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ABSTRACT

Khotyaintsev, Y. 2002. Alfvén Waves and Energy Transformation in Space Plas-
mas. Acta Universitatis Upsaliensis. Comprehensive Summaries of Uppsala Dis-
sertations from the Faculty of Science and Technology 793. 50 pp. Uppsala. ISBN
91-554-5505-0.

This thesis is focused on the role of Alfvén waves in the energy transformation and
transport in the magnetosphere. Different aspects of Alfvén wave generation, prop-
agation and dissipation are considered. The study involves analysis of experimental
data from the Freja, Polar and Cluster spacecraft, as well as theoretical develop-
ment. An overview of the linear theory of Alfvén waves is presented, including
the effects of finite parallel electron inertia and finite ion gyroradius, and nonlin-
ear theory is developed for large amplitude Alfvén solitons and structures. The
methodology is presented for experimental identification of dispersive Alfvén waves
in a frame moving with respect to the plasma, which facilitates the resolution of
the space-time ambiguity in such measurements. Dispersive Alfvén waves are iden-
tified on field lines from the topside ionosphere up to the magnetopause and it is
suggested they play an important role in magnetospheric physics. One of the pro-
cesses where Alfvén waves are important is the establishment of the field aligned
current system, which transports the energy from the reconnection regions at the
magnetopause to the ionosphere, where a part of the energy is dissipated. The main
mechanism for the dissipation in the top-side ionosphere is related to wave-particle
interactions leading to particle energization/heating. An observed signature of such
a process is the presence of parallel energetic electron bursts associated with dis-
persive Alfvén waves. The accelerated electrons (electron beams) are unstable with
respect to the generation of high frequency plasma wave modes. Therefore this the-
sis also demonstrates an indirect coupling between low frequency Alfvén wave and
high frequency oscillations.
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netic reconnection.
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Chapter 1

Introduction

This thesis presents some aspects of the energy transformation and transport
in the magnetosphere related to Alfvén waves. We follow the energy chain from
the generation of Alfvén waves at magnetopause to their dissipation resulting
in particle heating/energization in the ionosphere and the generation of high
frequency waves.

The thesis has the following structure. In Chapter 2 the linear theory of
Alfvén waves and modifications to the wave properties due to the electron
inertia, and the finite ion gyroradius are presented. In Chapter 3 we discuss
methods to identify dispersive Alfvén waves in a frame moving with respect to
the plasma in two different cases. In the first case a fast moving ionospheric
spacecraft (Freja) is considered while in the second one an almost stationary
spacecraft (Cluster) in the rapidly convecting plasma at the magnetopause.
The dissipation of inertial Alfvén waves in the ionosphere is considered in
Chapter 4. The role of Alfvén waves in the process of magnetic reconnection
at the magnetopause is discussed in Chapter 5. In Chapter 6 the summary of
publications included in this thesis is presented.
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Chapter 2

Alfvén wave theory

Alfvén wave is one of the most important wave modes in magnetized plasmas.
It exists due to the balance between the magnetic field tension and ion inertia.
These waves were first theoretically predicted by H. Alfvén [1] and are now
called shear Alfvén waves because the perturbations of the magnetic field are
perpendicular to the ambient field and wave vector.

This chapter will cover two-fluid plasma description and emerging from it
classic MHD waves which include shear Alfvén waves. In Section 2.3 we will
consider modification of shear Alfvén waves due to non-MHD effects which
result in perpendicular dispersion. Dispersive Alfvén waves have perpendicular
wavelengths comparable either to the electron inertial length λe = c/ωpe, the
ion gyroradius ρi = VTi/ωci, or to the ion-acoustic gyroradius ρs = CS/ωci.

2.1 Two-fluid MHD model

The MHD model of plasma is given by equations of continuity and momentum
coupled with the Maxwell’s equations.

Continuity:
dnα

dt
+ nα∇ · vα = 0 (2.1)

Momentum:

nαmα
dvα

dt
= qαnα (E + vα × B) −∇pα +

∑
β

nαmα (vα − vβ) ναβ (2.2)

Maxwell’s equations:

∇× B =
1

c2

∂E

∂t
+ µ0j, (2.3)

∇× E = −∂B

∂t
, (2.4)

∇ · E =
e

ε0

(ni − ne) , (2.5)

∇ · B = 0. (2.6)
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Here the index α = i, e accounts for the ions and electrons respectively, the
qi = −qe = e is the charge , d/dt = ∂/∂t + v · ∇ is the convective derivative, ν
is the collision frequency, and j = en (vi − ve) is the electric current. Equation
of state p = p(n, T ) or some other additional condition is required for closure
of the system (2.1)–(2.6).

2.2 “Classic” MHD waves

In this section we consider low-frequency (ω � ωci = eB/m) and long-
wavelength (L � ρi = vTi/ωci) perturbations in magnetized plasma with
B0 = B0ez. Under such conditions the initial two-fluid system (2.1)–(2.6)
can be reduced to single-fluid in the limit me → 0, and ne = ni ≡ n which is
called ideal MHD [2]. Let us introduce new variables

ρ = min, (2.7)

v = vi, (2.8)

p = nT, (2.9)

T = Te + Ti, (2.10)

and consider small perturbations of the equilibrium values for quantities a =
a0 + a1, where a1 ∼ exp [−i (ωt − k · r)] is a first order perturbation, with the
wave vector k lying in the (y,z) plane

k = k⊥ey + k‖ez. (2.11)

The MHD equations after linearization give

ωρ1 = ρ0 (k · v1) , (2.12)

ωp1 = γp0 (k · v1) , (2.13)

ωB1 = −k × (v1 × B0) , (2.14)

µ0ωj1 = −ik × [k × (v1 × B0)] . (2.15)

Substitution of equations (2.12)–(2.15) into the linearized momentum equa-
tion results in the following relations(

ω2 − k2
‖V

2
A

)
v1x = 0, (2.16)(

ω2 − k2
⊥C2

S

)
v1y − k⊥k‖C2

Sv1z = 0, (2.17)

−k⊥k‖C2
Sv1y +

(
ω2 − k2

‖C
2
S

)
v1z = 0, (2.18)

where VA = (B2
0/µ0ρ0)

1/2
is the Alfvén velocity and CS = (γp0/ρ0)

1/2 is the
sound velocity. By setting the determinant of this system to zero, we find the
dispersion relation

ω2 = k2
‖V

2
A , (2.19)

ω2 =
1

2
k2

(
V 2

A + C2
S

) [
1 ±

(
1 − α2

)1/2
]
, (2.20)
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where

α2 = 4
k2
‖

k2

V 2
AC2

S

(V 2
A + C2

S)
2 . (2.21)

It can be seen that low frequency MHD waves have three branches, which
can be classified after the phase speed ω/k: fast, intermediate and slow.

The shear Alfvén wave, or intermediate wave has the dispersion relation
(2.19); the phase speed is independent of k⊥ and the polarization is such that
the perturbations of the magnetic field are perpendicular to B0 and k. There
is no associated density or pressure perturbation.

The “+” sign in equation (2.20) gives the fast magnetosonic wave ωf > ωi.
This wave is characterized by plasma and magnetic field compression, and B1

has both parallel and perpendicular components. In the low-β limit (β =
2µ0nT/B2

0 ≈ V 2
S /V 2

A � 1) the dispersion relation reduces to

ω2
f = k2V 2

A . (2.22)

The “–” sign in equation (2.20) gives the slow magnetosonic wave ωs < ωi.
It is associated with depressions in magnetic field and pressure. In the low-β
limit the slow magnetosonic wave reduces to the ion-acoustic wave.

ω2
s = k2

‖C
2
S. (2.23)

2.3 Dispersive Alfvén waves

In this section we consider a deviation from the shear Alfvén wave which is
called the dispersive Alfvén wave. In contrast to the shear Alfvén wave, the
dispersion relation (2.19) dispersive AW gains dependence on k⊥ due to non-
MHD effects such as parallel electron inertia and kinetic effects (for detailed
discussion see Stasiewicz et al. [3]).

An important dimensionless parameter in determining the dispersion prop-
erties of the Alfvén wave is the electron-β: βe=2µ0nTe/B

2
0=(me/mi)(2V

2
Te/V

2
A),

where V 2
Te = Te/me. The Alfvén wave properties depend upon whether the

Alfvén velocity is larger than the electron thermal speed (VA � VTe, the iner-
tial limit), or smaller (VA � VTe, the kinetic limit).

