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Abstract. We use the Cluster spacecraft to study three eventgape. Upflowing ionospheric plasma is in general gravita-
with intense waves and energetic oxygen iong Y@ the  tionally bound, and will return as ionospheric downflow un-
high altitude cusp and mantle. The ion energies consideretess there is enough energization for the plasma to overcome
are of the order 1000 eV and higher, observed above an altigravity and reach the magnetosphe8eKi et al, 2002.

tude of 8 earth radii together with high wave power at the O Plasma in the high-altitude magnetosphere is free of Earth’s
gyrofrequency. We show that heating by waves can explairgravity and heating of oxygen ions {Qin the cusp serves
the observed high perpendicular energy of @ns, using  primarily to put them on trajectories that are more likely to

a simple gyroresonance model and 25-45% of the observedscape downstream rather than being caught up in the closed
wave spectral density at the gyrofrequency. This is in con-inner magnetospheric circulation.

trast to a recently published study where the wave intensity Three acceleration mechanisms often considered impor-
was too low to explain the observed high altitude ion ener-tant for ion escape are centrifugal acceleration, field-aligned
gies. Long lasting cases-@0min) of high perpendicular- potential gradients and wave-particle interactioNsrqvist
to-parallel temperature ratios are sometimes associated witbt al.(1996 studied events of ®heating in the high-latitude,

low wave activity, suggesting that high perpendicular-to- dayside magnetosphere. The data was obtained from the
parallel temperature ratio is not a good indicator of local Freja satellite for altitudes around 1700 km andions were
heating. Using multiple spacecraft, we show that the regionsheated perpendicularly to the background magnetic field to
of enhanced wave activity are at least one order of magnitudenean energies of about 20 eV, i.e. enough to overcome grav-

larger than the gyroradius of the heated ions. ity. The heating was associated with broadband waves.
Keywords. Space plasma physics (Wave-particle interac-Bouhram et al(2003) studied mid-altitude heating events
tions) measured by the Interball-2 satellite up to 5 Earth raky)(

These observations also indicated that broadband waves are
associated with ion heating. In both studies there was suffi-
cient spectral density to explain the heating, using only a few
percent of the observed wave spectral density at they®

The most direct interaction between the solar wind plasmarofrequencyfm). Itis not clear which type of waves builds

and Earth’s ionosphere is constrained to the magnetosphenltl,p this broadbahd spectrum or how much ofitis due to waves
nd how much is due to electrostatic structures. However, it

cusps, where the open magnetic field lines facilitate a pat : . . Lo
between the two plasmas. In this region solar wind precip-> not likely that all of the wave intensity is effective in the
process of ion heating.

itation yields high ionospheric electron temperatures which _
leads to strong ionospheric upflowi(sson et al, 1996 f\s_tud_y on the altitude depe_ndence of transversely heated
Ogawa et al.2003. Strong wave activity is observed, and O distributions up to % Re in the cusps was made by
thus it is the most promising region in which to study wave- Bouhram et al.(2004 and a saturation of perpendicular

particle interaction and its effect on ion outflows and ion es-Neating above & Re was reported. This was suggested to
be a result of finite perpendicular wavelength effects in the

wave-particle interactions. High altitude observations indi-

Correspondence taR. Slapak cate however strong energization of @ the high altitude
BY (rikard.slapak@irf.se) mantle/polar cap region (6—¥&). Cluster lon Spectroscopy

1 Introduction
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(CIS) measurements show high perpendicular ®mper-  resolution is 25°. A more detailed description of the CIS
atures and the distribution functions show some enhanceinstruments can be found Reme et al(2007).
ment of the perpendicular-to-parallel temperature rdfies The Fluxgate Magnetometer (FGM) provides us with mea-
T1 /Ty (Arvelius et al, 2005 Nilsson et al.2008. surements of the magnetic field vector with a sample fre-

In the companion paper byaara et al(2011) the wave  quency of 224 Hz in the normal modeBalogh et al.2001).
activity at high altitudes is statistically described. It is shown It consists of two triaxial fluxgate magnetic field sensors
that mean wave intensities can explain the medrnténper-  which can record three field components, with amplitude res-
atures between 8 and K. In a case study of an enhanced olution of the order- 104 of the background magnetic field.
perpendicular heating event at high altitude g} made  The Electric Field and Wave experiment (EFW) is designed
by Waara et al(2010 the high perpendicular temperature to measure the electric field vector with a sample frequency
(8000 eV, which is about one order of magnitude higher thanof 25 Hz in the normal mode3ustafsson et gl2001). EFW
the mean temperature at the same altitude) could not be exsonsists of four probes placed such that they are forming a
plained with simultaneous wave observations. If the heatingcross with the spacecraft in the centre. The electric field is
is sporadic the chances to observe the heating when it actideduced by measuring the potential difference between two
ally takes place may be slim. lons will retain their energy probes opposing each other, such that two orthogonal field
after heating ceases, and remain heated in the perpendicule@@mponents in the satellite spin plane are recorded. Thus it
direction for some time (the mirror force will gradually trans- is a 2-D measurement in the spin plane. This is sufficient
form perpendicular energy to parallel energy for upflowing for the purpose of this paper, since the electric fields heat the
ions). Therefore hight', and low wave activity should not ions perpendicularly to the background magnetic field and
be seen as a contradiction - even though the Higlassoci-  the spin axis of the satellite is generally close to parallel to
ated with the event studied Waara et al(2010 could not  the background magnetic field.
be explained we do not reject the gyroresonance model, but
still consider it as possibly relevant at high altitudes. 2.2 Datasets

