

rent density of the wave, respectively. 9 1 52 b 1 92
2| = —k2 k2| @

Let us substitute Eq.7§ into Eq. €) and apply the opera-
tor V on the expression obtained by this substitution. As a
result, we find the equation

The wave is assumed to be excited by a sudden impulse of | Taza2 7| oy Y| T aza2
an azimuthal current density = (0, Jy, 0) with
_ Amiky dJy

2 3t

Jy = Jo8(x — x0)8(t — 10) 1) (8)
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Fig. 1. A surface wave with superposed field line resonance. Here;

w is the wave energy density.

As a boundary condition for the solution of this partial dif-
ferential equation we use the condition

q)lxaioo =0. (9)
3 Solution for a single Fourier-harmonic
Performing a Fourier-transform over time, we have
3 | w? 3D, w?
I e ) e k2 — k2| o,
dx | A2 ox
=q8(x — xo)weiwlo, (10)

where®,, is a Fourier-transformed () value, and

q = —4m Joky/c.

This is a differential equation describing a monochromatic

1101

The solution of this equation can be written in the integral

form
pik(Ge—x7) k oK (xr —x0)
q—e”"t(’/ /dk’ (12)
2Q0 /kz_l_kz k}g+kf2

(Leonovich and Mazyrl1999. This expression describes a
surface wave exponentially decreasing from the surface of
the sourcexg with a field line resonance superposed on this
background (Figl). It should be noticed that it is a differ-
ent kind surface wave than considered by, Elasegawa and
Chen(1974, DeKeyser et al(1999, or Plaschke and Glass-
meier(2011), since it is not related to a sharp inhomogeneity
in the medium where wave propagation is considered; how-
ever, this surface wave is due to the highly localized source
described by the azimuthal current densjty= (0, Jy, 0).

In cases where perturbations are caused by magnetospheric
buffeting (e.g.Kivelson and Southwoqdl991;, Glassmeier
1992, the localized source would be located right at the mag-
netopause.

4 Inverse Fourier-transform over time

Performing the inverse Fourier-transform of E2) over
time, we find a solution in the form

ikl —x7(@))

(k2 1 k2
kg +k

b1y = 29

o0
dwe @10 / dk
2Q0

—00
k
£tk [x7 (@) —x0)]
/ P

k2+K'2

Alfvén oscillation generated by the external currentinthe ap- _
proximation when the fast mode can be neglected. The saméaking into account the linearr () dependence of EqL),
equation can be obtained as an exact one by assuming tHBiS expression can be rewritten as

plasma to be an incompressible fluldagsegawa and Uberoi
1982.

Let us introduce the resonance (toroidal) elgenfrequency

as Q(x) = kzA(x). Then the resonance surfagg can be
determined as a surface where the equality Q(x) holds.
Assuming the linear profile for the resonance frequency,
[—x

l
the coordinate of the resonance surface is

Qo—w

Qo

QL=Qo-

xr(w)=1- (1))

Near this surface, an approximate equalipf — Q2 ~
20 (w — ) holds, and Eq.%0) can be rewritten in the form

9 - 12%0 _jap, 1
ax XT(U))W ylx —x7(@)] Py

=q 2—%€imt05(x — xo).
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eikx=D —lk (xo—1)

k
f ]
‘/k2+k’2

00
ZQfdk

/12 2
Ooo k+koo

/ doe—@L—0= g5 k=K1

—00

Noting that the integral ovep here is an integral representa-
tion of the delta-function,

I

the integration ovek’ can be easily performed. Finally, we
obtain the following solution:

. _ Lo l
dwe L0~ g5k ")]=2n5[(r—to)—g_o(k—k’)],

. Q
D(x,1) = guO(t — tg)el 1710 T xo=D (13)
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where where
¢ ik Ge—D)—ik(xo—1) ky
I = / dk . (14) S(k2) = —ky(xg—x) —1In o
RN N[ RV YT 0
. . | QS 2 Qo
Thus, only the integration ovérhas yet to be performed. —1In l—z(t —t0)°+ 21kyT(t — 1o),
5 Asymptotic solution
. Q0 ky
Let us represent the integral in Eq4 in the form S(ka) = —ky(xo —x) +1—=(t —10) (x —x0) —In o x
o0
Q3 . Qo
I = /dkes(k) - |n\/l—20(t—to)2—21ky7(t—to),
—00
. and
where the “phase” is
d?S(kp)  d®S(k
(k2) _ d°S(ka) _ 20— x0)2.