2.3.1 Inertial Alfvén wave

In a low-βe plasma (βe < me/mi, i.e., VA > VTe), the electron inertia should
be retained in equation (2.2). The inclusion of nonzero electron inertia in
the equation of parallel electron motion gives rise to the parallel electric field.
Indeed, with pressure neglected, the parallel component of equation (2.2) for
the electrons becomes

me

∂ve‖
∂t

= qeE‖. (2.24)
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The modified dispersion for inertial Alfvén wave is given by [4]

ω2 =
k2
‖V

2
A

1 + k2
⊥λ2

e

, (V 2
A > V 2

te). (2.25)

In the limit k2
⊥λ2

e � 1 relation 2.25 reduces to the shear Alfvén wave dispersion
relation (2.19).

The k⊥ dependence results in the appearance of the additional component
of the group velocity perpendicular to the magnetic field

∂ω

∂k
= ẑ

VA

(1 + k2
⊥λ2

e)
1/2

− x̂ωλe
k⊥λe

1 + k2
⊥λ2

e

. (2.26)

Thus, the perpendicular energy flow exists in addition to the parallel energy
flow for the shear wave. The parallel group velocity is decreased for larger
k⊥. As can be seen from (2.25), the inertial Alfvén wave has ω2 ≤ k2

‖V
2
A , and

propagates inside a conical region with apex angle

tan θr =
ω

ωci

(
me

mi

)1/2

, (2.27)

as it follows from (2.26).

2.3.2 Kinetic Alfvén wave

In a plasma with intermediate beta values (me/mi < βe � 1, i.e., VA < VTe)
the kinetic Alfvén wave exists. The electron inertia is negligible in this case,
but the parallel electric field is driven by the electron pressure gradient when
Te � Ti. From the parallel equation of motion for electrons (2.2), under the
assumption of constant temperature, we get

E‖ = − Te

ene

∂ne

∂z
= −eµ0ρ

2
sV

2
A

∂ne

∂z
. (2.28)

The modified dispersion relation for kinetic Alfvén wave is given by

ω2 = k2
‖V

2
A

(
1 + k2

⊥ρ2
s

)
. (2.29)

In the limit k2
⊥ρ2

s � 1 this reduces to the shear Alfvén wave dispersion relation
(2.19). The group velocity for kinetic AW is given by

∂ω

∂k
= ẑVA

(
1 + k2

⊥ρ2
s

)1/2
+ x̂ωρs

k⊥ρs

1 + k2
⊥ρ2

s

, (2.30)

and the propagation angle yields

tan θ =
(

ωρs

VA

)
k⊥ρs

[1 + k2
⊥ρ2

s]
3/2

≤ ω

ωci

(2βe)
1/2

33/2
. (2.31)
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2.3.3 Finite Larmor radius and finite frequency effects

To include both finite Larmor radius and finite frequency effects, kinetic treat-
ment of the problem is necessary. In the case of cold plasma (βe < me/mi) the
dispersion relation for dispersive AW is given by

k2
‖V

2
A =

ω2(1 + k2
⊥λ2

e)

(1 − ω2/ω2
ci)(1 + k2

⊥ρ2
i )

, (2.32)

which in the limit of low frequency (ω � ωci) reduces to the equation

ω2 =
k2
‖V

2
A(1 + k2

⊥ρ2
i )

(1 + k2
⊥λ2

e)
. (2.33)

For the higher βe values (βe > me/mi) the dispersion relation for dispersive
AW is given by

ω2 = k2
‖V

2
A

[
1 + k2

⊥(ρ2
s + ρ2

i ) −
ω2

ω2
ci

(1 + k2
⊥ρ2

i )

]
. (2.34)

2.3.4 Polarization

For cold electrons (βe < me/mi) the polarization of dispersive AW is given by

E‖
E⊥

=
k‖k⊥λ2

e

1 + k2
⊥λ2

e

. (2.35)

For the kinetic wave, using the low frequency limit (ω � ωci) of (2.34) the
polarization is given by

E‖
E⊥

= − k‖k⊥ρ2
s

1 + k2
⊥ρ2

i

. (2.36)

An important quantity which can be used to identify dispersive AW in the
measurements is the ratio of the perpendicular components of the electric and
magnetic fields of the wave Ey/bx, which are in the plane perpendicular to the
B0 = B0ez. In the cold electron limit, we use dispersion (2.33) to obtain

∣∣∣∣Ey

bx

∣∣∣∣ = VA

√
(1 + k2

⊥λ2
e) (1 + k2

⊥ρ2
i ). (2.37)

Thus, the wave becomes more electrostatic for the short perpendicular wave-
lengths.

For the kinetic wave in the low frequency limit of (2.34) we have

∣∣∣∣Ey

bx

∣∣∣∣ = VA
1 + k2

⊥ρ2
i√

1 + k2
⊥ (ρ2

s + ρ2
i )

. (2.38)
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Chapter 3

Identification of dispersive AW
in satellite data

In a moving frame the observed frequency is Doppler shifted with respect to
the rest-frame frequency

ω = ω0 + k · v. (3.1)

There are situations in satellite observations when the observed frequency
is totally dominated by the Doppler shift term, e.g. k·v � ω0. This is the case
for low frequency waves (ω � ωci) such as dispersive Alfvén waves. The two
following situations are considered in this chapter: (1) inertial Alfvén waves
observations in the ionosphere by fast moving spacecraft [paper III] and (2)
kinetic Alfvén waves observations at the magnetopause in the presence of fast
plasma flows [paper V].

3.1 Identification of inertial AW

Orbits of a low altitude ionospheric satellite (e.g. Freja) are usually such
that the spacecraft velocity (vs ∼ 7 km/s) is mainly perpendicular to the
geomagnetic field, and it is significantly higher than the perpendicular motions
of the plasma. In such case, the spacecraft velocity vs causes the Doppler
shift in relation (3.1). For example, the Doppler shift term for waves with
perpendicular wavelengths spread over 14–7000 m is 1–500 Hz, and dominates
over the real wave frequency f � fcO+ . Under typical Freja conditions, B0 ∼
25, 000 nT, the oxygen gyrofrequency is fcO+ ≈ 24 Hz. Under the assumption
k · v � ω0, the perpendicular wave number can be expressed through the
observed frequency

k⊥ = ω/vs = 2πf/vs. (3.2)

Using this relation, the polarization for the inertial AW (equation 2.37) can
be written in the form

∣∣∣∣Ey

bx

∣∣∣∣ = VA

√√√√√

1 +

[
2πf

vs

]2

λ2
e





1 +

[
2πf

vs

]2

ρ2
i


, (3.3)
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Figure 3.1: δE/δB ratio for a 15 s time interval 09:46.35-50 UT, Freja orbit
6834, March 07, 1994. The fit is made using the dispersion given by equation
(3.3). A single dispersive Alfvén mode is seen at λ ∼ 30−10, 000 m, for plasma
parameters: vA = 3, 000 km/s, λe = 100 m, and ρi = 20 m.

which can be directly compared to the ratio of the observed Ey and bx. The
indices x and y represent here the two components which are perpendicular to
each other and to the ambient magnetic field, which is along the z axis.

Figure 3.1 presents the ratio δE/δB as a function of vs/f for Freja orbit
6834, where vs = 6.8 km/s is the spacecraft velocity perpendicular to B0 . Such
a representation is appropriate if the observed fluctuations on the spacecraft
are related to the Doppler shifted spatial structures ∆ω = ∆k ·vs, so that vs/f
represents the spatial length λ. In the range of spatial scales 40–10,000 m, the
measurements are well represented by the relation (3.3). In the frequency
domain, these scales correspond to ∼ 1 − 200 Hz.

Additional information concerning the spatio-temporal content of the Alfvé-
nic turbulence can be obtained from the comparison of the density measure-
ments made in the two spatially separated points. In the ideal case of a purely
spatial turbulence one should obtain identical measurements on two probes
shifted by ∆t = d · vs/v

2, where d is the probe separation. An example of
such measurement is presented in Figure 3.2. A visual inspection shows that
the large scale density structures are mainly spatial. The observed time delay
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Figure 3.2: Double probe density measurements in a turbulent region in the
cusp for Freja orbit 6454 on February 06, 1994.

indicatse the speed of the structures of the order of the satellite speed (∼7
km/s).