We have picked three events with wave intensities signif- ) o
icantly higher than mean intensities to investigate if the gy_The particle data we are conslldermg is taken from a data set
roresonance model is able to explain enhanced perpendicul&Pnstructed and described biisson et al(2008. It con-
temperatures (significantly higher than mean temperatures aStS 0f CODIF data, obtained at high altitudes (5 taREp
the corresponding altitudes). This paper together Wigtara above the polar cap, covering the presence of outflowihg O

et al.(2011 complement the statistical study reporting trans- where only beam events lasting longer thgn one hour were in-
verse heating of O in the high altitude regionsNjlsson cluded. The temperatures are mass specific and calculated as

et al, 200 and the case study performed Wyaara et al. moments of the observed particle distributions. The limited
(2016. energy resolution causes problems when calculating the low-

est temperatures (smaller than the kinetic energy of the drift).
However, this is not a problem for the strong heating events
considered in this study.
2 Measurements The wave data set is constructed such that it covers the
same time intervals as the particle data. A typical value of
For our analysis we use data from instruments onboard thgne O gyrofrequency fo+) at high altitudes is of the or-
Cluster spacecraffscoubet et al2001). These four space- der 101 Hz and we restrict the data to frequencied Hz.
craft are in formation orbiting the Earth and each one carriesye go through the data sets manually to find cases of strong
11 different instruments, constructed for Specific tasks. ThQNave intensities (C|ear|y Stronger than mean wave intensi-

ones used in this study are described below. ties) where we simultaneously observe enhancedtén-
peratures. The electric field data (subscripted E) is obtained
2.1 Instruments from the EFW instrument, and the FGM instrument provides

us with the corresponding magnetic field data (subscripted
The Cluster lon Spectroscopy experiment (CIS) consistsB). The magnetic field data is detrended, such that the back-
of two instruments, a COmposition Distribution Function ground magnetic field is ignored.
(CODIF) analyzer and a Hot lon Analyzer (HIA). We present  Power spectral densities are computed using FFT (Fast
results from the CODIF instrument, which has mass resolufourier Transform) with a record length of 1024 points (cor-
tion and can resolve the major magnetospheric ion speciesesponding to 41 and 46 s, respectively). We average over
(H*, He™, Het™, and O") by using an ion time-of-flight three consecutive time records, where each record is shifted
technique. The CIS experiment provides us with data for512 points with respect to the previous. From the average
the composition and distribution of ions in the plasma. Thespectrograms we get the power spectral densities at the local
measured energies range from 15 eV per charge up to 38 ke®@* gyrofrequency §e and Sg, respectively) with a resolu-
per charge with a resolution &€ £/E = 0.16. The angular tion of 20-23 s (512 data points). We will almost exclusively
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deal with electric power spectral densiti§s and we will the observed perpendicular temperatures, and to see if this is
omit the subscript from now on, unless there is a risk for consistent with the simultaneously observed parallel veloc-
confusion. ity. The latter is important because as long as the heating rate

In this study we have only used this wave data set as as greater than the adiabatic cooling due to the mirror force
tool for comparing wave activity associated with @eating ~ we can obtain any perpendicular temperature given enough
events. In the companion paper the statistical properties ofime. However, if the heating goes on for too long, the mir-
the high altitude electric and magnetic fields are presentedor force will transfer too much of the energy into the parallel
(Waara et al., 2011). direction, and consequently the parallel velocity may become

much higher than what is observed.

3 Heating model 3.1 Broadband resonance heating

The events we are describing in this paper stand out from thé model presented in the paper Ghang et al(1986 con-
surrounding conditions both in terms of higher perpendicu-siders left-hand polarized waves in a broadband frequency
lar temperatures and increased wave activity. The spacecrafiPectrum as a possible mechanism for transverse heating of
observe these events only for a limited time of a few minutes positively charged ions. This model has turned out to be
If increased wave activity is mainly a temporal phenom- successful in explaining heating perpendicular to the back-
ena, the particles flowing out along the field lines will expe- ground magnetic field in the magnetosphere at low and mid-
rience the increased wave activity for a similar period of time altitudes Norqvist et al. 1996 Bouhram et a].2003H), since
as the observation time at the spacecraft. If the increase@nly a small part of the observed wave spectral density is suf-
wave activity corresponds to a spatial region, the ions will ficientin order to explain the heating.
experience the enhanced wave activity as they drift through The modelis based on the assumption that an ion that trav-
the heating region, assuming the heating region is stationels through a region with broadband waves is in local reso-
ary with respect to magnetospheric convection. The lattenance with some left-hand polarized electromagnetic wave,
is known to occur for the region of Strong heating associ-transverse to the baCkgrOUnd magnetic field. ConSidering a
ated with the equatorward edge of the cusp at low and midgyrotropical distribution the net heating rate for a resonant
altitudes, named the “polar cap heating wall” Kpudsen  Positively charged ion is

et al. (1994. Dubouloz et al.(2001) and Bouhram et al. AW 2
(20033 described the effect of the “heating wall” on ions £™wave _ ¢ 9 (1)
spending some time in the heating region and then convect- dt 2m

