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Abstract. Taking advantage of the string-of-pearls configu- the gradients, which might explain why Berchem and Russell
ration of the five THEMIS spacecraft during the early phase(1982) found that the average magnetopause current sheet
of their mission, we analyze observations taken simultanethickness to be-400-1000 km £500 km in the near equa-
ously in the magnetosheath, the magnetopause current layéorial region).

and the magnetosphere. We find that electron heating COKeywords. Magnetospheric physics (Magnetopause, cusp,

incides with ultra low frequency waves. It seems unlikely and boundary layers; Magnetosheath) — Space plasma
that electrons are heated by these waves because the eleCtrBHysics (Wave-particle interactions)

thermal velocity is much larger than the Atfir velocity (/3).

In the short transverse scale, (p; >> 1) regime, however,
short scale Alfén waves (SSAWSs) have parallel phase veloc-
ities much larger thafr, and are shown to interact, via Lan-

dau damping, with electrons thereby heating them. The O™intense ULF electromagnetic waves (0.2-5Hz) have been

gin of these waves is also addressed. THEMIS data give evi- larlv ob db P i th
dence for sharp spatial gradients in the magnetopause currehefgu arly observed by spacecra t crossing the magnetopause
and adjacent layersAfiderson et a).1982 Rezeau et a|.

layer where the highest amplitude waves have a large Compoi98©. To determine the nature of these fluctuatidRezeau

nents B perpendicular to the magnetopause amaimuthal. . i
We suggest that SSAWS are drift waves generated by tem(—at al.(1993 made correlations between the two ISEE space

. . . craft and showed that the short-lived, intense, electromag-
perature gradients in a high beta, lafG¢7e magnetopause netic fluctuations observed near the magnetopausew(
current layer. Therefore these waves are called SSDAWSs g P

) nT, corresponding té&B/B up to 1-15%) correspond to
where D stands for drift. SSDAWs have large and there- non-linear kinetic Alfien wave (KAWSs) structures moving

fore a large Doppler shift that can exceed their frequencies in long the magnetopause. A similar conclusion was drawn

the plasma frame. Because they have a small but finite paraEy Stasiewicz et ak2000, who investigated the electric and

lel electric field and a magnetic component perpendicular to, S
the magnetic signatures of these waves and suggested that
the magnetopause, they could play a key role at reconnectt—

. T . hey correspond to kinetic Alen waves affected by a large
ing magnetic field lines. The growth rate depends stronglyDOppler shift. Using Themis data taken near the magne-
on the scale of the gradients; it becomes very large when th | . e
scale of the electron temperature gradient gets below 400 k ?opause(:haston et ak200§ have estimated the perpendicu

\ - ar wave lengths; they showed that the wavelengths are very
Therefore SSDAW'’s are expected to limit the sharpness ol all (Lp; > 1) and that these Alnic fluctuations can

transport magnetosheath plasma through the magnetopause
at about the Bohm rate. There is as yet no consensus about