Such visual inspection is possible for singular large amplitude density per-
turbations as in Figure 3.2. For small amplitude variations it is more useful
to apply spectral methods. Let us consider a density wave δn ∝ cos(k⊥x−ωt)
propagating perpendicularly to B0, and along the antenna direction. The
phase difference between the two density probes separated by distance d is
∆φ = k⊥d. Introducing the perpendicular phase velocity v = ω/k⊥ into this
expression, we get ∆φ = 2πfd/v. Applying the cross-spectral analysis to the
two density signals the phase shift, the coherency of two signals, and the depen-
dence ∆φ(f) can be determined. Eight spectra consisting each of 256-point
Fourier transforms of the data are averaged to produce the cross-spectrum.
The phase of the cross-spectrum is displayed in Figure 3.3 as a function of
λ = vs/f , where vs = 7 km/s is the perpendicular satellite velocity. The solid
line shows the phase difference that would be observed if the density pertur-
bations were stationary in the plasma reference frame. The measured phase
shift between the two signals verifies the interpretation that structures down
to ∼15 m (up to 500 Hz in the satellite reference frame) are spatial.

3.2 Identification of kinetic AW

Fast plasma convection at the magnetopause causes similar Doppler shift ef-
fects as the fast motion of a low-altitude spacecraft. The convection velocity
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Figure 3.3: Phase difference of two density signals for the case in Figure 3.2
plotted as a function of vs/f . The measurements indicate that down to λ = 15
m the density structures are stationary, or slowly drifting v � vs.

v ≈ vE = −E×B is much higher than the spacecraft velocity and lies usually
in the range 50–500 km/s. The perpendicular wave number can be expressed
through the observed frequency in a way similar to equation (3.2) but with vs

replaced by vE:
k⊥ = ω/vE = 2πf/vE. (3.4)

Using relation (3.4) ratio (2.38) can be rewritten in the terms of the ob-
served frequency ∣∣∣∣Ey

bx

∣∣∣∣ = VA

√√√√1 +

(
2πf

vE

)2

ρ2
i . (3.5)

To test the hypothesis that the broadband spectrum in the frequency range
0.1–10 Hz (between fci and fLH) is a Doppler shifted turbulence below fci we
compare the observed δEy/δBx spectra with equation (3.5). Figure 3.4 presents
the δEy/δBx ratio computed from the Cluster 3 measurements as a function
of frequency for 1 minute interval 10:55-56 UT, December 31, 2000. The
ratio of the power spectra can be well fitted by equation (3.5) with VA ≈ 350
km/s, ρi ≈ 80 km, v ≈ 150 km/s. The obtained value for VA corresponds to
B ≈ 18 nT and n ≈ 1 cm−3 , which is consistent with local measurements. The
convection speed vE fluctuates between 70–200 km/s within the magnetopause
boundary at 1055:30–1056:10 UT.

The results of this analysis suggest that the broadband low frequency tur-
bulence observed in different regions of the magnetosphere represents most
likely the Doppler shifted spatial turbulence of dispersive Alfvén waves.
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Figure 3.4: δE/δB ratio for a 60 s time interval 10:55-56 UT, Cluster 3,
December 31, 2000. The fit is made with the dispersion given by equation
(3.5).
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3.3 Applicability of δE/δB ratio

Relations (3.3) and (3.5) are derived for plane waves. It can be shown that
similar relations also hold for general two-dimensional structures in the plane
perpendicular to B0. Let us consider the following relation between original
power spectra in the plasma reference frame

PE(k) = k2pPB(k), (3.6)

which corresponds to a polynomial dependence of the Ey/bx ratio on wavenum-
ber only. Assuming, that structures are almost purely spatial, the relation
between angular frequency and wavevector in the satellite frame is

ω ≈ k · v = kv cos θ. (3.7)

The measured power spectrum Pm(ω) can be expressed in terms of the original
2D power spectrum P (k), which in polar coordinates reads [5]

Pm(ω) =
1

v

∫ ∞
ω
v

dk
P

(
k, cos−1

(
ω
kv

))
√

1 −
(

ω
kv

)2
. (3.8)

Introducing the notation k = ω/ξv, we can write

PB
m (ω) =

ω

v2

∫ 1

0
dξ

P ( ω
ξv

, cos−1(ξ))

ξ2
√

1 − ξ2
. (3.9)

The electric field power spectrum is then

PE
m(ω) =

ω2p+1

v2p+2

∫ 1

0
dξ

P ( ω
ξv

, cos−1(ξ))

ξ2p+2
√

1 − ξ2
, (3.10)

and the ratio of the observed spectra is therefore

PE
m(ω)

PB
m (ω)

=
ω2p

v2p

∫ 1
0 dξ

P ( ω
ξv

,cos−1(ξ))

ξ2p+2
√

1−ξ2∫ 1
0 dξ

P ( ω
ξv

,cos−1(ξ))

ξ2
√

1−ξ2

. (3.11)

If P decays sufficiently fast as ξ → 0, then the ratio of integrals should converge
to a constant, and we obtain

PE
m(ω)

PB
m (ω)

=
ω2p

v2pξ̄2p
= k̄2p ∼ PE(k)

PB(k)
, (3.12)

where ξ̄ and k̄ denote an average value of ξ and k, respectively. The assumption
of polynomial relation (3.6) between the power spectra should not be a serious
constraint because we can always expand this relation in the Taylor series.
Thus, it is expected that relations (3.3) and (3.5) will be preserved in the case
of a satellite crossing a general 2D turbulence.
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Dissipation of Alfvén waves

The dissipation of Alfvén waves takes place mainly in the lower ionosphere
(below altitudes of 1000 km) where collisions are important (ν ∼ ω) [6]. A
finite plasma conductivity, defined by

σ =
ne2

mν
, (4.1)

where ν is the electron-ion collision frequency, leads to the dissipation of the
wave energy through the Joule heating defined by j2/σ.

However, in the top-side ionosphere and magnetosphere, plasma is essen-
tially collisionless and Alfvén waves are non-dissipative in the usual (colli-
sional) meaning. Hence, the dominant dissipation mechanism is through wave-
particle interactions. Interaction of a particle with a wave is strongest in the
vicinity of the resonance defined by

ω = k · v, (4.2)

where ω and k are the frequency and wave vector of the wave, and v is the
velocity of the particle. When the resonance condition is satisfied, the particle
has constant phase in the frame of the wave and it gets effectively accelerated
(or decelerated) by the electric field of the wave. The total energy and mo-
mentum of the system of wave and particles is conserved in the interaction.
The variation of the wave amplitude due to wave-particle interaction is called
Landau damping, and the corresponding variation of the velocity distribution
of particles – quasi-linear diffusion [7].

It was emphasized from the introduction of dispersive AW [8, 4] that the
perpendicular dispersion leads to the existence of parallel electric field and
therefore to a possibility for a wave to effectively interact with particles, pri-
mary electrons. The general problem of linear Landau damping of dispersive
AW was considered by Lysak and Lotko [9], and the results of this work are
discussed in Section 4.1. Observations of electron acceleration events associ-
ated with dispersive AW in the topside ionosphere [paper I] are discussed in
Section 4.3.

In general, there are two possible scenarios of electron acceleration/energi-
zation by dispersive Alfvén wave, depending on the amplitude of the wave: lin-
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ear resonant acceleration regime (small amplitude case), and nonlinear regime,
e.g., trapping (large amplitudecase).

Linear acceleration of electrons by the parallel electric field at the front edge
of a singular pulse of linear inertial Alfvén wave [10, 11] and stationary inertial
AW structures [12] were considered. Thompson and Lysak [13] modelled the
propagation of an Alfvénic pulse in realistic ionospheric conditions, considering
inhomogeneous density and magnetic field profiles and the effect of ionospheric
Alfvén resonator. The obtained distribution of the parallel electric field was
used to study the acceleration of test electrons.

The maximum achieved acceleration for the mentioned scenarios is

vf = 2VA − vi, (4.3)

where vi and vf are the initial and final velocities of electron respectively.
This result is equivalent to the reflection of a particle from a potential barrier
moving with velocity VA. The linear approach is applicable only in the case
when the energy gained by electrons is small in comparison with the thermal
energy and the energy of the wave; otherwise, the nonlinear effects should
be taken into account in order to calculate the dissipation of the wave and
properly describe the acceleration process.