ing further into the polar cap where the wave particle inter-wherem is the ion massq the ion charge and; = Sy (f;)
action is weaker, corresponding to the situation usually dethe power spectral density of the electric field at the ion gy-
scribed as the polar wind ion outflow. In such a case one camofrequency,f;, due to left-hand polarized waves. The net
try to estimate the spatial extent of the heating region, andsffect is positive since the energy gain for ions in phase is
through measurements of the convection calculate the timgomewhat bigger than the energy loss for ions in antiphase.
the particles would have experienced increased wave activihe net effect of non-resonant waves is approximately zero.
ity. As the ion gains energy some of its perpendicular energy is
The final possibility is that the wave activity is drifting converted into parallel energy due to the mirror force, accel-
with the plasma. There is then no obvious limit for how long erating the particle along the field line. As the particle moves
the ions may have experienced the increased wave activityit will continuously interact with those waves that are in lo-
lons take considerable time to move along the field line fromcal resonance with it. The total perpendicular heating rate
the ionosphere to the high altitude polar cap/mantle so it iscan now be expressed as
unlikely that wave activity remains strong in a spatially lim-
ited region drifting with convection for all that time. 2)
A statistical analysis of the wave activity in the high alti- 47 dt dt
tude cusp/mantle shows indeed that wave activity at a giverwhered W /dt is the perpendicular adiabatic cooling due to
altitude varies by about two orders of magnitude and stronghe mirror force, converting perpendicular energy into paral-
wave activity is typically observed only for a few minutes lel energy. Assuming a background dipole field and radial
on each occasior\Waara et al.2011). Considering these field lines (which is roughly true above the polar cap) this
uncertainties in the spatial and temporal extent of the reterm can be written as
gions of enhanced wave activity, we have developed a simple,,,
scheme where we backtrace particles from the observation——- — 3W lﬂ, 3)
point down to an apparent start altitude. The rationale for r
this scheme is to estimate for how long the ions must havevhereW is the perpendicular energy of the ian, its par-
experienced the enhanced wave activity in order to explairallel velocity and- the geocentric altitude.

dw . dWwave _ d Wir
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3.2 The mean-particle theory AW = 3WJ_ﬂAt, (8)
r

The mean-particle theory (also presented@lyang et al.

1986 gives estimates of both the perpendicular and the paralwhere S, = Sp(f) r3 and the mirror force is described
lel temperature (and thus the ratio between them) and a comrgccording to motion in a dipole field under the conservation
parison with the observed temperatures is interesting. Below?f the magnetic moment. For a time step, the parallel
follows a brief description of the theory and the results arevelocity (vj) and the perpendicular energy() of the test
discussed in Sec. The theory considers the average rate of Particle are updated accordingly to the small changes in en-
resonant heating for an ensemble of particles moving along £rgy- Using the updated parallel velocity, also the location of
dipole field line. The power spectral density is approximatedthe particle is updatedyr = v Ar). The heating rate and the
with a power lawS(f) o f~* with o as a power law fit- effect of the mirror force are then applied again.

ting parameter, and the gyrofrequency is assumed to decrease!f the model is run in the forward direction this should be
with the cube of the geocentric distance(r) «cr—3. An done until the test particle reaches the altitude of observation.
asymptotic analysis shows that the perpendicular-to-parallelf the model is run backward it can be run until either the
energy ratio approach&6u +2)/9 and in this limit the total ~ parallel velocity or the perpendicular energy reaches zero,

mean energy as a function of altitude becomes which would correspond to our start altitude.
13 23 What would the physical significance of this apparent start
W=W,+W, = <3a+1_1) m[rDl(V)] ’ (4 altitude be? The ions must have had some parallel veloc-
2 Ba+1) ity and perpendicular energy at the apparent start altitude to

where the diffusion rate perpendicular to the backgroundWhiCh we backtrace it. If most of the heating giving rise

magnetic field is defined a8, (r) = S;.(r)¢2/4m? (Retterer to the c;bfstetr;]/eg tﬂerfer;dlrfglatrwenirgyroccuriegtcltos;te tlgttr:je
et al, 1987. The mean perpendicular and parallel compo-SpaCeca » (hentheregion between ourapparent start altitude

nents can be derived from the formulas abaBarghouthj and the spacecraft shows the altitude extent/time of strong
1997 and we get heating. At the apparent start altitude the particles must have

had a small perpendicular energy as compared to the ob-
(6c: +2)m rDy(r) 2/3 served temperature (at least an order of magnitude lower).
L= 7013 [(30, +1)(6a+ 11)} ; (5)  The same holds for the parallel velocity. With observed par-
allel velocities of the order 100 knt$ and perpendicular en-
om rD(r) 2/3 ergies of several k_e_V, this means that the ions shquld have
=213 [(3a+l)(6a+ll)] (6) had p_arallel velocities below 10km$ and perpendlcu_lar
energies below a few 100 eV at the apparent start altitudes,
These expressions are the estimates of the mean-particle thethich seems feasible. The stronger the perpendicular heat-
ory derived under the assumption that the electric powering close to the spacecraft is, the higher the parallel velocity
spectral density is frequency dependent and does not vargt the start of the enhanced heating may have been. Strong
explicitly with altitude. The power spectral density at the perpendicular heating well below the spacecraft will essen-
oxygen gyrofrequency will vary with altitude because the tially only affect the parallel velocity in the observations, as
gyrofrequency varies with altituddarghouthi et al(1999  most of the perpendicular energy gained at low altitude will
processed data obtained from the Plasma Wave Instrumerftave been transferred to the parallel direction by the mirror
(PWI) aboard the DE-1 satellite and found that the averagdorce.
power spectral density is explicitly altitude dependent, as did An observation involves an ensemble of particles whose
Waara et al(2011). However, the case-to-case variability is distribution defines a temperature. The test-particle calcula-
larger than the average altitude dependence so we will uséon takes only one patrticle into consideration, and we can
the observed power spectral densities without assuming angnly take its kinetic energy into consideration. Therefore we