1 1 Q
S:ik(x—xo)—éIn(k§+k2)—zln[k3+(k— To(t—to))z]. dk2 k2

To find an asymptotic solution &j|xo— x| > 1, we can use Now the int_egraII can be approximately represented as a
the saddle-point method. The saddle-point is determined as 8Um of two integrals near the two saddle-points,
point where the derivativés/dk vanishes:

I=01+1

as _ . K k— 0t —19) 0
— =i(x —xq) — - =0. i
dk K+k2 K+ k— 20— 1)) with

o0
A large value ofky|x — xg| implies that the denominator of 4= / d(k —ky 4)eS(k2,4)7(x7x0)2(k7k2,4)2
either the second or the third term is small. That is, there are™ '
four saddle-points, >

JT e—Hky(xo—x)

ky & +iky T JyGo—n |

vk \/%(r—to)%ziky%(z—zo)

Qo Finally, we have for the wave electric field potential
k3 ~ +iky + T(t — 1)

—ky (xo—x)

~ ik 4 220 O (x, 1) = g 3?O (t — to) ———[Fx(t) + Fo(1)],
If we are searching the solution in the regior: xp, then the (15)
path of the integration should go though the poistandks.
Correcting for a finiteky |x — xo| value yields where
j iR (t~10)
ko =—iky + —— Fx(®) = )
" 200-) ’ B2 i
l—z(t —10) — 2iky 1> (t — 10)
and
: Qo [ —iQ (x0)(1—10)
— Pt — - e
ka iky + l (t=to)+ 2(x0—x)~ Fo(t) = ,

DB 102 4 2ike 20 (r
In the vicinity of these two points, the “phase” can be ap- \/TZ(f 10) + 2iky =2 (t — 10)

proximated as )
and Q(x) and Q2(xg) are the resonance frequencies on the

1d?S(ky 4) ) given magnetic shellx) and on the magnetic shell of the
S~ S(kz,a) + ETZ’(IC —k2,4)°, source fo), respectively.
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6 Analysis of the solution 0.6 —

Re @
The factor exfp—ky(xo — x)] in Eq. (15) shows that the so- Im @
lution possesses the features of a surface wave localized on
the magnetic shell of the sourag. On this “background”
surface wave an additional spatial oscillation is imposed de- 0.3
scribed by the factor efp-i Q2 (x)(t — #p)] in the termFy(z).
This spatial modulation is displayed in Fig, representing o A
the result of a numerical determination of the integfia) (

The characteristic radial wave vector can be determined as

_9Q(x)
T ax

kx

(t —10).

The increase of the radial wave vector with time (which can
also be inferred from Fig2) implies a transformation from a 03 — T
predominantly poloidal Alfvén mode (largg, component) 0 0.02 0.04 006 0.08 01
into a toroidally polarized Alfvén mode (largéx compo- (eg)/1
nent) since the wave the electric fields components are deter- 04—
mined byEy = —iky® and Ex = —3®/dx. The decrease of —Re®
the radial wave length as well as the polarization change is —  m®
due to the phase mixing and is required to keep the magnetic
field perturbation source-free.

Let us consider the temporal evolution of the wave field in 0.2
more detail. For this we calculate the azimuthal electric field
of the wave: ®

o —ky(0—x)

Vky(xo —x)

Ey = —ikyqn®/?0(t — 10) [Fx(t) + Fo(1)]. 0—

(16)

The first term in this expressiofy(¢), corresponds to the os-
cillation with the local resonance frequency, as in the theory 0.2 — 77—

of the wave excited by the impulse widely distributed across 0 0.02 0.04 006 0.08 01

magnetic shells (below, this theory is referred to as the wide (xg)/1

impulse theory). However, there is the second tefg(y),

describing the oscillation with a frequency corresponding toFig. 2. Spatial structure of the wave at two time&gy(r — 7g) = 100

the resonance frequency on the source surface, which dod®p panel) and2q(r — 7g) = 200 (bottom panel).