If the amplitude of the parallel electric field is large enough to accelerate
electrons to velocities above thermal, or even up to Alfvén velocity, (VTe �
VA for low-β ionospheric plasma), the particle distribution becomes unstable
with respect to generation of low-frequency (ω ∼ ωpi) turbulence. This leads
to the scattering of plasma particles by the turbulence and establishment of
anomalous resistivity in plasma; the collision frequency in equation (4.1) is
replaces by the frequency of effective collisions with the turbulence. The effects
of large amplitude inertial AW and anomalous resistivity are considered in
Section 4.2.

Acceleration of electrons due to the nonlinear steepening large amplitude
inertial AW [14, 15], and by inertial AW in presence of a strong perpendicular
density gradient [16] was studied in particle-in-cell (PIC) simulations. How-
ever, in these simulations “an initial perturbation problem” was considered,
where the profiles of magnetic and electric field corresponding to the large am-
plitude dispersive AW were specified as initial condition. The development of
the acceleration was observed during the initial stage of the nonlinear steepen-
ing on electron time scales (ω ∼ ωpe), and not on scales typical for Alfvén waves
(ω � ωci). This is equivalent to an aperiodic solution in an oscillatory system
with strong damping; the damping in this case was caused by unrealistically
large parallel electric field applied to the plasma. Even though the used initial
conditions match the linear relations for inertial AW, the further evolution
cannot be considered as evolution of an Alfvén wave.

Section 4.4 suggests a continuation of the energy transformation process
from Alfvén wave to plasma. According to the scenario proposed, the electron
beams (accelerated by inertial AW) are dissipating through the generation of
Langmuir waves, which then further delay into lower-hybrid turbulence due to
parametric instabilities [paper II]. The electron beams may also drive nonlinear
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electron-acoustic waves in a plasma with two electron components (cold and
hot) [paper VIII].

4.1 Linear damping

Landau damping is the phenomenon of resonant interaction between waves
and particles. Particles are in resonance with a wave when condition (4.2)
is satisfied. Particles faster than vph = ω/k will give their energy to the
wave, while particles slower then vph will gain energy from the wave. Since
a Maxwellian distribution has a negative slope in a vicinity of any positive
vph, or in other words there are always more particles gaining the energy than
losing, and therefore there is a net damping of the wave. Landau damping is
essentially a kinetic effect and it cannot be obtained in the MHD model.

Lysak and Lotko [9] have considered a problem of the kinetic dispersion
of dispersive AW. Figure 4.1 shows the Landau damping rate of dispersive
AW normalized to the frequency of the wave for three different values of ion-
to-electron temperature ratios of 0, 1 and 10. The damping rate increases
monotonically with the increase of electron temperature (v2

e/V
2
A in Figure 4.1)

and the perpendicular wave vector k⊥λe (or with a decrease of the perpendic-
ular wavelength).

In the top-side ionosphere, the magnetic field is rather strong (B ∼ 30 000
nT) and the electrons are cold (Te ∼ 1 eV), so that VA > VTe and β < me/mi.
This means that lower parts of the plots (v2

e/V
2
A < 0.1) in Figure 4.1 are actual

for ionospheric conditions. Non-negligible damping (ν/ω > 0.01) starts for
k⊥λe > 1 in the case of equal electron and ion temperatures (middle panel).
However in the case of large ion temperature (Ti/Te = 10, lower panel), which
is more appropriate for the auroral zone, Landau damping is negligible in the
whole studied range of perpendicular wavelength.

The picture of Landau damping presented here is based on a linear ap-
proach, and is thus only valid for small wave amplitudes. For the case of large
amplitudes, a self-consistent problem of wave propagation and evolution of
distribution function should be considered.

4.2 Strong currents and anomalous resistivity

In this section we consider effects leading to damping of large amplitude
Alfvén wave in ionospheric conditions. Cold plasma and strong ambient mag-
netic field (β < me/mi) determine inertial regime for the Alfvén wave in this
region.

4.2.1 Anomalous resistivity

Because of its importance for the subject of study, the anomalous resistivity is
shortly covered in this section. The problem of anomalous resistivity and dou-
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Figure 4.1: Contours of Landau damping rate ν/ω for three cases of ion-to-
electron temperature ratios of (a) 0; (b) 1 and (c) 10. After Lysak and Lotko
[9].



4.2. STRONG CURRENTS AND ANOMALOUS RESISTIVITY 19

j

Turbulent heating

encs

j ~ E
1/2

j ~ E
1/2

j ~
 σE

I II III IV a)

T ~ te
2 T ~ te

4/3 T ~ te
3/2

T ~ ti
2 T ~ ei

1/3αt
T ~ ti

1/4

Ti

Te_~~ 10 j ~ E t1/3
j ~ E t1/2

v* ~ t
-1/2

j ~ E t

b)

E1 E3 E2 E

Figure 4.2: Current density dependence on electric field in plasma. After
Liperovsky and Pudovkin [18].

ble layers was considered in many theoretical works [7, 17, 18] and numerical
simulations [19, 20, 21, 22].

Figure 4.2 presents the current density dependence on electric field in un-
magnetized plasma based on theoretical models. One can distinguish three
intervals from the shape of j(E) curve.

I. Region of small electric fields E < E1 (E1 ≈
(

me

mi

)1/2
e

λ2
D

ln Λ, where λD is

the Debye radius, ln Λ is the Coulomb logarithm). In this region electric
field accelerating electrons is compensated by collisions, and the Ohm’s
law has the usual form j = (ne2/meν) E, where ν is the electron-ion
collision frequency.

II. Strong turbulence develops in plasma when electron current velocity vj

reaches the critical velocity of the order of ion-sound speed vc ≈ CS =√
(Te + Ti) /mi. The energy gained by electrons in the field E is dissi-

pated in wave-particle interactions, and the resulting current density is
almost independent of the electric field, j = enCS. From the other side,
such dependence is equivalent to the increase of plasma resistivity, which
is called anomalous resistivity owing to it’s non-Coulomb nature.
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Table 4.1: List of instabilities in plasma with electric field.

Type Threshold Frequency Growth rate νeff

Buneman uj ≥ vTe ∼ ωpi ∼ ωpi ∼ ωpi

Ion-sound uj >
√

Te/mi ∼ ωpi ∼ ωpiuj/vTe ∼ ωpiWS/nTe

Ion-cyclotron uj ≥
√

Ti/mi ∼ ωci ∼ ωciuj/vTe ∼ ωci

III and IV. Current density starts to increase again when electric field mag-
nitude is further increased above some threshold E2 or E3, which depends
on the specific mechanism of scattering and wave decay. In this region
the increase is much slower (j ∼ E1/2 or even j ∼ E1/3) than in region I.

Table 4.1 lists possible instabilities which develop when parallel electric
field is applied to a magnetized plasma. The last column (νeff) is an effective
frequency of collective collisions in a turbulent plasma. From the instabilities
listed the ion-sound instability develops for Te/Ti � 1, and the Buneman and
ion-cyclotron instabilities develop for Te/Ti ≤ 1. The ion-cyclotron instability
has a lower threshold, but also a lower saturation level. Thus, the Buneman
instability will be the primary instability for the case of large electric field
amplitudes.

The presence of anomalous resistance in plasma will lead to anomalous
Joule heating j2/σan [7]. Such heating is called turbulent heating, because
the mechanism responsible for it is a plasma turbulence. In absence of usual
Coulomb collisions, the heating is different for electrons and ions, and usually
electrons are heated much faster than ions.

The term of heating means the increase of mean chaotic energies of plasma
species rather than the temperature increase in the usual meaning (Maxwell
distribution).

4.2.2 Anomalous damping of inertial Alfvén waves

The effects of anomalous resistivity with respect to Alfvén waves was first
mentioned in references [23, 24]. We present a simple theoretical estimate of
the anomalous resistivity mechanism with application to inertial AW in the
ionosphere, which may be used for comparison with observations. Typically the
plasma in the auroral ionosphere has the ions hotter than electrons Te/Ti < 1.
In such situation the parallel current of the inertial AW (j‖ = −enve‖) becomes
unstable with respect to the Buneman instability (see Section 4.2.1) when the
parallel electron velocity is larger than the electron thermal velocity

ve‖ ≥ vc ≈ VTe =
√

Te/me. (4.4)

This equation gives us the possibility to obtain the threshold condition in
terms of the amplitude of the electric field in the Alfvén wave. By linearizing
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the parallel electron motion equation (2.2)

v|| = − e

iωm
E||, (4.5)

and using the polarization relation for inertial AW (equation 2.35), which
couples E|| and E⊥, one finds the threshold on the perpendicular electric field
for which the condition (4.4) will be satisfied

E⊥ ≥ Ec =
vs

c
B0

√
1 + k2

⊥λ2
e

k⊥λe

, (4.6)

where vs =
√

Te/mi. One can see that Ec is smallest for short perpendicular
wavelengths k⊥λe → ∞.