Correspondence td?. Robert the process that generates KAWSs in the magnetopause lay-
BY (patrick.robert@Ipp.polytechnique.fr) s Stasiewicz et a2000 suggested that these fluctuations
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are coupled via drift effects to strong density gradients devel-Angelopoulos et al(2008, Auster et al.(2008, Bonnell et
oping at the magnetopaudgelmont and Rezeai2001) pro- al. (2008, Mc Fadden et al(2008, Roux et al.(2008, Le
posed a mechanism where KAWs are produced by mode corcontel et al.(2008. Unfortunately the commissioning of
version, in the density gradients of the magnetopause and adeFl, the Electric Field Instrument, was not finished when
jacent layers, of fast modes carried by the solar witidas-  the event we selected occurred; only Thc E-field data could
ton et al.(2008 suggest that KAWs are one of the by-product be obtained. Electric field measurements being available on
of magnetic reconnection. Thc, the spacecraft potential could be calculated and used
The AMPTE-UK spacecraft has regularly observed heatedo remove photo electron contamination for this spacecraft.
electron at the magnetopause (Mp) and adjacent layers. AcFhus the electron temperatufg was measured during the
cording toHall et al.(1991) this heating could be due to wave whole period on Thc. On Thb and Thd, however, the lack
activity in the ULF range. In some of the events, heated elec-of E-field measurement made it impossible to remove photo-
trons were found to be counter-streaming in parallel and anti€lectron effects while these s/c were in the low density, hot
parallel directions. Thus both electron heating and enhancethagnetospheric plasma. Yet when the density was large, as
wave activity are known to occur at the Mp and adjacent lay-in the MpCL, or in the magnetosheath (MSH), could be
ers but the potential relation between them remains to be inmeasured. Thc electric and magnetic filter bank d@tally
vestigated. As indicated above, data analysis suggests that al, 200§ are available in 6 logarithmically-spaced fre-
the observed fluctuations correspond to Alivwaves. Yet quency bands from 0.1 Hz to 4 kHz, with one measurement
Alfv én waves are expected to move at parallel phase velocievery 4s.
ties on the order of the Alen velocity (/a~ 100kms?), 20 May 2007 was selected because on that date the five
which is much lower than the electron thermal velocity. spacecraft were near the dayside magnetopause and were
Thus, a resonant interaction between electrons andeAlfv in a string-of-pearls configuration. It was therefore possi-
waves is not expected to occur. Therefore electrons are ndile to measure simultaneously the properties of the plasma
(a priori) expected to be heated by the waves. Recently, how(i) outside the magnetopause, in the adjacent magnetosheath
ever,Howes et al(2008 have ran kinetic simulations show- (MSh), (ii) inside the magnetopause current layer (MpCL),
ing that the phase velocity of KAWs gets much larger thanand (iii) inside the adjacent magnetosphere (MSp). While
Va, Whenk p; > 1. In this regime KAWSs can efficiently in-  crossing the magnetopause and adjacent regions, the five
teract with electrons for instance via Landau damping. Usingspacecraft have recorded the signatures of a flux transfer
interferometric methodSahraoui et al2008 have analyzed event (FTE). This FTE and the overall characteristics are de-
the k-spectra of magnetic fluctuations measured in the solascribed by Sibeck et al. (2008). Here it is sufficient to keep
wind by the four Cluster spacecraft. They also interpretedin mind that the 5 spacecraft were essentially aligned along
the observed fluctuations as small scaleq; > 1) KAWS, the XGSE direction and located in the afternoon sector, as
and showed that they can have scales so small that they cashown on Figl.
interact via Landau or cyclotron damping with solar wind Because Tha and The were very close and give similar
electrons. In their interpretation small-scale KAWSs are pro-results, we only display data from Tha, and skip data from
duced by a cascade (down to the electron scale) of large scalEhe. The same is true for Thc and Thb. Thus on Fiys.
Alfv én waves generated near the Sun. In the magnetopausd#d 3 we have display data from Tha (located in the adja-
current layer (MpCL), however, strong perpendicular gradi-cent MSh), Thd (remaining for a long time in the MpCL),
ents will tend to inhibit the evolution towards a fully devel- and Thb (MSp). As electric data are only available on Thc,
oped cascade. we use Thc (Figh) to estimate thé E /3 B ratio, and identify
Here we investigate a direct generation mechanism via alectron temperature gradients.
linear instability driven by steep gradients. After a short de-
scription of the instruments and the context (Sect. 2), we give . .
evidence for the link between intense waves observed nea:? Heating of particles
the MpCL and electron heating (Sect. 3): The characte_ristic_%_1 Electron heating
of the observed electromagnetic fluctuations are described in

Sect. 4. In Sect. 5 we seek to identify the free energy sourcgigure2 shows the 3 components of the magnetic field mea-

thatdri\{es the observed waves unstable. Conclusions are preyred by the fluxgate magnetometer, magnetic fluctuations

sented in Sect. 6. from the search-coil, and an electron spectrogram (up to
about 20keV), from Thb, Thd and Tha. Below we describe

_ data gathered by each of the spacecraft.
2 Instrumentation and context

— During most of the time interval Thb (top 3 panels) was
Here we use data from four instruments on board the five located in the MSp, as indicated by the positBgcom-
THEMIS spacecraft Tha, Thb, Thc, Thd and The). Descrip- ponent, and by a modest flux of energetic (few keV)
tions of these instruments and early results can be found in  electrons. Inside the region bracketed by pink lines
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— Before 21:59:15 Thd is also located in the MSp. It

penetrates in the MpCL and returns to the MSp after
22:04:00. Yet Thd remained much longer (about 5mn)
in the MpCL than Thb, and gathered data, not only dur-
ing the crossing of the FTE, but also in the MpCL. In
the corresponding region (also bracketed by pink verti-
cal lines), the average magnetic field, measured onboard
Thd is weak and the fluctuations are intense, particularly
after crossing the FTE. Note that energy distribution of
the electron flux is the same as in the bracketed region
of Thb. Inside the bracketed regions of Thb and Thd
(the MPCL),Te~ 60eV

Before 22:01:45 and after 22:03:15UT, Tha was lo-
cated in the MSh, as indicated by a large flux of very
low-energy electrons with a temperature-@5 eV (see

