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Observations at the Earth’s magnetopause identify mode conversion from surface to kinetic Alfvén
waves at the Alfvén resonance. Kinetic Alfvén waves radiate into the magnetosphere from the resonance
with parallel scales up to the order of the geomagnetic field-line length and spectral energy densities
obeying a k�2:4

? power law. Amplitudes at the Alfvén resonance are sufficient to both demagnetize ions
across the magnetopause and provide field-aligned electron bursts. These waves provide diffusive
transport across the magnetopause sufficient for boundary layer formation.
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The outer boundary of the Earth’s magnetic field known
as the magnetopause blocks the entry of shocked solar-
wind plasma into the magnetosphere. However, observa-
tions show the existence inside the magnetopause of a
boundary layer of these plasmas with width an order of
magnitude larger than an ion gyro-radii [1]. These obser-
vations are evidence for the transport of solar-wind plas-
mas across the magnetopause [2]. While magnetic
reconnection is generally considered to be the prime means
through which this transport occurs, conditions in the solar
wind that favor reconnection are not always present, yet
boundary layers are still observed [3]. In this Letter we
show that mode conversion [4] from surface mode Alfvén
waves to kinetic Alfvén waves (KAWs) [5] across the
magnetopause transports large electromagnetic energy
fluxes across geomagnetic field lines from magnetosheath
flows into the magnetosphere and provides spectral energy
densities sufficient to drive anomalous transport at the rate
required to account for boundary layer formation [6–9].
These results are relevant not only to the Earth’s magne-
tosphere but also for understanding transport processes in
solar flares and accretion disks [10,11] and destructive
transport in tokamak and fusion plasmas [12].

Figure 1 shows observations at the magnetopause from
the Cluster-4 spacecraft [13] during an extended period of
northward pointing interplanetary magnetic field. At this
time the spacecraft was located on the duskside flanks of
the Earth’s magnetosphere and traveling sunward.
Figure 1(a) shows the magnetic field in the Z direction of
the geocentric solar magnetospheric coordinate system
(GSM) [14]. It was demonstrated in a previous study [15]
that the step-like field variations observed in the magnetic
field are consistent with the traversal of the spacecraft
through a series of anti-sunward propagating surface
wave vortices driven by a Kelvin-Helmholtz (KH) insta-
bility. The steep gradients indicated by the dashed blue
lines in Fig. 1(a) show the transition of the spacecraft from

the magnetosphere into the magnetosheath through the
trailing edge of each vortex. Notably, at each of these
transitions we find sharp oscillatory enhancements in the
electric field as shown in Fig. 1(b). These oscillations
extend into the magnetosphere. Plasma transport across
the magnetopause is proven from CIS-HIA measurements
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FIG. 1 (color). (a) and (b) ZGSM magnetic and electric field,
respectively. (c) Ion energy and pitch angle spectrograms from
the CIS-HIA instrument on Cluster-3. (e) and (f) electron energy
and pitch angle spectrograms from PEACE on Cluster-4.
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on the Cluster-3 spacecraft, shown in Fig. 1(c), which
identify magnetosheath ions (centered on �400 eV)
throughout the interval, and the superposition of the more
energetic magnetospheric ions visible above 2 keV to the
left of each of the dashed blue lines when within the
magnetosphere. Analysis of these data shows T?=Tk > 1
[16] for the magnetosheath ions across the boundary with
magnetospheric ions measured by the CIS-CODIF instru-
ment on Cluster-4 containing significant densities of O�.
Figures 1(d) and 1(e) indicate that throughout the interval
shown we observe bursty field-aligned electrons (0�, 180�)
with the largest energies and fluxes found when the space-
craft is within the magnetosphere. Similar findings have
been reported in reconnection events near the subsolar [17]
and high latitude magnetopause [18]. The observations we
report here are, however, suggestive of anomalous cross-
field particle transport and field-aligned electron accelera-
tion in the electromagnetic fluctuations we observe with
each magnetopause transition, without the operation of
magnetic reconnection.

Figure 2 shows an expanded view of a magnetosphere to
magnetosheath transition (light blue shaded interval in
Fig. 1). A correlation analysis using the Cluster-4 space-
craft in magnetic field and spacecraft potential while tran-
siting the magnetopause reveals that this boundary moves
along the unit vector [�0:8, �0:6, �0:05] in the GSM
coordinate system at a speed of�95 kms�1. The quantities
shown in Fig. 2 are presented in the boundary normal
coordinate system (BN) defined by this motion where
xBN and yBN lie in the plane of the magnetopause and point
closest to the ZGSM and YGSM directions, respectively,
while zBN points inwards normal to the magnetopause
and in the direction of the boundary motion. Figure 2(a)
shows that By abruptly decreases as the spacecraft enters
the magnetosheath. Associated with this transition is a
decrease in the Alfvén speed (VA) shown by the red
trace. The phase speed of a surface wave across this
gradient in VA is estimated as Vs���BMsphere

2�BMsheath
2�=

�o��Msphere��Msheath�	
1=2 [19] where VS is the surface

wave phase speed, BMsphere and BMsheath are the magnetic
field strengths on the magnetospheric and magnetosheath
sides of the magnetopause transition, and �Msphere and
�Msheath are the mass densities. Across the transition shown
in Fig. 2 we find VS � 240–255 kms�1. The location
where this velocity matches the local Alfvén speed across
the boundary is known as the Alfvén resonance (AR) and is
shown in Fig. 2 by the green shaded band.