Now, we will estimate the qualitative effect of anomalous resistivity on the
dispersion of inertial AW. Existence of anomalous resistivity is equivalent to a
friction force which acts on the electrons

F = −νeffnmv, (4.7)

where νeff is the effective collision frequency due to the scattering of particles on
the turbulence produced by the Buneman instability (see table 4.1). Inclusion
of the force (4.7) into equation (4.5) leads to the modified dispersion relation
for inertial AW

ω2 =
k2
‖V

2
A

1 + k2
⊥λ2

e

(
1 − iνeff

ω

) , (4.8)

which contains imaginary part, and therefore the inertial AW becomes dissi-
pative.

4.3 Observation of dispersive AW and accel-

erated electrons

In this section we present a combined observation of Alfvénic turbulence and
energetic electrons and relate it to observations of strong localized current
structures – current singularities [25, 26]. We also estimate the conditions for
the development of anomalous resistivity with respect to the observed current
intensities.

To complement the observations in the nightside auroral zone, presented in
[paper I], we will present observations on Freja orbit 6834, when the satellite
was at 1650 km altitude, 8.5 hours MLT and 69o MLAT. The broadband
turbulence observed during this orbit was identified in [paper III] (see also
Section 3.1) as Doppler shifted spatial turbulence of dispersive Alfvén waves.
This event is also associated with strong ion heating [27].

Figure 4.3 presents two components of the magnetic field perpendicular
to the geomagnetic field (eastward and equatorward), and two spectrograms
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for parallel and perpendicular electron fluxes observed by Freja during the pe-
riod 0945:40–0947:00 UT. Strong Alfvénic activity is seen in the magnetic field.
Some of the strongest variations are happening on timescales of tenth of second
and contain variations in the magnetic field up to 200 nT, which corresponds
to the maximum current densities of 250 µA/m2. The enhancements of the
parallel electron flux are observed in association with the periods of disturbed
magnetic field. The perpendicular electron flux is presented here to demon-
strate the difference between the electron bursts related to Alfvénic activity
(present only in the direction close to field-aligned) and the isotropic popu-
lation (seen in both parallel and perpendicular channels through the whole
interval).

Let us look into details of the electron distribution during the 10 second
period starting from 0946:30 UT presented in Figure 4.4. The spectrogram
in the middle shows the electron pitch angle evolution in time. Lower panels
show integrated electron density, current and parallel energy flux. The red
and blue lines correspond to down and up-going electron populations respec-
tively. The red current curve shows negative values meaning that downgoing
electrons carry an upward (negative) current. We will concentrate on the two
strongest upward currents with j > 20 µA/m2 which are observed at 0946:33.7
and 0946:34.1 UT. These currents are associated with electron bursts at en-
ergies starting from about 500 eV and down to the lowest measured energy.
Increase of the electron flux is seen in the density plot, where the density is
above 40 cm−3 , representing ∼ 5% of the overall plasma density. There is no
pronounced time of flight signature in the electron distribution, indicating a
local acceleration process. The pitch angle distribution in the maximum of the
flux is somewhat broader than in the nearby points around, indicating elec-
tron heating/energization. Signatures of heating are also seen as a broadening
of the electron distribution function (calculated for the time period when the
strongest of the currents are observed), as shown in the upper panel.

The sensitivity of the electron spectrometer on Freja drops significantly
for energies below 50 eV, so that the cold electron population is not mea-
sured, and the resulting current intensity is underestimated. Alternatively,
the current density can be estimated from the magnetometer measurements.
Figure 4.5 shows 2 seconds of magnetometer data centered on the strongest
of the currents seen in the electron data at 0946:34 UT. Minimum variance
analysis was performed on this data, and minimum and maximum varying
components are presented on upper and lower panels respectively. Two strong
upward currents separated by a downward current are seen approximately at
0946:33.7 and 0946:34.1 UT, corresponding to the currents extracted from the
electron data. However, the current intensities are significantly different, be-
ing 51 and 88 µA/m2 (in comparison to 20 and 27 µA/m2) the two currents
respectively. The intensities can be even larger (up to 160 µA/m2 for the
second current) when estimated from the maximum gradient of the magnetic
field. The spatial scale of the currents can be estimated as L ∼ ∆t · vs, where
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Figure 4.3: Alfvénic turbulence and related electron energization observed on
Freja orbit 6834.
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Figure 4.4: Electron distribution observed on Freja orbit 6834.
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Figure 4.5: Strong currents observed on Freja orbit 6834.

vs is the spacecraft velocity. The resulting scale values are in the range 1.3–2
km which corresponds to L ∼ 2πλe, where λe ≈ 190 m for electron density of
approximately 800 cm−3 , estimated from the plasma frequency measurements.

Now we will estimate the critical value of the current value for the onset
of the Buneman instability. For the typical electron temperature of 1 eV,
the electron thermal velocity is VTe = 420 km/s; the critical current value
jc = enVTe ≈ 50 µA/m2 is generally below the observed current densities.
Thus, the effects of anomalous resistivity are important in this case.

The analysis of characteristics of the observed turbulence performed in
Section 3.1 and the simple estimate of the scale of current structures L ∼ 2πλe

show that the observed variations in the electric and magnetic field are related
to dispersive AW. Such large amplitude current structures can be formed as a
result of nonlinear evolution of dispersive Alfvén waves due to ponderomotive
effects [28] or Joule heating [29]. The amplitudes of analyzed current structures
and particle signatures indicate the existence of anomalous resistivity effects.
Thus, the turbulent heating and anomalous resistivity should be included into
consideration of the electron acceleration mechanism and general nonlinear
evolution of dispersive Alfvén waves.

4.4 Damping of electron beams

In this section we will present one of the last steps in the process of energy
transformation from Alfvén waves to plasma. As mentioned above, the large
amplitude inertial AW will energize ionospheric electrons, which in the process
of propagation will develop into electron beams.

A weak electron beam (nb � np) with a spread velocity spectrum (∆Vb ∼
Vb) will be unstable with respect to the generation of Langmuir turbulence.
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Figure 4.6: Waveforms (left) and spectral composition (rigth) of the Langmuir
turbulence registered by Freja.

The instability growth rate is given by

γb ∼
(

Vb

∆Vb

)2 nb

np

ω, (4.9)

where ω = ω(k) is the frequency of the Langmuir wave.
Figure 4.6 shows a large amplitude (> 1 mV/m) modulated Langmuir wave

packet registered by Freja. The modulation is produced due to parametric
decay of the beam-driven Langmuir wave into the secondary Langmuir wave
and the lower hybrid wave. The frequencies and wave vectors of such waves
are related by the following matching conditions

ω1 = ω2 + ω3,

(4.10)

k1 = k2 + k3,

where index 1 corresponds to the primary (beam-driven) wave, 2 and 3 to the
secondary waves. Beating of the two Langmuir waves will produce a charac-
teristic modulated waveform.



Chapter 5

The role of Alfvén waves in
magnetic reconnection

Following the introduction by Dungey [30] and Petschek [31], the process of
magnetic reconnection is considered to be the main mechanism responsible for
a fast change of magnetic field structure and conversion of magnetic energy
into kinetic and thermal energy of plasma. In the magnetosphere there are
three main regions where the configuration of magnetic field and plasma flow
is suitable for the reconnection: dayside magnetopause, high-latitude magne-
topause and the magnetotail. The magnetotail can be considered generally as
a symmetric current sheet. The magnetopause, on the other hand, is an es-
sentially asymmetric case. Plasma densities, temperatures and magnetic field
magnitudes are different on the opposite sides of the boundary and, in some
cases, significant shear flows may be present.

