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Abstract. We present a comparative study of low frequency
electric field spectral densities and temperatures observed by
the Cluster spacecraft in the high altitude cusp/mantle re-
gion. We compare the relation between the O+ temperature
and wave intensity at the oxygen gyrofrequency at each mea-
surement point and find a clear correlation. The trend of the
correlation agrees with the predictions by both an asymp-
totic mean-particle theory and a test-particle approach. The
perpendicular to parallel temperature ratio is also consistent
with the predictions of the asymptotic mean-particle theory.
At times the perpendicular temperature is significantly higher
than predicted by the models. A simple study of the evolu-
tion of the particle distributions (conics) at these altitudes in-
dicates that enhanced perpendicular temperatures would be
observed over manyRE after heating ceases. Therefore, spo-
radic intense heating is the likely explanation for cases with
high temperature and comparably low wave activity. We ob-
serve waves of sufficient amplitude to explain the highest
observed temperatures, while the theory in general overes-
timates the temperature associated with the highest observed
wave activity, indicating that such high wave activity is very
sporadic.

Keywords. Magnetospheric physics (Magnetopause, cusp,
and boundary layers; Magnetosphere-ionosphere interac-
tions) – Space plasma physics (Wave-particle interactions)

1 Introduction

It is well known that ions in the ionosphere and magneto-
sphere can be energized in the direction perpendicular to the
geomagnetic field. It is believed that transverse heating of
ions is important for ion outflow, and one of the probable

explanations for transverse heating is wave-particle interac-
tion (Moore and Horwitz, 2007). One type of efficient wave
energization is caused by waves near the ion gyrofrequency.
This ion cyclotron resonance mechanism can be investigated
using test-particle calculations or Monte Carlo simulations
(Retterer et al., 1987; Chang et al., 1986).

In a recent case study,Waara et al.(2010) searched the
high altitude cusp/mantle (the region of open magnetic field
lines mapping to the polar cap and dominated by magne-
tosheath plasma) for the longest period with a significantly
enhanced oxygen perpendicular to parallel temperature ratio,
an expected sign of local transverse heating. They used the
data set ofNilsson et al.(2006) and found a case lasting about
20 min. It was found that the wave amplitude around the oxy-
gen ion gyrofrequency was not high enough to explain the
observed perpendicular ion temperatures using a simple ion
cyclotron resonance model (Chang et al., 1986). The study of
Waara et al.(2010) was followed up with a statistical study
of the electric and magnetic field spectral densities in the
frequency range below 1 Hz, in the general vicinity of the
high altitude oxygen gyrofrequency (Waara et al., 2011). In
Waara et al.(2011), it was shown that, statistically, the gy-
roresonance model could, in fact, reproduce the observed av-
erage perpendicular temperature and average parallel veloc-
ity for altitudes between 8–15RE in the cusp/mantle region
given the average spectral density. It was assumed that 50 %
of the observed wave activity at the local O+ gyrofrequency
was due to left-hand polarized waves, which can effectively
heat the ions. In the paper ofSlapak et al.(2011), some very
high temperatures could be explained using a gyroresonance
model and the simultaneously observed waves. It was also
shown that, for the three cases investigated, the size of the
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region of enhanced wave activity was at least one order of
magnitude larger than the O+ ion gyroradius.

It therefore seems as though we have some contradicting
results. In our first case study, we observed a long-lasting
case of strongly anisotropic ion temperatures suggesting lo-
cal heating, but we could not explain the observed ion tem-
peratures with the simultaneously observed wave activity.
Choosing cases with strong wave activity (Slapak et al.,
2011), we could explain the simultaneously observed ion
temperatures. We also found that the average wave activ-
ity could explain the average ion temperature (Waara et al.,
2011).

We follow up on these three studies with a statistical study
of the correlation between ion temperature and wave in-
tensity for each measurement point. The observations are
compared with the predictions ofChang et al.(1986), both
through an asymptotic mean-particle approach and a test-
particle approach. These models assume continuous heating,
and deviations between the model predictions and observa-
tions provide insight into the role that the sporadic nature of
the heating plays.