W

explicit altitude dependence. define a typical ion by giving it a perpendicular enefgy
_ _ equal to the observed perpendicular temperature
3.3 Test-particle calculation The calculation is done backwards in time and the input

arameters are the observed values for perpendicular tem-

'é smgle-sy,)arfll_(r:lle calcylatlontﬁod(?f Wtas frr:re]lde, lbqse? OrﬁeratureTl, parallel bulk velocityv;, and geocentric alti-
gs. A)~(3). Thus we ignore the effects of the polarization y,4q . * The calculation is stopped &8, or v is close to

E:ectrlc field %ntd gtLavn?on?, \?/h'Ch n thi.S? cgs;es artg negllg:j'zero, and the output corresponds to the values at the apparent
€ compared 1o Ihe efiect ol wave-particie Interactions antge, v 4 tityde (indexed with 0). The electric power spectral
the mirror force. For a suitably small tim&s, the energy

density due to left-hand polarized waves varies with altitude,
changes are S (fi) ocr®. We try different input values of; to find
42 v Sz min, Which corresponds to the smallest input value needed
AW, = SLEAI - 3W¢7At, (7 in order to obtain the observed perpendicular temperature.
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4 Observations 10°

The events studied in this paper were picked from a data se!
covering the presence of'Ooutflows during the months of
January to May in the years 2001, 2002 and 2003, which
corresponds to passes of the Cluster spacecraft over the pc
lar caps at high altitudes. For the event studiedgara

et al. (2010, the observed power spectral density was too —
low in order for the gyroresonance model to explain the high E 10°L
perpendicular temperature-8000 eV). This inspired us to ™
create a wave data set (Se2t2) in order to find strong

wave activity. We picked cases of high power spectral den-

sities at fo+, significantly higher than the wave intensities
observed inWaara et al(2010, and where we simultane-

ously observed enhanced perpendiculdrt@mperatures (of

the same order as observedWaara et al.2010 in hope

of being able to explain them with the gyroresonance model. 10'
The data consists of beam events lasting more than one houi
However, the heating events themselves last typically only a

few minutes.

The cases have distinct differences. First we consider &9 1- The average magnetic field magnitude as a function of al-
case (Event 1) that resembles the general cases at low arjilaude (Iogarlthmlg scale) for our datg sets. The red circles corre-
mid altitudes. The next case (Event 2) takes place in a morg'ponOIS to the regions where the heating events take place.
magnetosheath-like region. We close our study with Event 3
that resembles the case studied/Mgara et al(2010. These . ,
cases are marked as red circles in Rigwhich shows the Figure 3a shows the power spectral density (up to 1Hz)
logarithmic relation between the background magnetic fielgduring 'the time interval O_f heatlhg. It t:';lkes 'the form of an
magnitude and the altitude for our data set. Up to abouf@PProximate power law distributiosioc /= (with o =1.1),

11 Re the background magnetic field falls off asoc—3  for which the power spectral density #b+ is Sy, =24
(dipole). Further up a dipole approximation is not valid any- (MVm~1)2Hz"1. The red vertical line in the plot marks
more sinceB « r~175. Event 1 and Event 2 clearly take Jfo+=120mHz. The green line in the same plot is for a
place within the dipole region, whereas Event 3 does not!ime period close to the heating where the high temperatures
We take this into consideration in our simulations by properas well as wave activity has ceased.

Event 1

Event 2

Event 3

6 7 8 9 10 1112131415
Altitude [Re]

adjustments of Eqs7) and @) when needed. In Sect.3.3the test-particle calculation procedure was de-
scribed, but it will not be a valid approximation unless the
4.1 Event1: 28 May 2003 heating region is large compared to a typical local ion gy-

roradius. In Fig2c we compare the wave activity from the
This heating event (Fig2) lasts about 5min (01:55- different spacecraft, with SC4 data corresponding to the blue
02:00UT) and takes place well inside the magnetospherehick line. Both SC1 (green) and SC4 measure enhanced
at an altitude of around.8 Rg (with GSE coordinates (3, wave activity (as well as enhanced™Qemperatures) with
—3.2, 6.6) Rg), in the Northern Hemisphere over the polar similar structures and a time delay of 90 s between the obser-
cap. Stable background magnetic fields and small magnetigations. If we assume a heating region structure with a plane
fluctuations makes it somewhat similar to the heating casefront moving with the convecting plasma it would reach SC4
at lower altitudes. The perpendicular temperature reaches before SC1. This is not the case, so the observed delay be-
maximum of~3000 eV and the parallet1000eV. Clearly  tween the spacecraft is not consistent with a structure moving
associated to the high temperatures are enhanced electneith the bulk plasma drift. However, even though there is a
field power spectral densities. Considered data is measuretime delay between the observations there is a period of time
by spacecraft 4 (SC4). The velocity space distribution func-where both spacecraft are in the heating region. An estimate
tion is shown in Fig4a, with cross sections through the cen- of the heating region extent is thus the distance between the
ter of the distribution function shown below (Figd). The  two spacecraft{ 0.5 Rg). On the other hand, assuming that
lower plot also shows a Maxwellian (dashed black line) andthe motion of the heating regiony;) is described by the time
a kappa distribution (solid black line), both corresponding todelay between SC1 and SC4, the motion of the heating region
the observed perpendicular temperature. Both cross sectioris ~ 35km s, and since SC4 observes enhanced wave ac-
seem to be fairly well approximated by Maxwellian distribu- tivity for approximately 240 s this corresponds to a size of
tions. 1.3 Rg of the heating region. SC2 is at a similar altitude as

www.ann-geophys.net/29/931/2011/ Ann. Geophys., 29,984-2011
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Table 1. Observed & parameters: altitude, parallel velocityy|, power law fitting parameter around the local gyrofrequency, electric

power spectral densityfo+ (given in (mV mfl)2 Hz~1), perpendicular temperatut®, , parallel temperaturdj and perpendicular-to-
parallel temperature ratify.