The location of reconnection at the magnetopause is important for various
aspects of magnetospheric physics, and may be determined from several crite-
ria. One of them is antiparallel merging, when reconnection occurs where the
magnetosheath and magnetosphere fields are antiparallel [32]. An alternative
criterion component merging, when any antiparallel component of the magnetic
field vectors is sufficient for reconnection. For the southward interplanetary
magnetic field (IMF) direction, the subsolar magnetopause was shown to be
the preferred location for reconnection [33]. Reconnection on high-latitude
magnetopause was observed for northward IMF [34]. However, it was also dis-
cussed that, for northward IMF, reconnection may as well occur at the dayside
magnetopause, equatorward of the cusp [35].

In this chapter we first discuss general properties of the temporal merging.
Then in Section 5.2 we present the model of the reconnection bulge and com-
pare it to Polar observations at the high latitude cusp magnetopause. In the
last section we discuss the impact of the magnetopause reconnection on the
ionospheric convection.
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Figure 5.1: Magnetic field and plasma flow configuration preceding the recon-
nection.

5.1 General properties

We will consider general properties of the reconnection in a current sheet with
antiparallel magnetic fields and plasma flowing towards the current sheet from
both sides as presented in Figure 5.1. On a large scale, compared to a char-
acteristic scale such as the gyroradius, plasma exhibits the frozen-in behavior
E + v×B = 0, and therefore the plasma inflow in the inflow regions will lead
to the magnetic energy accumulation in the vicinity of the current sheet. From
the physical point of view it is clear that this process cannot run infinitely, and
plasma will eventually lose its frozen-in property due to local dissipation. This
is the initial point for the reconnection.

Reconnection is initiated in the current sheet through a localized decrease
of the plasma conductivity inside the diffusion region. The localized dissipation
gives rise to an electric field

E∗(t, r) = j/σ, (5.1)

which determines the reconnection rate. The disturbances in the diffusion re-
gion generate MHD waves/shocks which propagate outside, leading to trans-
fer of the dissipative electric field (equation 5.2) to the current sheet as a
whole, and to the establishment of the outflow region for the plasma flowing
towards the current sheet. The outflow region (also called the field reversal
(FR) region), with the front edge propagating along the current sheet with
Alfvén velocity, will rapidly expand and grow much larger than the diffusion
region. Outside the diffusion region, the electric field is related to the MHD
waves and is rather convective than dissipative.

The decrease of plasma conductivity in the diffusion region will lead to
a decrease of the current. Formally, this is equivalent to the generation of
a disturbance current I1, which is directed oppositely to the initial current
I0 (Figure 5.2). The appearance of the current I1 in plasma leads to the
generation of MHD waves. The Alfvén wave is the most important of them,
because it is responsible for creating currents I2 (field-aligned current) and I3

(polarization current on the leading front of the wave) and closing the current
loop with current I1.
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Figure 5.2: Representation of magnetic reconnection in terms of currents. Af-
ter Semenov et al. [36].
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Figure 5.3: Evolution of reconnection. After Semenov [37].
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The diffusion region is extremely important in the process of reconnection
as it totally defines this process. It is an important feature of the reconnection,
that the behavior of plasma in the small diffusion region is responsible for the
global structure of electromagnetic field and plasma flow. Alfvén waves bring
the perturbation, connected to the current I1 in the diffusion region through
the field aligned currents, further along the current sheet. Magnetic energy
is released through a change in geometry of the currents rather than ohmic
dissipation.

The problem of the reconnection induced decay of the current sheet into
a system of MHD waves/discontinuities represents the general MHD Riemann
problem with application to reconnection [38, 39, 40]. In the simplest case
of a symmetric current sheet, the current sheet decays into the slow shocks
S−, as shown in Figure 5.3b. At some moment the reconnection may switch
off so that no more reconnected flux is added to the system, see Figure 5.3c;
the shocks detach from each other and propagate as solitary objects in oppo-
site directions along the current sheet. Alternatively, one may consider the
situation when reconnection runs for a rather long time, so that the leading
edge of the disturbance is far away from the diffusion region. In such a case,
the reconnection in the vicinity of the diffusion region can be considered as a
steady state process, see Figure 5.3d.

Plasma heating and acceleration is associated with the shocks. The mag-
netic tension (a j×B force) accelerates plasma entering the FR region through
the shocks to a velocity about the Alfvén velocity in the direction along the
current sheet. Magnetic field is weaker in the FR region due to plasma heating.

In the general case of an asymmetric current sheet (which is the case for the
magnetopause), the decay of the initial current sheet (tangential discontinuity,
TD) may proceed into the system S+AS−CS−AS+. This means that contact
discontinuity (C) remains in place of tangential discontinuity (T), and the slow
shocks/waves (S−) are propagating away from the C, preceded by Alfvén or
intermediate discontinuity (A), and finally by fast shock/waves S+. Because
of the total pressure balance at the TD, the fast shocks have small amplitudes
and may be omitted from the consideration. Sometimes the incompressible
plasma limit (sound velocity is infinite) can be considered; in this case the
Alfvén and slow waves merge into a single hybrid structure.

Due to asymmetries of plasma and magnetic field parameters, and there-
fore also of characteristic velocities such as Alfvén and sound, the waves on two
sides of the current region will evolve differently leading to a very asymmetric
field reversal region. Situation with an asymmetry of the magnetic field mag-
nitude was studied both theoretically [38] and in MHD simulations [41] and
the studies showed rather good correspondence between the obtained results.
The asymmetries in the plasma density, temperature and shear flow, as well
as the influence of the guide field (component of the magnetic field along the
current), were also studied in simulations [42, 43, 44].

As was shown in the kinetic (fluid electrons and particle ions) simulations of
the magnetopause reconnection [45, 46], the transition between the parameters
on the opposite sides of the current sheet is broad, and the variety of discon-
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tinuities predicted by the MHD theory is not easily identified. Generally, the
number of discontinuities is sufficiently decreased in the kinetic treatment. For
example, the contact discontinuity is absent due to plasma mixing along the
field line. In the case of asymmetric density, the MHD discontinuities exist
only from the side with higher density; on the opposite (low density) side of
the boundary the plasma which enters from the denser side propagates in a
collisionless manner and only the kinetic boundaries may be identified.

5.2 Observations

In this section we discuss the model of a bulge created by reconnection in com-
parison with Polar observations of the magnetopause region in the vicinity of
the outer stagnant cusp during interval 1005-1016 UT on June 19, 1998. Polar
was located at (4.3;-4.7;4.6) RE GSE. The solar wind parameters registered by
GEOTAIL were B=(7,-11,2) nT and the dynamic pressure ∼3 nPa.

A schematic of a switch-on bulge for the conditions of magnetopause re-
connection is presented on Figure 5.4. This sketch corresponds to the left part
of phase b in Figure 5.3. The magnitude of the magnetic field is approximately
the same on both sides of the magnetopause. Plasma density is significantly
higher and temperature is lower on the magnetosheath side, so that initially
there is a pressure balance at the boundary. The bulge is asymmetric as a re-
sult of different Alfvén velocities from the magnetospheric and magnetosheath
sides. Magnetosheath plasma is penetrating into the magnetosphere through
the intermediate shock (IS)/rotational discontinuity (RD) which defines the
boundary of the bulge from the magnetosheath side. This discontinuity also
defines the magnetopause, because it contains the largest magnetic field rota-
tion. The ion (electron) edge is the boundary at which the first sheath ions
(electrons) are observed on the magnetospheric side of the magnetopause.

Northward IMF with a strong negative By component creates a situation
suitable for antiparallel merging on the dawn flank in the northern hemisphere,
where the magnetospheric field is antiparallel (By > 0). From the two bulges
launched at the reconnection site Polar observed the one moving towards the
Earth.

The four upper spectrograms in Figure 5.5 represent antiparallel (150 <
α < 180, where α is the pitch angle) and parallel (0 < α < 30) electron and
ion fluxes. The digits under the spectrograms mark the regions according to
Figure 5.4. The upper line plot presents the magnetic field clock angle, which
is the angle between the GSE Y axis and the projection of the magnetic field
onto GSE YZ plain. The second panel shows the magnetic field magnitude.
The third panel presents the plasma density from HYDRA (circles) and the
density derived from spacecraft potential [47]. The forth panel presents the
energy components in the system: thermal energy density Et = nTi is shown
by crosses (black line), magnetic energy density Emag = B2/2µ0 by circles
(blue line) and kinetic energy density Ek = nmiv

2
i /2 by triangles (green line).