Fig. 5) and confirmed by a negativB,. As the FTE
moved along the magnetopause (Mp), the MpCL thick-
ened and Tha got closer to it (see the modeSiiyeck

et al, 2009. This close approach corresponds to the
region bracketed in pink in which the electron spec-
trogram gives evidence for (i) a very low flux of en-
ergetic (magnetospheric) electrons and an increase in
the temperature of low energy (magnetosheath) elec-
trons. Their temperature<60 eV) is almost twice that

of the adjacent free MSh; they are identified as heated
MSh electrons. Hence electrons are efficiently heated as
they approach/penetrate the MpCL. Electrons observed
by Tha, Thb and Thd in the pink bracketed regions are
very similar in terms of fluxes, temperatures and den-
sities (see Fig3). These densities are the same as in
the MSh but temperatures are enhanced, suggesting that
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] electrons observed in the MpCL at Thb and Thd are
N | heated MSh electrons, as confirmed by data shown in

130 L i Fig. 3, for densities and Fich for temperatures.

Y

X gse (RE)

Note that the 3 bracketed regions, in which high fluxes of
heated electrons are observed coincide with enhanced wave
intensities (typically in a frequency range 0.2-5Hz), which
leads to suspect that these intense wa¥@&s~ 1 nT corre-
sponding tas B/ B ~ 10 %) heat electrons.

Fig. 1. Positions of the 5 THEMIS spacecraft in XZ (top) and XY
(below) GSE coordinates, as indicated by colored arrows. Notice,

that the Y and Z coordinates are about the same for all the space=-
craft. Their locations are spread along the X direction. Dotted lines

suggest possible boundaries of the MpCL and illustrates the brack!:'gur_e_3 is in the same format as Fig, but for ions. lon
eting of the MpCL. The XZ plane is a cut for~ 125 Rg (corre- densities and temperatures are plotted for Thb, Tha and Thd,

sponding to the locations of the spacecraft). Given the size of thd0gether with the magnetic field and an ion spectrogram. The

region displayed, no attempt wase made to take field lines curvaturgveak fluxes of energetic ions and the low densitie§.0—
into account. 0.2 cnT %) observed on both sides of the bracketed regions of

Thb and Thd confirm that they were in the MSp before and

after crossing the MpCL. As for electrons, enhanced fluxes of

ions are found inside the pink bracketed periods, by Thb and
(22:02:00-22:02:30), we observe electrons with lower Thd. On Tha, however, the ion spectrogram observed during
energies than in the adjacent MSp, but much largerthe bracketed period is almost the same as in the adjacent
fluxes, and the magnetic signature of the FTE men-MSh on both sides of the bracketed region. The last panel
tioned earlier. of Fig. 3 confirms that the ion temperaturg) only weakly

2 Weak ion heating

www.ann-geophys.net/29/2305/2011/ Ann. Geophys., 29, 23855-2011
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Fig. 2. Composite showing 3 sets of 3 panels. Each set corre-Fig. 3. Composite showing (i) the magnetic field, (ii) the ion den-
sponds to one spacecraft: Thb (top), Thd, (mid) and Tha (lower).sity, (iii) the ion temperature, and (iv) an ion spectrogram, for Thb,
Within each set we display data from the fluxgate (top), searchThd, and Tha respectively. As Tha approaches the MpCL the ion
coil (mid) and an electron spectrogram from ESA (bottom panel).temperature variation remains small (see last panels). The ion tem-
Large electrons fluxes are observed on Thb and Thd between vertperatures at Thb and Thc in the MpCL (between vertical lines) are
cal lines. Large fluxes of heated electrons are also observed on Thalmost the same as the ion temperature measured by Tha in the free
(lowest panel). Within the bracketed region, the electron temperaMSh. Note that the ion density inside the bracketed regions (which
tures ([e ~ 60eV) at Tha, is larger than in the adjacent free MSh corresponds to MpCL) of Thb and Thd is about the same as in the
(Te ~ 35€eV). The electron temperature is the safig~ 60eV) MSh (Tha).