Event r[Re] wvykms™] o S;. Ti[eV] Tj[evl T

1 8.0 100 1.1 24 3000 1000 3
2 9.3 90 11 18 2000 2000 1
3a 12.2 200 14 28 7000 5000 14
3b 12.2 200 21 200 12000 5000 2.4

Table 2. Calculated parameter values from the backward simula—"fm,d measures high ion temperatures and strong.wave ac-
tion. rq is the geocentric altitude at which the heating staris, ~ UVity. The temperatures reach roughly 2000 eV. Figdbe

the heating times/, min ands _, (given in (mvnT1)2Hz 1) are  Shows the velocity space distribution function. The cross sec-
the input value of the power spectral density due to left-hand po-tions through the center of the distribution are shown below
larized electric fields needed to obtain the observed perpendicula(Fig. 4e) and they are both approximate Maxwellian distri-
temperatures and the observed power spectral density respectivelgutions. Particle energies below 2000 eV have been ignored
The ratioSr = Sz min/S £, show how much of the observed power in order to avoid contamination from protons.

spectra! density that ngeds to be due to Ieft-hand polarized electric The power density spectrogram (up to 1 Hz) for the heat-
waves, in order to obtain the observed perpendicular temperature. ing is shown in in Fig3b as a blue curve. The gyrofrequency
fo+ =66 mHz is marked by a red, dashed line, and it in-

Event ro[Rel rIs]  Simin  Spr  Sr[%] tersects the curve at;_ , =18 (mVnr1)2Hz"1. In com-
1 71 160 10 24 42 parison we have plotted the power spectral density for the
2 8.0 250 5 18 28 time 03:35-03:40 UT (green curve), where the wave activity
3a 9.1 250 26 28 93 more or less has ceased. These spectrograms agree well with
3b 10.1 175 53 200 27 power law distributions, both with approximately the same

power law fitting parameter = 1.1.

We compare the wave intensities measured by the differ-
the others but does not record any significant wave activity €Nt spacecraft in Fidc. Assuming a plane and field paral-
It is feasible to assume that the size of the heating region idel structure extended perpendicular to the convection direc-
in the range G—13 Re. It can not be smaller and it is not tion the expected delay between SC2 (red) and SC4 (blue) is
likely to be much larger since no activity is recorded at sc2 . small, which is interpreted as if the spacecraft are inside the
A typical O+ gyroradius in this region is- 0.025Rg, i.e. same structure regi_on approximately a_lt the same time. They
much smaller than the heating region. For SC3 there is néif€ at the same height but separated in the perpendicular di-
data available during this event. rection by a distance of around2IRg, which then is taken

We start the test particle calculation at the observationds a lower estimate of the heating region. A typical gy-
point and trace the particle backwards in time udtil is ~ foradius of 006 Re is much smaller and we can safely use
close to zero. This will give us an estimate of the start altitudeth® gyroresonance model. There is a short and strong peak in
and of the spectral densit§;, needed. Our input values are Wave intensity measured by SC3 (black) at a higher altitude,
T, =3000€eVy =100kms?, r =8.0 R anda = 1.1. The about 06 Re above SC4. The peak corresponds to a passage
input numbers for all events are summarized in Tabighe  through the magnetopause and there is no wave activity cou-
minimum power spectral density #+ due to left-hand po- pled to the heating region in which we are interested. SC1
larized electric waves needed to obtain the observed tempefl0t shown) is further away on the flank (.1 Re) and does
ature isSy min = 10 (MV m—l)2 Hz~L The observed temper- not recprd any enhanced temperatures nor wave intensities.
atures can thus be obtained using 42% of the observed power The input parameters (our observed values) for the test-
spectral density (Tabl2). The heating begins ag = 7.1 Rg particle calculation are given in Table The minimum

and takes approximately 160 s. power spectral density afo+ due to left-hand polarized
electric waves needed to obtain the observed temperature is
4.2 Event2: 19 January 2003 Srmin="5 (MVm1)2Hz1, corresponding to 28% of the ob-

served power spectral density/@}-. The heating starts at an
This event takes place in a boundary layer between the magaltitude of 80 Rg, with T, andv close to zero, and reaches
netosheath and the mantle. SC4 is in the magnetosheath behe observed temperatures after 250 s (Tahle
fore it enters the magnetosphere at around 03:53 UT 8ig.
at about B Rg (GSE coordinates: (4, —0.4, —8.2) Rg),

Ann. Geophys., 29, 93844, 2011 www.ann-geophys.net/29/931/2011/
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Event 1- May 28, 2003

. 4000 a T T T T
C
E 2000
&~
0 A A A Ao /DAA A odan A A

BN ———— SCH
= 20t —— SC2
O@ — SC4
200 T T T T
~ d
Q
=100 i
A
0 I 1 I I
— 200 T T T T
@ e
E 100 - |
= 0 I I I I

200 T T T T

100

B[nT)]

0
01:45 01:50 01:55 02:00 02:05 02:10

Fig. 2. SC4 measurements for Event 1 (28 May 2003): Pé&ieshows the perpendicular (blue) and the parallel (redl)t@mperatures,
panel(b) the electric field for the two components measured in the satellite spin plane,(ppite power spectral density #g+ for the
electric field given in (mV im1)2 Hz=1 measured by different spacecraft (the blue line corresponds to SC4),(djutieé power spectral
density atfq+ for the magnetic field given in (n¥)Hz~1, panel(e) shows the G parallel velocity, where the outflow is defined to be
positive, pane(f) the number densities forO(blue) and H (red), and panelg) the magnitude of the background magnetic field.
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Fig. 3. Observed power spectral densities for the studied events, which can be approximated with power law distributions. Blue plots: Cover
the intervals where we observe strong wave activity for each event. The vertical red lines matkdyeo®equency for those regions (120,

66, and 45 mHz respectively). Green plots: For comparison we also plot for regions close to the heatings, where temperatures as well as
wave activities are low. Purple plot: This power law distribution coversithgpeak seen around 08:40 UT during Event 3.