Total energy Etot = Et + Emag + Ek is shown by dots (red line). The lower
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Figure 5.4: Schematic of the magnetopause region during transient reconnec-
tion. Plasma Flow direction is marked with arrows. The hypothetical tra-
jectory of Polar through the bulge is shown by bold line with times of the
boundary crossings marked by dots. Time is specified in minutes from 1000
UT on June 19, 1998.

panel shows the ion velocities parallel to the magnetopause (GSE Y). The
E × B velocity is shown by a solid line, perpendicular velocity from HYDRA
by crosses and the total velocity by circles.

The bulge is separated into several distinct regions which can be identified
in the observations.

Region 1 is located on the magnetospheric side of the magnetopause. Low
density plasma (n < 0.1 cm−3 ) here is flowing tailward and electron
temperature anisotropy is typical for open fieldlines Te|| ≥ Te⊥. Such
plasma properties are characteristic for the mantle. This region is ob-
served before 1006:00 UT.

Region 2 is located between the electron and ion edges. Fast parallel elec-
trons are dominating the electron flux. It is observed during period
1006:00–1006:30 UT.

Region 3 is the cusp and it is observed during the intervals 1006:30–1008:10
and 1009:50–1015:40 UT. Arrival of the first fast parallel (earthward)
ions with energies 2–10 keVmark the ion edge, which is the magneto-
spheric boundary of region 3. This region is formed by dense and heated
sheath plasma streaming parallel to the magnetic field with velocity of
400 km/s. Particle distributions resemble a time of flight dependency,
when particles with large parallel velocities are observed at larger dis-
tances from the source of acceleration. Ion temperature and density
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gradually increase and the magnetic field magnitude correspondingly de-
creases. Parallel flux consists of the particles entering from the sheath,
and antiparallel flux from the particles reflected from the ionosphere. In
contrast to the electrons, only the most energetic ions are fast enough
to return back to the same point in the cusp (known as velocity filter ef-
fect) resulting in equal parallel and antiparallel fluxes at energies above
1 keV , and parallel flux being dominant at lower energies. The energet-
ics in this region is dominated by magnetic energy; thermal and kinetic
energies have the same magnitude, which is significant when compared
to the magnetic energy.

Region 4 is the region inside the bulge adjacent to the magnetopause. It is
observed during the intervals 1008:10–1008:40 and 1009:10–1009:50 UT.
The magnetic field here turns to its final magnetospheric orientation.
Plasma flow in the region 4 is mainly perpendicular, driving the convec-
tional electric field. Plasma entering this region from the magnetosheath
gets significant heating at the magnetopause. Additional plasma heating
exists due to the ULF turbulence which is always observed in this region
[48]. Average plasma thermal energy can be as high as the magnetic
energy.

Region 2’ is the magnetosheath boundary layer. It is located upstream of
the bulge on the sheath field-lines which are newly reconnected. This
region is observed during interval 1008:40–1009:10 UT. The magnetic
field is oriented almost antiparallel to the field in the magnetosphere.
The plasma flow velocity drops significantly in comparison with regions
3 and 4. The plasma contains two main populations: inflowing (parallel
to B) cold magnetosheath plasma and counterstreaming plasma, which
was accelerated and heated at the magnetopause. This difference can be
best seen as dropout of parallel electron flux in the middle of region 2’.

Region 1’ is the magnetosheath. It contains relatively cold and dense plasma.
Particle distributions are isotropic. The flow velocity, which is directed
primarily downtail, may become rather small in the stagnation region.

5.3 Connection to the ionosphere

Connection of the magnetopause to the ionosphere is established through a
system of field-aligned currents (FACs). FACs can be equivalently described
by Alfvén waves [49] and the problem of the magnetopause-ionosphere coupling
can be reduced to the generation, propagation and reflection of AW. Basics of
this process are discussed in Section 5.3.1.

The ionospheric response to reconnection at the magnetopause is delayed
by Alfvén travel time. Local changes in the ionospheric convection start after
the Alfvén wave has reached the ionosphere. However, changes of the global
convection patterns (discussed in Sections 5.3.2 and 5.3.3) have significantly
longer timescale.
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Figure 5.6: Currents in a shear Alfvén wave.

5.3.1 Alfvén waves and FACs

Let us consider low-frequency ω � ωci perturbations in magnetized plasma
with B0 = B0ez in presence of an external current j⊥. The perpendicular
current is the sum of the ion polarization drift and the external current

j⊥ =
1

µ0V 2
A

dE⊥
dt

+ jext
⊥ . (5.2)

Using Maxwell equations (2.3) and (2.4), and neglecting the displacement cur-
rent (∂E/∂t) in equation (2.4) under the assumption V 2

A � c2, we can obtain
two equations for jz and Bz

∂2jz

∂z2
− 1

V 2
A

∂2jz

∂t2
= − ∂

∂z
divjext

⊥ , (5.3)

∆Bz − 1

V 2
A

∂2Bz

∂t2
= −µ0

(
∇× jext

⊥
)

z
. (5.4)

The equation for parallel current describes shear Alfvén wave, and the equation
for parallel magnetic field – fast magnetosonic wave.

Equations (5.3) and (5.4) show that Alfvén and magnetosonic waves are
generated by different sources. The magnetosonic wave is generated, if the ex-
ternal current is closed (divjext

⊥ = 0). Otherwise, the Alfvén wave is generated.
It is natural for the open current to close along highly conducting magnetic
fieldlines, and thus generate the current jz.

Figure 5.6 shows currents in the shear Alfvén wave generated by an ex-
ternal source. The shear Alfvén wave is essentially one-dimensional because
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it transports information strictly along the magnetic field. The energy of the
wave is trapped inside the magnetic flux tube.

5.3.2 Influence of IMF Bz

Once a connection between the interplanetary magnetic field (IMF) and the
ionosphere is established, the ionospheric convection becomes coupled to mag-
netic tension (a j×B force) acting on the open flux tube at the magnetopause
and the magnetosheath flow dragging the flux tube in the tailward direction.
The IMF orientation defines the location of reconnection at the magnetopause
which affects two main factors: (1) the direction of j×B force and (2) the spe-
cific point in the ionosphere to which this force is applied. The combination
of these two factors will define the resulting modification of the ionospheric
convection pattern.

Figure 5.7 presents a scheme of the motion of the newly opened flux tubes
and corresponding ionospheric convection pattern for cases of negative (upper
part) and positive (lower part) IMF Bz.

In the case of southward IMF (Bz < 0), the favorable configuration for
the reconnection exists at the subsolar magnetopause. The magnetic tension
force acting on the new opened flux tubes is oriented in the same direction
as the magnetosheath flow, so it only amplifies tailward convection near the
magnetic noon. The flux tubes are brought to the dayside by the convection
on the lower latitudes, where they get reconnected and are dragged tailward
over the polar cap. Convection pattern has two nearly symmetric cells.

In the second case of northward IMF (Bz > 0) the reconnection site is
located at high latitude poleward from the cusp, where the magnetic field
of the lobes is antiparallel to the IMF. The magnetic tension force is now
acting sunward and the resulting motion of the flux tubes is first (in the lobes)
sunward toward the reconnection point and then tailward after passing the
cusp. As a result a four-cell convection pattern is formed in the ionosphere.
The lobe cells are driven primarily by reconnection with northward IMF.

5.3.3 Influence of IMF By

In addition to the picture of convection dependence on the Bz component of the
IMF, which was described above, the By component also plays an important
role in dayside convection. Large IMF By leads to a significant down-dusk
asymmetry, which was first discovered as a characteristic pattern in the dayside
magnetometer measurements called the Svalgaard-Mansurov effect [51, 52].
This effect was commonly used as indication of an IMF direction along the
Parker spiral, when no interplanetary measurements were available.

Asymmetric polar cap convection is a consequence of asymmetric flows on
the dayside magnetopause caused by significant IMF By [53, 33, 54]. Such
asymmetric flows are shown in the upper part of Figure 5.8 for the cases of
IMF By > 0 and By < 0. Magnetic tension acting on newly opened flux tubes
has a dawn-dusk component directed oppositely to IMF By in the northern
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IMF Bz < 0

IMF Bz > 0

Figure 5.7: Scheme of the motion of the newly opened flux tubes and the
corresponding pattern of ionospheric convection for different orientation of
IMF Bz. X-line is marked by x, IMF by i, viscously-driven flow by v, and
lobe convection cells by L. Adopted after Lockwood [50].
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Figure 5.8: Scheme of the motion of the newly opened flux tubes and the
corresponding pattern of ionospheric convection and field-aligned currents for
strong IMF By. Arrows in the upper part of the plot represent the directions
of plasma motion at the magnetopause. Adopted after Gosling et al. [33] and
Cowley et al. [55].

hemisphere and along IMF By in the southern hemisphere. Thus, an asym-
metry in the convection exists: when IMF By is negative (positive) the dawn
(dusk) convection cell becomes dominant in the northern hemisphere.
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Chapter 6

Summary of publications

This chapter contains a brief summary of the publications included in this
thesis.