With the approach used in our previous statistical study
(Waara et al., 2011), we could not correlate the temperature
and wave activity for each measurement point; we could only
show that the average wave activity was suitable to explain
the average ion temperature and parallel velocity. This new
study therefore combines the results of the statistical study
with the point-by-point comparison previously only available
from the case studies. If heating is continuous, we would get
as good correlation between wave activity and temperature
for this point-by-point correlation study as we got for the av-
erage values. It was however shown inWaara et al.(2011)
that heating, as observed by the spacecraft, is typically spo-
radic, lasting only a few minutes for each burst. This could
strongly affect the point-by-point correlation between wave
activity and ion temperature.

The correlation between the simultaneously observed ion
temperature and wave activity is determined by how sporadic
the waves are and how dominating the most recent heating
is. The more dominating the most recent heating is, the more
sporadic the ion heating can be and we will still get a good
correlation. If ion heating is not sporadic, then the most re-
cent heating needs not dominate; it is still a good measure
of the integrated heating the ion has experienced along its
flight path. We want to find out if we typically can explain
the observed ion temperatures with the simultaneously ob-
served waves for each measurement point. If yes, then the
result of Waara et al.(2010) was clearly an exception and
observed ion temperatures can in general be explained by si-
multaneously observed waves. If not, then the sporadic na-
ture of the ion heating influences the statistics enough to lose
a good correlation between ion temperature and wave activ-
ity. In this study, we show that there indeed is a good cor-
relation, but also that the nature of sporadic heating causes

deviation from the correlation for the strongest electric spec-
tral densities and for the highest temperatures.

2 Instrumentation and data

We use data from the Cluster spacecraft (Escoubet et al.,
2001). The ion data are taken from CODIF, a time-of-flight
ion composition distribution function instrument that can re-
solve the major magnetospheric ions. The angular resolution
is 22.5◦ and the energy coverage in the modes of interest to
us is from 40 eV per charge up to 38 keV per charge. Fur-
thermore, we use electric field data from the electric field
and wave instrument, EFW (Gustafsson et al., 2001). EFW
records two orthogonal electric field components in the satel-
lite spin plane. In the data set used in this study, the sampling
rate was 25 samples/second. We also use data from the Clus-
ter fluxgate magnetometer (FGM), which measures the mag-
netic field vector (Balogh et al., 2001).

The data set consists of EFW wave data when outflowing
O+ is seen in the energy spectrograms of the CIS CODIF
data. The data set covers a 3-yr period (January to May in
2001 to 2003). This corresponds to orbits with apogee on the
sunward side of the terminator plane. Only events with out-
flowing O+ lasting more than 1 h were selected, and such
events were seen in about two-thirds of the orbits. The par-
ticle data set is described in detail inNilsson et al.(2006).
The time series data of the electric field have been Fourier
transformed to obtain frequency spectra. The record length
in the Fourier transform is 1024 points. The spectral densities
used in this study are averages of three partially overlapping
records, shifted 512 data points with respect to each other.
The DC-level (0 Hz) in the data is removed by subtracting the
mean of each time window for the EFW. The wave data set is
described in more detail byWaara et al.(2011). In that study,
it was shown that the electric field to magnetic field spectral
density ratio (E/B ratio) of the observed waves agreed with
the Alfvén wave velocity as calculated from the background
magnetic field and ion density estimates obtained using ion
spectrometer data. They could also show that the altitude
variation of theE/B ratio in the frequency interval below
1 Hz was inconsistent with static current structures closing
through the ionosphere. It is therefore likely that the observed
wave activity at these high altitudes was due to Alfvén waves.
We note that this is not always the case for lower altitudes.
For example,Jasperse et al.(2006) interpreted the power law
electric field frequency spectra observed by the FAST space-
craft (at an altitude of about 4000 km) as being due to static
structures, while peaks at the harmonics of the proton gyro
frequency were interpreted as due to turbulence in the ion
frame of reference.
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3 Ion cyclotron resonance mechanism

Chang et al.(1986) presented a theory for calculating the
evolution of the perpendicular temperature in an altitude-
extended, cyclotron resonant electric wave field. They also
provided an asymptotic solution yielding both perpendicu-
lar and parallel temperature from the locally observed waves
and the shape of the frequency spectrum. Estimates from the
ion cyclotron resonance mechanism (Chang et al., 1986) give
both the perpendicular and the parallel ion temperature based
on the wave intensity along the ion trajectory. The heating is
caused by waves near the local ion gyrofrequency along the
ion trajectory. In practice, locally observed waves mapped
along the magnetic field lines are used. The spectral den-
sity can often be approximated byS(f ) ∝ f −α, with α as a
power law fitting parameter, and the gyrofrequency can often
be assumed to fall with the cube of the geocentric distance,
fi(r) ∝ r−3, allowing mapping to an arbitrary altitude. The
mean energy ratioW⊥/W‖ asymptotically approaches a con-
stant value of(6α +2)/9. In this limit, the total ion energy is
insensitive to the choice of initial conditions, making it suit-
able for a comparison with our data. The result for the total
ion energy,W = W‖ + W⊥ (Retterer et al., 1987), is