At the AR the x component of the electric field shown in
Fig. 2(b) contains a sharp peak. This peak is preceded by
oscillatory fluctuations extending from the magnetosphere
out to the AR on the magnetopause. Figure 2(c) shows that
these electric field fluctuations provide a net Poynting flux
(S) into the magnetosphere which at the AR has a value
comparable to the energy flux of the magnetosheath flow in
the shear layer (�3
 10�5 W=m2). While not shown here,
these waves also provide field-aligned Poynting fluxes

toward the ionosphere with a value mapped to 100 km of
�50 mW=m2 and sufficient to drive aurora. However,
because the spacecraft trajectory is not normal to the
magnetopause the variation of these fluxes with radial
distance into the magnetosphere is not clear from these
observations. Figure 2(d) shows that coincident with these
waves we observe plasmas of mixed magnetospheric and
magnetosheath composition inside the magnetosphere.
Similar observations are made at every magnetopause
transition over the interval where the Cluster spacecraft
traverse the vortices. The amplitude of the electric field
oscillations increases with increasing shear in the magnetic
field across the magnetopause [20]. These observations
suggest that the electromagnetic oscillations we observe
are driven by mode conversion from the surface Alfvén
waves or KH vortices at the AR on each magnetopause
crossing and transport large fluxes of electromagnetic en-
ergy and plasma across field-lines from the magnetosheath
into the magnetosphere.

To determine if we are observing KAWs radiating from
the magnetopause, we compare the observed wave disper-
sion with that expected for KAWs. We assume that these
waves are periodic transverse to the background magnetic
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FIG. 2 (color). (a) YBN -component magnetic field; the red
trace shows the local Alfvén speed. (b) The XBN-component
electric field. (c) The wave Poynting flux normal to the magneto-
pause boundary. (d) Ion energy spectrogram.
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field (Bo) with vector potential A���;�; t� � A����

exp�i�2��=��!t�	 where � and � are the coordinates
across and along Bo respectively. � is the wave scale trans-
verse to Bo and is invariant along �. ! is the wave fre-
quency. For values of electron plasma beta (�e) less than
one and !� �i the wave equation for Alfvén waves [21]
is
 

!2�2
eD2A� �r�V2

A�
h�
h	
r�

h	
h�
A�

�
�s2VA

2

Te
r�

Te
h�h	

r�h�h	D
2A� �!

2A� � 0 (1)

whereD � i2�=��h��, which locally provides k� � �iD,
and � � �D2�i

2�1� Io��D2�i
2� exp�D2�i

2�	. �e �
c=!pe is the electron inertial length, Te � meve2 is the
electron temperature, �s � ve=�i is the ion acoustic gyro-
radius, �i is the ion gyroradius, and Io is the zeroth order
modified Bessel function. h�;	;� are metrics which we
derive numerically [22] for a Tsyganenko 2001 geomag-
netic field model [23] using upstream parameters from the
ACE spacecraft, and Dst from the World Data Center in
Kyoto, Japan [24] (n � 4 cm�3, v � 400 kms�1, Dst �
�28,Bxgsm � �2:8 nT, Bygsm � 1:0 nT,Bzgsm � 2:0 nT).
These define a magnetic field model which provides field
strengths very similar to those observed locally at Cluster.
Equation (1) is then solved for eigenmodes in A� with
boundary conditions defined by the high conductivity of
the ionosphere at 100 km altitude where E� � �D	! 0
and dB	=d�! 0. These quantities are given by

 	 �
VA

2

i!
�
h�
h	
r�

h	
h�
A� (2a)

and
 B	 � �DA�: (2b)

The wave carries a parallel electric field given by

 Ejj � E�

� !�e2D2A� �
�s

2VA
2

!Te
r�

Te
h�h	

r�h�h	D2A� (3)

which drives field-aligned electron acceleration and facil-
itates anomalous plasma transport. The plasma model
along the geomagnetic field required for the solution of
(1) is based on the averaged locally observed parameters
(n � 2:7 cm�3, Ti � 160 eV, Te � 30 eV) and observa-
tions made on similar field lines at different altitudes in a
former study [21]. This model provides �e  0:1 along the
length of the field line as required for the validity of (1).