Paper I. Electron energization by Alfvén waves: Freja and sounding
rocket observations.

This paper presents observations of energetic bursts of electrons associ-
ated with inertial Alfvén waves in the nightside auroral oval. Dispersive
electron bursts (DEBs) are mainly field-aligned with an energy chang-
ing in time from few keVdown to a few tens of eVdue to a “time of
flight” effect. This electron population is well distinguished from an
inverted-V population with energies above 1 keV and a broad pitch-angle
range (α ≤ 90o). DEBs are observed simultaneously with increased low-
frequency activity in electric and magnetic fields, which is identified as
inertial Alfvén waves. Freja observations of Alfvén waves related to the
electron bursts are compared to rocket measurements by Auroral Turbu-
lence 2 to study the spatio-temporal structure of the events. The inhomo-
geneous altitude distribution of the parallel electric field of Alfvén wave
due to ionospheric density gradient is suggested to be important for the
observed electron distributions.

Paper II. Langmuir Wave Structures Registered by Freja: Analysis
and Modelling.

This paper presents Freja observations and theoretical model of mod-
ulated Langmuir wave bursts. Large amplitude (up to several mV/m)
Langmuir waves are observed in association with electron beams, gener-
ated by inertial Alfvén waves [paper I]. The wave modulation is produced
by the beating of the main wave at plasma frequency fpe (normally in
a range 300–700 kHz at Freja altitudes) with the second wave which
has the frequency smaller by several kHz. The modulation frequency is
found to be comparable to the observed frequency range of lower-hybrid
turbulence (which is in a range of 1–15 kHz at Freja altitudes). A theo-
retical model for parametric decay of the primary Langmuir wave, driven
by an electron beam, into the secondary Langmuir wave and the lower-
hybrid wave is presented. Frequency selection for the secondary wave
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is attributed to the effect of radiation losses from the spatially localized
region of beam-driven wave generation, which is limited in the direction
perpendicular to the magnetic field.

Paper III. Identification of widespread turbulence of dispersive
Alfvén waves.

A technique for identification of dispersive Alfvén wave turbulence on
board a rapidly moving low-altitude (ionospheric) spacecraft (spacecraft
velocity is vs = 7 km/s in case of Freja) is proposed. In a moving space-
craft frame, the Doppler shift may become dominant for short wave-
lengths low frequency waves, and may be misinterpreted as a true fre-
quency of a wave. The proposed identification technique is based on two
independent methods: comparison of a measured δE⊥/δB⊥ with theoret-
ical relation and interferometry using multi-probe density measurements.

The perpendicular wave vector is the only wave parameter the theoret-
ical ratio δE⊥/δB⊥ for dispersive Alfvén wave depends on. Under the
assumption of dominant contribution to the measured frequency by the
Doppler shift k · v � ω0, the wave vector may be expressed through the
observed frequency. And therefore, the observed δE⊥/δB⊥ ratio can be
compared to the theoretical one.

Freja instrumentation also gives the possibility to measure density varia-
tions in two points on the ends of the 11 meter long boom. These density
measurements are used to perform interferometry and identify the per-
pendicular phase velocity of the density structures associated with dis-
persive Alfvén wave. The measurements indicate that structures down
to λ = 15 m are stationary or slowly moving vph � vs.

Paper IV. Reply to comment on “Identification of widespread tur-
bulence of dispersive Alfvén waves”.

This paper is the reply to a comment by Lund [Geophys. Res. Lett.,
28, 2001] on [paper III]. We clarify some points about the method being
used: (1) the derivation of δE⊥/δB⊥ ratio and (2) the uniqueness of the
solution.

Paper V. Dispersive Alfvén Waves Observed by Cluster at the Mag-
netopause.

In this paper we analyze low frequency turbulence observed by Cluster
during multiple crossings of the magnetopause (more then 120 crossings
during a single event). Low frequency wave activity between the proton
gyrofrequency (fci ≈ 0.3 Hz) and lower-hybrid frequency (fLH ≈ 10 Hz)
is identified as kinetic Alfvén waves. Rapid convection flows at the mag-
netopause result in a large Doppler shift of short wavelength structures.
Analysis is performed using a methodology similar to the one used in
[Paper III].
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Paper VI. Reconnection driven cusp on the dawn flank during strongly
negative IMF By: in-situ and ground-based observations.

This paper is focused on observations of magnetic reconnection in the
magnetosphere. There are two main aspects studied: in-situ observation
of reconnection at the magnetopause and conjugate observations of the
ionospheric convection.

In-situ observations of reconnection are performed by Polar spacecraft in
the region of the outer northern stagnant cusp. Multiple magnetopause
crossings and encounters of fast earthward plasma jets are identified as
being caused by the spacecraft passing a sequence of bulges launched by
transient reconnection. The bulges are found to be bounded by the inter-
mediate shock(IS)/rotational discontinuity(RD) from the magnetosheath
side. This IS/RD contains most of the magnetic field rotation (nearly
π) from sheath to magnetospheric orientation, as well as density and
temperature jumps, and is thus identified as the magnetopause. Strong
depressions of magnetic field going down to only a few percent of the
value in the boundary layers are observed in association with crossings
of the IS/RD. Regions of perpendicular (adjacent to IS/RD) and paral-
lel flows are identified inside bulges, containing heated and accelerated
plasma. Magnetic field and plasma parameters are gradually changing
from their sheath to magnetospheric values everywhere except for a jump
at IS/RD. No MHD discontinuity is found on the magnetospheric side of
the bulge. Instead, the magnetospheric boundary is defined by electron
and ion edges and a magnetic barrier.

Instantaneous changes in ionospheric convection and auroral brightness
in the conjugate point on ground are observed in correlation with the de-
tection of bulges by Polar at the magnetopause. This gives an additional
evidence for the transient reconnection as a mechanism which explains
the observations.

Paper VII. Oblique Alfvén and Magnetosonic Solitons and Nonlin-
ear Structures in Magnetized Plasma.

The problem of nonlinear one-dimensional MHD waves in cold plasma
approximation is investigated in this paper. Integrals of automodel equa-
tions (notation ξ = z − v0t is used) are found for the case of arbitrary
amplitudes. Solitary and periodic solutions are studied for angles be-
tween the propagation direction and the magnetic field, ranging from 0
to π/2. The exact arbitrary amplitude solutions are compared to the so-
lutions obtained from small amplitude approximation. This comparison
shows that the small amplitude approximation is valid in a much wider
range of parameters than expected.
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Paper VIII. Electron-acoustic solitons in electron-beam plasma sys-
tem.

In this paper the properties of electron-acoustic solitons in a plasma with
beam are investigated. Electron-acoustic mode exists in a plasma with
two electron populations: cold and hot. The condition for existence of
the wave is that (1) the hot population must be much hotter than the
cold one (Th/Tc > 10) and that (2) the density on the hot population is
significant (nh/nc > 0.2). The solitons have spatial scale of few Debye
length and propagate with electron-acoustic velocity which lies between
the two electron thermal velocities. In a special range of parameters,
the solitons may have a positive potential signature. This corresponds
to electron density holes for the cold electron population.
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Appendix: list of notations

Here we find common notations used in this thesis. Expressions are given in
SI system, temperature is given in units of energy.

ωpe,i

√
ne2

me,iε0
electron/ion plasma frequency

ωce,i
eB

me,i
electron/ion gyrofrequency

ωLH
ωpi√

1+ω2
pi/ω2

ci

lower-hybrid frequency

VTe,i

√
Te,i/me,i electron/ion thermal velocity

λD VTe/ωpe Debye length
ρe,i VTe,i/ωce,i electron/ion gyroradius
λe,i c/ωpe,i electron/ion inertial length
VA B/

√
µ0mini Alfvén velocity

CS

√
Te/mi ion-sound velocity

ρs CS/ωci ion-acoustic gyroradius

β 2µ0(niTi+neTe)
B2 plasma beta
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