W =

(
3α +

11

2

)1/3

m

[
rD⊥(r)

(3α + 1)

]2/3

(1)

where the quasi-linear velocity diffusion rate perpendicular
to the geomagnetic field is given by

D⊥ =
ηq2

4m2
| Ex(ω = �) |

2 (2)

whereq is the charge,� is the ion gyrofrequency,ω is the
wave frequency,| E2

x | is the electric field spectral density at
the local ion gyrofrequency andη is the proportion of the
measured spectral density that corresponds to a left-hand po-
larized wave. We use a value ofη = 50 % in the calculations
in this study. Theα value we use is 1.5 and is taken from
Waara et al.(2011).

We will compare our data with two variants of the theory
of Chang et al.(1986). The first, which we call the asymp-
totic mean-particle theory, makes use of the equations above.
In an alternative version, we release a test particle at 5RE
with average initial properties (perpendicular temperature of
17 eV, parallel velocity of 43 km s−1 (from Table 1 inWaara
et al., 2011)) and follow it as it moves outward in the average
observed magnetic field as function of distance. The spectral
density used for each particle is the observed spectral density,
using the average explicit altitude dependence of the data set
as reported in Table 1 inWaara et al.(2011). The particle
is followed until it reaches the altitude of observation. This
calculation is performed for all our measurement points.
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Fig. 1. (a) Distribution of O+ perpendicular temperature [log
eV] for each interval of electric field spectral density [log
(mV m−1)2 Hz−1]. Each column is normalized; the sum of all data
bins in a column is 1. The white line is the predicted perpendicular
temperature from the asymptotic mean-particle approach. The white
error bars show the standard deviation for the logarithmic value. The
black line is the predicted perpendicular temperature from the test-
particle approach. The black error bars show the standard deviation
for the logarithmic value. The blue line is the average observed per-
pendicular temperature.(b) Distribution of O+ temperature ratio
T⊥/T‖ for each interval of electric field spectral density. The white
line is the predicted temperature ratio from the mean-particle ap-
proach.(c) Number of data points contributing to each column.

4 Results

The distribution of O+ perpendicular temperature for each
interval of electric field spectral density is shown in panel (a)
in Fig. 1. We see a strong correlation between the observed
electric field spectral density and the observed perpendicular
temperature.

The white line in Fig. 1a is the predicted perpendicular
temperature for each electric field spectral density using the
asymptotic mean-particle approach. The perpendicular tem-
peratures are calculated for all points in the data set, and the
error bars indicate the standard deviation. As can be seen, the
asymptotic mean-particle theory fairly well reproduces most
of the observations.

The black line in Fig. 1a is the predicted perpendicular
temperature for each electric field spectral density calculated
using the test-particle approach (Chang et al., 1986) for ions
released with average properties from 5RE and followed un-
til they reach the altitude of observation, i.e. up to 15RE.
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Error bars indicate one standard deviation. This approach
yields somewhat lower temperatures at low spectral density,
in better but still not perfect agreement with observations.
The standard deviation obtained with this method also better
captures the spread of the data for low spectral densities. Oth-
erwise there is no significant difference between the results
of the two models.

Both theories predict as high temperatures as are observed
for the range of electric field spectral densities. The main dis-
crepancy between models and observations is that there is
a significant number of observations of temperatures higher
than predicted, especially in the spectral density range of 1–
30 (mV m−1)2 Hz−1. For the very highest spectral densities
observed, the corresponding observed temperatures are typi-
cally lower than predicted by the models. Finally, the models
systematically overestimate the temperatures for the lowest
spectral densities.

The blue line in Fig. 1a is the observed average perpendic-
ular temperature. Compared to the distribution, it first seems
as if the mean value is somewhat low for the highest spectral
densities. However, studying the distributions bin by bin re-
veals a low temperature tail that is not easy to distinguish in
the color distribution.