4.3 Event3: 1 May 2003 a=2.1. After 08:50 UT the wave activity has more or less

ceased (green curve).

The last event is presented in (F&). Itis observed at the al- The wave intensities recorded by the spacecraft are shown
titude 122 Re (at the GSE coordinates.f) —7.8, —9.4) Rg) in Fig. 6c. Comparisons between the different spacecraft as-
and the background magnetic field is between 50 and 60 nTSUmMing a plane and field parallel heating region structure
We divide it into two separate heating cases. Between 08:39€xtended perpendicularly to the convection direction yield
08:46 UT we observe strong wave activity (electric and mag-small delays. SC3 (black) and SC4 (blue) are separated only
netic) as well as highf, = 7000eV and7; = 1.4. We in height, so it is not possible to get an estimate of the ex-
call this Event 3a. We also note a peak7in as it for a tent of the heating region in the perpendicular direction. SC2
short period of time around 08:41 UT reaches 12 000 eV andred) is on the other hand at the same height as SC4 but sep-
T, = 2.4. Around the same time there is also a peak in the@rated by 12 Re, which gives a lower estimate of the extent
wave activity. We call this Event 3b. Following this (08:46— Of the heating region in the perpendicular direction. This is
09:10UT) we observe high perpendicular temperatures (u|§everal times larger than a typical gyroradius at this altitude
to 8000 eV), lower parallel temperatures (up to 2000 eV) and(™~ 0.17 Rg).
practically no electric and magnetic wave activity, which ~ The single-particle calculation results are given in Ta-
makes this region similar to the case considered\taara  ble 2. For Event 3a a power spectral densitySpfmin = 26
et al.(2010. Figure4c shows the velocity space distribution (MVm~)?Hz* is needed to obtain the observed tempera-
function and below are the cross sections through the centdtlre. This corresponds to 93% of the observed power spectral
of the distribution (Fig4f). Particle energies below 3000eV density atfo+. The heating starts at the altitudd ®e, and
have been ignored in order to avoid contamination from pro-lasts for 250 s. The results for the intense peal igin = 53
tons. One may discern that a torus distribution has begun t6mV m™)?Hz™%, ro=101R ands =175s. Thus 27% of
form in a part of the distribution, for particles with a parallel the observed power spectral density is needed to obtain the
velocity of about 200 kmst. Otherwise, the distribution is Observed temperature.
quite well approximated by a Maxwellian distribution.

The power spectral densities are plotted in Bg. Dur-
ing Event 3a (08:39-08:46 UT), the power spectral den-
sity (blue curve) at the © gyrofrequency isS;., =28  |n Table2 the calculated electric field power spectral densi-
(mvVm~12Hz1. Itis in a good agreement to an approx- tiesS; min for our events are listed together with the observed
imate power law distribution witlw = 1.4. For Event 3b values,Sfo+. Also listed isSy = Semin/Sfor s which shows
(purple curve) we obsenvgy_, =200 (mV m1)2Hz1and how much of the observed spectral densities that need to be

5 Discussion

Ann. Geophys., 29, 93844, 2011 www.ann-geophys.net/29/931/2011/



R. Slapak et al.: Wave-particle interaction at high altitude 939

Sat 4 CLUSTER CODIF O+ (Product 47) Sat 4 CLUSTER CODIF O+ gé%qggt 47) Sat 4 CLUSTER CODIF O+ (Product 47)

2003-05-28/01:55:03->01:58:03 2003-01-19/03:55:02->0

. 2003-05-01/08:39:02->08:46:59
{110t —

f go2-10® y 6.34+10°
\

=
=1
s

22:10° 3510° 281+10°

IS
3
8

4410° 1.3+10° 1.24410°

89107 4910° 550107 5

~N
8
=3

1.8+107 19-10° 2.44+10° E

3610° 7.010™"

=

2

3
"3/ kmA3

714107

b4

V Perp (km/sec)
o

2610 47810

&
8
5

f (sec

1.4+10° 10.0-10™" 21210

2910™ 3810 9.38+10™

A
3
8

57:10" 1.4+10™ 41610

=
2
8

| M1110"
200 400 600

5.410™ 1.8410™

-600 -400 200 400 600

-200 0 -200 0 200 -600 -400 -200 0
V Para (km/sec) V Para (km/sec) V Para (km/sec)

Cross section Cross section Cross section
e (V)

— (V)

= = = Maxwell

Kappa

-1 L L L L 1 L L L -10 L L L L
10
-600 -400 -200 0 200 400 600 -600 -400 -200 200 400 600 -600 -400 -200 0 200 400 600

v (km/s) v (km/s) v (km/s)

10

Fig. 4. Velocity space distribution functions of Oions for Event 1(a), Event 2(b) and Event 3c), respectively. The lower plotsi(

e, f) show the corresponding cross sections of the distribution functions in the reference frame of the plasma. Also plotted are Maxwell
distributions (dashed black) and Kappa distributions (solid black), corresponding to the observed perpendicular temperature for each event
and withx = 1.5.