To compare the observed fields and those given by (1)
requires measurement of � or k�. Under the conditions
observed at the magnetopause the component of flow
transverse to Bo is �100 kms�1 and far exceeds the
wave phase speed transverse to Bo (or in �) of the kinetic
Alfvén wave for all reasonable values of � or k�. This
allows us to invert the wave spectra in spacecraft frame

frequency (!sp) to wave number as !sp � k� � vsp where
vsp is the flow speed measured in the spacecraft frame.
Using this approach we can obtain the k� spectra in E�
(E?) and B	 (B?) and hence E�=B	�k��. Averaged results
using this analysis from the multiple magnetopause cross-
ings observed from 19:50:00–21:00:00 UT are shown in
Fig. 3(a) and reveal wave scales extending through �i, �s
and down to �e. The magnetic field oscillations vary as
�k�1:8���5=3�

� and �k�2:4���7=3�
� with the break point at

�k��i � 1. Figure 3(b) shows the observed (black) and
predicted E�=B	�k�� ratio from solution of 1 for the fun-
damental and first, second, and third harmonics (red) while
the blue trace shows the local result obtained from the
Fourier transform of (1) along Bo (k� ! k? and r�!
ikk so locally E?=B? � VA�1� k?

2�i
2	=�1� k?

2�i
2 �

k?
2�s

2	1=2). These model results are evaluated at the po-
sition of the Cluster spacecraft in the Tsyganenko field
model. The model results show that over most of the
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FIG. 3 (color). (a) Averaged spectral energy density in E?;�
(black) and B?;	 (red). (b) Averaged E?;�=B?;	 spectra from
observations (black), local wave dispersion (blue) and nonlocal
solutions (red) for the fundamental through to third harmonic. (c)
Diffusion coefficient at each k?;�. (d) Averaged ratio of com-
pressive to transverse magnetic field amplitudes (black) and that
given by local wave dispersion for k?=kk � 30, 57, 1146.
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observed range in k� the fundamental provides an excellent
fit to the observed wave fields with the first and third
harmonics providing good approximations to the data at
small and large k� respectively. The wave frequency at
k��i � 1 for the fundamental, first, and third harmonics
are, respectively, 0.0012, 0.0021, and 0.0042 Hz. The local
approximation also provides a reasonable estimate of the
trend in E�=B	�k�� particularly at k��i > 1. The results
demonstrate that these field fluctuations have the properties
of KAWs with long parallel wavelengths. Furthermore,
from (3) and for observed transverse wave amplitudes
these waves carry parallel electric fields up to a few
�V=m at k��i � 1 to provide field-aligned potentials
100 V. This is sufficient to account for the energies of
the bursty field-aligned electron fluxes identified in Fig. 1.

Transport across the magnetopause in these waves can
be estimated using the local quasilinear calculation [6]
where the diffusion coefficient for a plasma where VA �
vi (vi � ion thermal speed), as found in this case, is given
by

 DW�

�
�
8

�
1=2X

k

�
Te
Ti
k?

2�i
2

�
2 VA

2

kjjvi

�
jB?�k�j
Bo

�
2
exp

�
�VA

2

2vi
2

�
:

(4)

Substituting the observed plasma parameters into (4) we
obtain the values shown in Fig. 3(c) which shows that
waves between k?�i � 1 and k?�e � 1 will provide the
largest contribution to transport. The appropriate kk for
each k? over this range is given by fitting the full local
hot plasma dispersion relation to the observed ratio of
compressive to transverse magnetic field oscillations as
shown in Fig. 3(d). Good fits for k?;��i � 1 are obtained
for k?=kk � 30:0 which at k?;��i � 1 provides wave-
lengths along Bo of � 1 Earth radii and up to the field-
line length consistent with the eigenmodes solutions.
Performing the sum in (4) for these k?=kk we find the total
diffusion coefficient for ions is 2:1
 109  DW  3:0

1010 m2 s�1, similar to previous estimates where a single
wave at k?�i � 1 was assumed [8,9,25]. We note that the
upper limit is probably not achieved due to the local
approximation in (4) and because the Bohm diffusion
coefficient based on the magnetosheath ion temperature
has a maximum value over this interval of �3:3

109 m2 s�1. Using the density gradient at each magneto-
pause traversal determined from a cross correlation analy-
sis between the Cluster-4 spacecraft, the lower limit for the
average flux across the magnetopause is Dwrzn �
1010 m�2 s�1. This is sufficient to account for the nominal
width of the low latitude boundary layer [7].

These observations show the operation of mode conver-
sion from surface waves to KAWs on the magnetopause at
the AR and the cross-field transport of large electromag-
netic energy fluxes into the magnetosphere. The KAWs
have transverse scales extending through �i, �s and �e and
parallel scales at k?�i � 1 up to the field-line length.
These waves carry parallel electric fields of sufficient

amplitude to account for the observed field-aligned elec-
tron bursts. At the largest parallel scales these waves are
field-line resonances. The KAW spectra can provide diffu-
sion of magnetosheath plasma across the magnetopause at
a rate sufficient to account for the nominal width of the low
latitude boundary layer reported in several studies. As a
final note, the electric field spikes observed at the AR, for
the observed transverse scales, have amplitudes which ex-
ceed that required to demagnetize the ions across the mag-
netopause (Edemag � Bo�i=k? � 2 mV=m at k?�i � 1
[26]). It is expected that this will lead to stochastic trans-
verse ion energization [27] to account for T?=Tk>1 and
enhance the transport process across the magnetopause.
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