Figure 1c indicates the statistical significance of each col-
umn by showing the number of data points contributing to
each column.

A higher perpendicular than parallel temperature is often
a signature of local heating, as the mirror force will decrease
the kinetic perpendicular temperature if the ions move up
along the field line. Figure 1b shows the O+ perpendicular
to parallel temperature ratios versus the electric field spec-
tral density. Higher perpendicular than parallel temperature
is typically observed for most of the spectral densities. The
white line in Fig. 1b shows the predicted perpendicular-to-
parallel ratio from the asymptotic mean-particle theory. The
mean energy ratioW⊥/W‖ asymptotically approaches a con-
stant value of 1.2 for the average spectral slope of our ob-
servations. As can be seen in panel (b) in Fig.1, most of
the measured values are consistent with what the asymptotic
mean-particle theory predicts.

As the transversely accelerated ions subsequently move
outward, their transverse energy is gradually converted to
parallel energy by the mirror force. For passive adiabatic
transport along the field lines, the perpendicular temperature
should thus decrease. The relatively sporadic appearance of
enhanced wave activity presented inWaara et al.(2011) may
make it difficult to observe the actual heating, so it is not ob-
vious that we should have a good correlation between wave
activity and perpendicular temperature for each measurement
point. The sporadic nature of the cusp and polar cap ion ener-
gization is also discussed byLennartsson et al.(2004). They
discussed energization of ions, which was random in both
onset and location, as a plausible explanation of their data.
Our results indicate that heating is indeed sporadic, but not

Fig. 2. Model result for an isocontour of a distribution moving to
progressively higher altitude and the associated folding of the dis-
tribution function into a “conic” for a dipole field (red dashed lines)
and the average observed background magnetic field (thin black
lines) as function of altitude. The x-axis shows the perpendicular
energy [eV] and the y-axis the parallel energy [eV]. The start alti-
tude corresponds to 12RE, and the three conics correspond to the
altitudes 13, 14 and 15RE.

to the degree that all correlation between local wave activity
and observed ion temperature is lost.

We have also studied the folding of a perpendicularly
heated particle population starting at 12RE and ending at
15RE. We let particles move outward along the field line
without any heating, in order to investigate the remnant effect
of hot ions after heating has ceased. The folding of a sample
ion distribution is shown in Fig.2. The initial distribution at
12RE is seen as a thick black contour, and the thin black and
red dashed contours show the evolution of the ion distribution
(at 13, 14 and 15RE) given an observed average magnetic
field and a dipole field model respectively. The decrease of
the perpendicular temperature in our simple study is around
10 % for eachRE if the average measured background mag-
netic field is used; it is around 20 % for eachRE if the dipole
model is used. Our results show that strongly heated ions are
likely to be observed with an enhanced perpendicular tem-
perature over a fewRE outside the actual heating region, i.e.
in regions with lower electric field spectral density than pre-
dicted by the theory.

5 Discussion

The ion cyclotron resonance theory fairly well reproduces
the observed perpendicular temperature and the temperature
ratio, except for some of the highest perpendicular temper-
atures, where the temperatures can be up to one order of
magnitude larger than predicted by the model. The ions re-
tain their perpendicular energy some time also after leav-
ing a heating region. One can therefore not expect a precise
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one-to-one correlation between enhanced wave activity and
high perpendicular ion temperature.

The power law approximation (S(f ) ∝ f −α) of the spec-
tral density does not perfectly describe the distributions ob-
served. The average spectral density versus frequency is de-
pendent on altitude: the observed spectral density increases
for higher altitudes. There is one order of magnitude between
the highest and the lowest average spectral density over the
altitude range of our data set. The electric field spectral den-
sities (as a function of frequency) for the different altitudes
generally have a power law distribution with a slope of 1.5
(Waara et al., 2011). If the explicit altitude dependence is
taken into account (Chang et al., 1986), we get an effectiveα
of 1.6 instead of 1.5. The small increase inα does not signif-
icantly change the predictions from the mean-particle theory,
neither the perpendicular temperature nor the temperature ra-
tio. Slapak et al.(2011) reported a spectral slopeα of 2.1 for
their case of strongest heating. Nor this would yield any sig-
nificant increase of the perpendicular temperature for a given
wave intensity as compared to the average spectral slope. The
temperature ratio would increase to 1.6, consistent with the
higher temperature ratios observed for high spectral densi-
ties.