not have an analogy in the wide impulse theory. As both,

the local resonance frequency and the resonance frequency

of the source surface are different, beating occurs as seen in

Fig. 3. Due to the presence of the square roots in the denom¢Fig. 5). There are two contributions iEy. The first is
inators of Fx(#) and Fo(t), the amplitude of the oscillation  F,(¢) + Fo(r) which behaves similar to th€y, component:

in the Ey, component decreases with time, which is also ev-beating with decaying amplitude. The second one is propor-
ident from Fig.4, where the wave electric field energy den- tional to Fx(¢). It represents the oscillation with the local fre-
sity wy = | Ey|?/8x is displayed as a function of time. The quency$(x) on the given magnetic shell and grows with
poloidal mode wave energy decreases much as in the case @ine as the square root of time. The amplitude ofEgends

the wide impulse situation. to some constant value, as is seen also from &igvhere
The spatio-temporal behaviour of the radial electric field the temporal evolution of the toroidal mode electric field en-
componentEy, is given by the expression ergy densitywy = | Ex|2/87 is shown. We conclude that the

energy is transferred from the azimuthal component of the

— 3/2 _ —ky(x0—x) J - . . .
Ex=qm™"00 —10)e electric field to the radial component, or from poloidal field

. { ky(xo — x) [Fx(?) + Fo(?)] line oscillations into toroidal ones. This behaviour is similar
to the wide impulse situation treated earlier by élgsegawa
n i(t—19) d2(x) Fx(t)} a7 o al.(1983. However, contrary to that theory, the initiak
Vky(xo—x) dx value is not zero: at the outset, the amplitude&'pfand Ey

www.ann-geophys.net/30/1099/2012/ Ann. Geophys., 30, 109986 2012
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Fig. 3. Temporal evolution of Ey far from the source,
(xo—x)/1=0.1.
0.8

0 50 100 150 200
Qo(l'to)

Fig. 4. Temporal evolution of wave energy density, and its com-
ponentswy andwy, far from the source(xg —x)// =0.1.

are equal to each other. This implies that the newborn wavey, _ 1

exhibits a mixed polarization, poloidal and toroidal.

Another difference in comparison with the wide impulse

theory is the total energy density,= wy 4 wy on the given
magnetic shell is not constant (see Fjj.However, if the en-

D. Yu. Klimushkin et al.: Alfvén waves excited by a sudden impulse on L-shell

0.8 — — Re EX

— ImE

X

08 T | T | T | T |
0 50 100 150 200
Q(t-1,)
Fig. 5. Temporal evolution of Ex far from the source,
(xo—x)/1=0.1.
16 —
12 1
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Q1)

Fig. 6. Temporal evolution of wave energy density, and its com-
ponentswy andwy, on the surface of the impulsg.

o0
1 3
- / (EXE;; +EyE;) dx = Z7°qky.
—o0

is conserved. To prove this one only needs to expkegsand
Ey using Egs. 13), (14), change an order of integration and

ergy density decreases somewhere, it must grow somewhetgse the integral representation of the delta-function.

else. Numerical calculations show that this happens on the Figure7 displays the temporal change of the spatial wave
surface of the impulseo; the energy increase is shown in structure represented by the wave energy density). At

Fig. 6. Because of this the total electric energy integrated? = fo, there is only a gradual decrease of the wave amplitude

over the whole plasma volume,

Ann. Geophys., 30, 1099106 2012

with distance from the source. As time elapses, the energy

accumulates near the surface of the source, while far from the
source it diminishes, tending to some small constant value.
Thus, a kernel and a tail of the oscillation are formed. As is

www.ann-geophys.net/30/1099/2012/
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16 — accumulate at the source magnetic field shell. The system
— Q(#-1))=0 behaves by not supporting wave energy transport in the ra-

T — Q(#-1,)=100 dial direction in the long run. But this can only be achieved

12 ——— Q(t-1,)=200 by coupling the initial poloidal wave energy into toroidal

wave energy using the non-uniform background plasma and
its wave dispersion properties as a kind of catalytical agent.

Many features of the solution derived here have analogies
in the theory of the temporal evolution of an initial distur-
bance widely distributed across magnetic shells considered
in several earlier publications. Among them are phase mix-
ing, the transformation into toroidally polarized wave, and
oscillations with the local Alfvénic frequency. These features
were also described in the previous studHafsegawa et al.