due to left-hand polarized waves in order to obtain the ob-tween the spacecraft assuming a heating structure drifting
served perpendicular temperatures. At low and mid altitudeslong with the plasma and extended perpendicularly to the
only a few percent is needed. For our cases at high altitudesonvection direction. In Event 1 the analysis also shows that
we need more. Still, for Event 1 and Event 2 the numbersthe observed delay between the spacecraft is not consistent
are reasonable (42% and 28%, respectively), whereas fowith a heating structure moving with the plasma bulk drift.
Event 3a 93% is required. This is unrealistic since it requiresFor Event 2 and 3 the delays are small and we cannot get a
that practically all observed wave activity is due to left-hand reliable estimate of the motion of the heating regions.

polarized waves. The order of magnitude is still reasonable. . .
S L L . In a previous study bgouhram et al(2004 it was shown
Considering the large variability of the electric field wave in- ; A
S L that cusp related heating of outflowing ions appeared to sat-
tensity it is not surprising if we do not get perfect agreement

for all cases. The sharp peak (12 000eV) can be explainer%iI rate abovg 4 Re. A finite wavelength effect, where the
. . L : fon gyroradius becomes larger than the perpendicular wave-
if we focus on the wave activity peak in its neighbourhood, .

Ianth of the waves, was suggested as a mechanism be-

. o i :
since 27% is needed_ (Event 3b). It_s_eem§ that we in gener%nd the saturation.Barghouthi(2008 showed that finite
need left-hand polarized wave activity with power spectral . .

wavelength effects lead to saturation of heating and torus

it —1\2 y,—1
2522 itLeﬁiSLtgzrgfr?giLc;I;roténr;\;eTatl)Jr(:'sz to be able to shaped velocity space di;triputiqns. Ir_1 Event 3, indeed a
' torus shaped velocity distribution is starting to form (Fig).

The gyroresonance model is not feasible unless the conHowever, the high temperatures and effective heating that we
sidered heating region is large compared to a typical locabbserve at high altitudes indicate that there is no saturation
O™ gyroradius. For all events the estimated perpendiculaof the heating. The latter is consistent with the large size of
extent of the heating region is indeed large compared to theéhe heating region compared to the local gyroradius. If the
O™ gyroradius. We have analyzed the expected delays beion leaves the field of one wave it will encounter the field of

www.ann-geophys.net/29/931/2011/ Ann. Geophys., 29,984-2011
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Event 2 - January 19, 2003
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Fig. 5. SC4 measurements for Event 2 (19 January 2003): Rapshows the perpendicular (blue) and the parallel (refi)t@nperatures,
panel(b) the electric field for the two components measured in the satellite spin plane,(pptiel power spectral density g+ for the
electric field given in (mV )2 Hz~1 measured by different spacecraft (the blue line corresponds to SC4),(djutiet power spectral
density atfo+ for the magnetic field given in (n?)—|z*1, panel(e) the O parallel velocity, where the outflow direction is defined to be
positive, pane(f) the number densities forD(blue) and H (red), and panelg) the magnitude of the background magnetic field.
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Event 3 — May 1, 2003
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Fig. 6. SC4 measurements for Event 3 (1 May 2003): Pgapkhows the perpendicular (blue) and the parallel (red)t@mperatures,
panel(b) the electric field for the two components measured in the satellite spin plane,(ppite power spectral density #g+ for the
electric field given in (mV )2 Hz=1 measured by different spacecraft (the blue line corresponds to SC4),(djutieé power spectral
density atfo+ for the magnetic field given in (n?Hz 1, panel(e) shows the O parallel velocity, where the outflow direction is defined
to be positive, pandf) the number densities forO(blue) and H (red), and panglg) the magnitude of the background magnetic field.
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Table 3. Mean-particle theory results: perpendicular enevgy, passing above the heating regiop W”,I th-erefore continuously
parallel energy¥ and perpendicular-to-parallel energy raiip. encounter narrow parallel velocity distributions, and conse-
quently low parallel temperatures.

We observe increased magnetic wave activity during
Event 2 and 3. According td/aara et al(2011]) the observed

Event W, [eV] W,[eV] W;

1 1770 1850  0.96 electric and magnetic field fluctuations are consistent with
2 1230 1290  0.96 Alfvén waves, so a relation between electric and magnetic
3a 4830 4180 116 fluctuations is expected. Most studies of the effect of wave-
3b 7020 4330 1.62

particle interactions on ion outflows (e@hang et a].1986
Retterer et a).1987 André et al, 1990 Norqvist et al, 1996
Bouhram et a].20033 Barghouthj 2008, consider only the
another. This may affect the coherence time, but not lead t@lectric field of the waves to be responsible for transverse
saturation. ion heating. Wang et al.(2006 andLu and Li (2007 take

We based our simple test-particle calculation on Et)s- ( the magnetic field of the wave into consideration in their the-
(3). This description turns out to be useful to describe theory of transverse ion heating, but it is done under conditions
limited (in time and space) bursts of‘heating that we ob-  which are not fulfilled in the region of our interest. May
serve. It gives us an estimate of the altitude extent belowstrong magnetic fluctuations affect ion heating in the high
the spacecraft where strong heating seems to take place. #ititude magnetosphere? In the magnetosheath-like regions
is interesting to see if the observed temperature ratios cathe magnetic field fluctuations can be as strong as 10% of
be reproduced for the spectral densities of our observationghe background field strength. Perhaps the invariance of the
This can be done by comparing to the mean-particle theorymagnetic moment does not hold under such conditions. A
which is briefly described in Se@.1 Equations%)—(6) are  future statistical study will present a more quantitative corre-
asymptotic values, obtained considering a frequency depenlation between electric and magnetic field wave activity and
dent power spectral density. Into these equations we put ouibn heating.
observed values an§}, = S, min. The ion energies predicted
by the theory W,, W, and W;) are presented in Tabl&
These calculated values are compared to observed tempes- Conclusions
atures in Tablel (7, and 7;) and we note that the mean-
particle theory results do not agree very well with observa-When high altitude O heating events associated with strong
tions. The theory generally gives too small values (with thewave activity are considered it is possible to explain en-
exception of the parallel component in Event 1 where it is toohanced perpendicular temperatures, using a gyrofrequency
large). When the perpendicular-to-parallel ratios are com-model based on the same theoGh@ng et al. 1986 that
pared we note that they are equal for Event 2, but differ forhave been successful in explaining the enhanced perpendic-
the others. ular temperatures at low and mid altitud®o(qvist et al,