Additionally, the fact that the model assumes that the gy-
rofrequency falls off with the cube of the geocentric dis-
tance is not completely true for this data set. The background
magnetic field presented inWaara et al.(2011) shows that a
dipole model for the magnetic field is a good approximation
up to 12RE, but, at higher altitudes, the decrease of the mea-
sured background magnetic field with altitude is smaller than
for a dipole field. The gyrofrequency falls off on average with
an exponent of 1.75 instead of with the cube of the geocen-
tric distance (Slapak et al., 2011). The highest perpendicular
temperatures are observed at the highest altitudes, where it
is better to use the measured magnetic field values instead of
the dipole approximation. We did this in our alternative (test
particle) method, but this did not yield significantly different
results as compared to the asymptotic mean-particle theory.

An explanation as to why the highest temperatures are also
observed for lower spectral densities is the relatively spo-
radic occurrence of strongly enhanced wave activity, which
makes it less likely to observe the actual heating. The heat-
ing from the waves can occur for just a few minutes, but the
total energy gain for the particles remains, and the increased
perpendicular temperatures remain for some time after the
actual heating has stopped.Slapak et al.(2011) showed that,
when picking out the highest observed wave intensities, the
simultaneously observed high ion temperatures could be ex-
plained by a gyroresonance theory. It therefore seems likely
that the discrepancy between the highest observed tempera-
tures and highest simultaneously observed wave intensities
is due to the temporally and/or spatially limited nature of re-
gions of intense wave activity. If this is the case, we must at
least at times observe sufficiently high spectral densities to
explain the highest observed temperatures, and this is indeed

the case. Similarly, the lower than predicted observed tem-
peratures for the very highest electric field spectral densities
are consistent with a sporadic nature of the most enhanced
wave activity. The ions have seldom experienced the heating
for as long as is assumed by the theory at the time of observa-
tion. Some of the most intense heating is known to occur in a
very limited region at the equatorward side of the cusp, some-
times called the “cusp heating wall” (Bouhram et al., 2003),
possibly caused by a combination of waves and quasi-static
electric fields (Lindstedt et al., 2010). This could provide O+

ions with energies of several keV.
Finally, the models seems to overestimate the tempera-

ture for the lowest spectral densities. This agrees with the
results ofWaara et al.(2011) where it was found that the
average wave activity could explain the average ion temper-
atures only for geocentric distances above 8RE. In more re-
cent work, we have found that the fraction of the wave ac-
tivity, which is efficient in heating the ions, must be lower
at lower altitudes (Nilsson et al., 2012). This is likely the
explanation for the overestimate of the temperature for low
spectral density which mostly corresponds to low altitude.
The initial conditions are not important at higher altitudes as
the heating rate increases with altitude and the most recent
heating thus dominates the result.

6 Conclusions

The O+ temperature and wave intensity at the oxygen gy-
rofrequency at each measurement point for a high altitude
cusp and mantle data set obtained with the Cluster spacecraft
are clearly correlated. The trend of the correlation agrees
with the predictions by both an asymptotic mean-particle the-
ory and a test-particle approach. Also the temperature ratio
is consistent with the predictions of the asymptotic mean-
particle theory for our spectral slopeα. There is some spread
in the correlation, in particular for some of the highest ob-
served temperatures which are up to one order of magnitude
higher than predicted by the model.

An explanation as to why high temperatures are some-
times observed for periods of comparatively low electric
field spectral density is the relatively sporadic wave activ-
ity which makes it less likely to observe the actual heating.
Waara et al.(2011) found that intense wave activity (above
3 (mV m−1)2 Hz−1) seldom occurred continuously for more
than a few minutes. The majority of events lasted less than
5 min as observed by the spacecraft. A simple study indicates
that enhanced perpendicular temperatures would be observed
over manyRE after heating ceases. Waves with sufficient am-
plitudes to explain the highest observed temperatures are in-
deed observed, even though relatively infrequently, consis-
tent with the expectations for sporadic heating. For the very
highest wave activity observed, the models typically overes-
timate the temperature. This is further evidence for the spo-
radic nature of such high amplitude waves.
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nology. H. Nilsson and M. André were supported by the Swedish
National Space Board. We also thank the EFW, FGM and CIS in-
strument teams.

Topical Editor I. A. Daglis thanks K. Lynch and one anonymous
referee for their help in evaluating this paper.

References
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