5 —— (1983 dealing with wave generation. by a surface impulse.
5 662 o0k 608 008 i Other features, s_uch as the beating on the poloidal com-
(xg)/1 ponent for a short time interval after the onset of the oscil-
lations, the change of the mode polarization from a mixed
Fig. 7. Wave energy densityy, at different distances from the sur- to predominantly toroidal mode, the concentration of power
face of the impulsey for different times. near the surface of the source with the local Alfvénic fre-
guency have no analogies in the theory of the initial distur-
seen from the figure, the width of the kernel decreases witrPance widely distributed across the magnetic shells. These
time. features were not revealed by the earlier studidasegawa
et al. (1983. We suppose that such features can be used as
observational marks of ULF waves generated by sudden im-
7 Conclusions pulses localized on some magnetic surface.
A factor which can prevent the concentration of power
This paper investigates the spatio-temporal structure of thenear the surface of the source is the dissipation of the wave
high-mn ULF waves generated by a sudden impulse concenenergy due to the finite conductivity of the ionosphere. How-
trated on a given magnetic shell in a rectangular box. Dueever, as is seen from Figé.and7, the power concentration
to the assumed small spatial variation in the azimuthal coorbecomes evident as soon as ten wave periods; since usual
dinate, the contribution of the fast mode is negligibly small, Pc4-5 pulsations are observable for the longer time, we do
and the wave is represented by the Alfvén mode. At the outnot expect the power concentration to be prevented by the
set, both poloidal and toroidal components are present in theissipation. Second, our consideration is applied to the high-
wave’s magnetic field. The wave amplitude exponentially de-m waves, which are the subject of the various kinds of the
creases with the distance from the source. The poloidal comwave-particle interactions and associated kinetic instabilities.
ponent oscillates in the beating regime. Due to phase mix-These instabilities lead to the suppression of the dissipation
ing, its amplitude decreases with time down to zero. Beatingon the earlier stages of the wave evoluti#tifhushkin and
is less pronounced in the toroidal component. Its amplitudeMager, 2004 Klimushkin, 2007).
grows with time, reaching some constant amplitude. The to- The results of this paper can also be applied to the gen-
tal energy, integrated over the entire plasma volume, is coneration of magnetospheric perturbations due to buffeting of
served. As time elapses, a thin kernel and a wide tail of oscilthe magnetopause, especially traveling convection vortices
lations are formed: the energy density near the source magKivelson and Southwoqdl991;, Glassmeier1992. How-
netic shell grows, while far from the source it is significantly ever, in this case the source is localized in both transverse co-
decreasing, finally reaching some small constant value. Thabrdinates, across L-shells and in the azimuthal direction. Fur-
is, the Alfvén wave on the surface of the source with the lo-thermore, such sources should be moving in the azimuthal
cal Alfvénic frequency on this surface grows. Each field line direction as they are related to magnetosheath flow, there-
in the low amplitude tail oscillates with the local Alfvénic fore the wave energy finally leaves the systétager and
frequency on its magnetic shell. Klimushkin (2007, 2008, Zolotukhina et al(2008 andYeo-

The retreat of the wave energy onto the magnetic shell ofman et al(2012 considered ULF wave excitation by a mov-
the source is a rather peculiar finding. The initial poloidal ing source, but they supposed the source to be widely dis-
wave spreads across field lines and excites local oscillationgributed across magnetic shells while localized in azimuth. A
decaying by phase mixing. The small radial scales generatethore general theoretical treatment is required here and will
in this way require a mode transformation towards toroidalbe the subject of future studies. The generation of therow-
oscillations. The amplitude of these oscillations decays withULF waves by a surface impulse also demands a separate
time, and energy conservation requires the wave energy to

www.ann-geophys.net/30/1099/2012/ Ann. Geophys., 30, 109996 2012
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study, since the coupling with the fast mode greatly exaggerKlimushkin, D. Y.: Method of description of the Alfvén and magne-
ates a situation. tosonic branches of inhomogeneous plasma oscillations, Plasma
Phys. Rep., 20, 280-286, 1994.
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