Heating events withf; > 2 at high altitudes have been 1996 Bouhram et al.2003h. Using 25-45% of the ob-
studied before Waara et al.2010, as well as cases with served wave activity we can explain the enhanced perpen-
T; ~ 1 (Nilsson et al. 2004. In Event 3 we observe both dicular temperature in all but one of the studied cases.
types: Ty ~ 1 during strong wave activity followed by a Bouhram et al(20049 reported saturation of the perpen-
longer sequence (25 min) of enhancgdand 7, when the  dicular heating above- 4.5 Rg in the cusps and suggested
wave activity has ceased. If heating is sporadic, one shouldhat it was due to finite perpendicular wavelength effects,
expect to sometimes find high ion temperatures and simulwhere the heating is limited when the ion gyroradius ex-
taneously no or low wave activity, since the particles afterceeds the perpendicular wavelength of the wagargh-
heating stay heated in the perpendicular direction some tim@uthi (2008 also discussed the effect of finite wavelength
after their interaction with electromagnetic waves. Sporadicand showed that it saturates heating. However, we observe
heating is however not a plausible explanation for long se-effective heating and conclude that we do not see any effects
quences of enhancekl and low7j. For this we suggest a of finite wavelengths. One possible reason is larger perpen-
so called velocity-filter effect, where particles with approxi- dicular wavelengths in the high altitude range as compared to
mately the same parallel velocities are seen in the same pladée altitude range studied Bouhram et al(2004. Another
at a given time after the heating. This concept is illustratedpossibility is the large perpendicular extent of the heating re-
and explained in Fig. 1 iNilsson et al(2004), considering  gions, which are at least about an order of magnitude larger
a finite heating-source region through which particles con-than the local ion gyroradius, which allows the ions to con-
vect. The fast-moving particles will reach a certain altitude tinuously interact with different wave fields.
sooner than particles that move slower. The slower particles Observations indicate that enhanced wave activity is lim-
will of course eventually reach the same altitude, but at thatited in time and space. Consequently, strong ion heating
time they will have convected further away. A spacecraftis then also limited in time and space. Our calculations
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indicate that high-altitude © ions with high temperatures Barghouthi, I. A., Barakat, A. R., and Persoon, A. M.: The Effects

mainly have been heated within a feRg from where they
are observed. This is consistent with the mean-patrticle the-
ory of Chang et al(1986 andRetterer et al(1987) (briefly
described in SecB3.2) where it was noted that for signifi-
cant heating the initial boundary conditions are not impor-
tant, most of the effective heating occur in the vicinity of the
spacecraft.

The perpendicular-to-parallel temperature rafig,is of-
ten close to one, but it may also be well above 2 even
during times of no significant wave activity. Enhanced
perpendicular-to-parallel temperature rati}, is usually

of Altitude-Dependent Wave Particle Interactions on the Polar
Wind Plasma, Astrophysics and Space Science, 259, 117-140,
doi:10.1023/A:1001569207346998.

Bouhram, M., Malingre, M., Jasperse, J. R., and Dubouloz, N.:

Modeling transverse heating and outflow of ionospheric ions
from the dayside cusp/cleft. 1 A parametric study, Ann. Geo-
phys., 21, 1753-17740i:10.5194/angeo-21-1753-2Q0@003a.

Bouhram, M., Malingre, M., Jasperse, J. R., Dubouloz, N., and

Sauvaud, J.-A.: Modeling transverse heating and outflow of
ionospheric ions from the dayside cusp/cleft. 2 Applications,
Ann. Geophys., 21, 1773-179H0i:10.5194/ange0-21-1773-
2003 2003b.

considered as a sign of local heating. At high altitudes rel-Bouhram, M., Klecker, B., Miyake, W., &ne, H., Sauvaud, J.-

atively low wave activity sometimes appear to be associated
with these types of events, which is quite the opposite from
what is expected. We clearly see this in Event 3 around
08:46-09:10 UT with higt", and strongly enhancefi and

A., Malingre, M., Kistler, L., and Bigau, A.: On the alti-
tude dependence of transversely heateddistributions in the
cusp/cleft, Ann. Geophys., 22, 1787-179®i:10.5194/angeo-
22-1787-20042004.

Chang, T., Crew, G. B., Hershkowitz, N., Jasperse, J. R., Retterer,

practically no wave activity, similar to the case presented by ;. M., and Winningham, J. D.: Transverse acceleration of oxy-

Waara et al(2010. We suggest that this results from a veloc-
ity filter effect when observations are made close to but out-
side a heating region. Thus, high perpendicular-to-parallel

gen ions by electromagnetic ion cyclotron resonance with broad
band left-hand polarized waves, Geophys. Res. Lett., 13, 636—
639,d0i:10.1029/GL013i007p00636986.

temperature ratio is not a good indicator of local heating inDubouloz, N., Bouhram, M., Senior, C., Delcourt, D., Malingre,

regions at high altitudes.
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