within the 3 bracketed regions, for Tha, Thb and Thd. Notice that

the large fluxes of heated electrons coincide with enhanced wave

amplitudes (see text). 4 Characterization of the fluctuations

4.1 Polarization
increases, from-400 eV to~500eV. The ion densityN;)

measured by Tha does not change significantly as it crossdsis convenient to use the same coordinate system for the 5
the bracketed region. Thug and N; are about the same spacecraft whether they are far from or close to the magne-
within the 3 bracketed regions and almost the same as MSkopause. The TPN coordinate system used here is defined
values. The lack of variation iv; and7; tells us that MSh  geometrically; it has two axes tangent to a paraboloid (with
ions have penetrated the MPCL (and FTE) with little changethe symmetry of revolution) passing by the spacecraft and by
in their density and temperature. On the other hand, MStthe subsolar point defined from the Tsyganenko 89 model,
electrons also penetrate the MpCL (see discussionin®ect. taken for the Kp of the day of the event. A representation
but their temperature increases by almost a factor of 2. Weof the TPN is given in Fig4. Unlike the MVA the TPN is
will now investigate the potential role of the waves observednot influenced by the crossing of the FTE. To make a mean-
in the MpCL by the 3 spacecraft, on electron heating. Let usingful comparison between MVA and TPN, we determined
first determine the nature of the fluctuations. the MVA frame from the analysis of FGM data for the pe-
riod preceding the FTE: 21:50 to 22:02 UT (with a 12s av-
erage); for Thd which remains longer in the MpCL than its
companions. The matrix from MVA to GSE and the ma-
trix from MVA to TPN are given in Tablel. The normal

Ann. Geophys., 29, 2302316 2011 www.ann-geophys.net/29/2305/2011/
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component of the TPN coordinate system almost coincides

with the normal obtained via MVA. This normal is close to

be in the XYgse plane. The T component (of the TPN) is

close to the M component (of LMN), whereas P (of TPN) Earth
is close to L (of LMN). Figures shows magnetic fields and XGSE < C.
flow velocities in the TPN coordinate system, along with ion

densities. In the MSpBr is positive butBp is negative, as T
expected. Converselgt is negative andp positive in the P
MSh. Note also thaBy fluctuates around zero in the MpCL .
(Thd). On both sides of the event (in the MSp), B¢ com- /
ponent is almost null for Thb and Thd which illustrates the N

value of the TPN coordinates for describing magnetopause

crossings. Because Thd spent a relatively long time in the

MpCL and crossed the FTE, it is interesting to compare the
ion velocity in both cases. We find maxima of the ion drift
velocity | Vy| well before and well after the FTE. During these

>~

ZG$ |

. Fig. 4. Sketch showing the TPN (tangent, perpendicular, nor-
two periods{ Vq| reaches 350 knts, well above MSh values mal) coordinate system. T and P are tangent and N normal to a

~ 1 . . )
(~250kms™). . paraboloid passing by the spacecraft and by the subsolar point de-
Table2 (top) shows the results of MVA carried out on the fined from the Tsyganenko 89 model taken for the Kp of the day of
waves magnetic component measured by the fluxgate maghe event.

netometer aboard Thd, between 22:02:45 and 22:03:30. This

period was chosen because the averaged dc magnetic fle]1%1ble 1. Top: directions (in GSE) of the axis of variance obtained

(Bdc) dO?S ”9t vary too_ much, it is therefpre possible to "®trom MvA applied to flux gate data during Mp crossing. Bottom:
late the directions of variance to the direction of Bdc and thusgjrection (in MVA frame) of the TPN axis (see Figand text).

determine the polarization. During this period the plasma
velocity is accelerated; this acceleration corresponds to the

: " . . by by by
largest wave intensities. The maximum variance of the waves 0.98%933 0_1é2937 0.0337247
is along N; the intermediate variance is along P; and the min-
imum variance is along T. For the sake of verification MVA M v A

0.433616 —0.424103 0.795056 G
—0.566234  0.558119 0.606533 S
—0.700968 —0.713190 0.001868 E

has also been applied to search coil data filtered between 0.8
and 4 Hz, the maximum frequency covered by the instrument
during this event. The normal (Nw) obtained by MVA ap-

plied to both instrument is almost the same, as can be seen T P N
from Table2 (bottom). The waves propagate along the mag- 0.537986  0.828793  0.153870 L
netopause in the azimuthal direction. —0.842603  0.534009  0.069719 M

—0.024387 —-0.167162 0.985626 N

Thus the fluctuations measured by Thd have a large com-
ponent normal to the Mp, and they propagate essentially in
the azimuthal direction. Between 22:02:45 and 22:03:30,

Bdc is essentially along P. not expected to occur because the electron thermal velocity
(Ve~2000km s, To ~30eV) is much larger than the wave
4.2 Nature of the waves phase velocity ¢/k;; ~ Va~ 100kms?, for Bo~10nT

andN, ~ 4 cni3).
As shown in the previous subsection, the dominant compo- Electric field measurements can help resolve this para-
nent of the wave is along N (maximum variance), with a dox. As indicated earlier Thd E-field measurements were
smaller (compressional) component along P, which is closenot yet available (commissioning). Electric field data were
to the direction of Bdc froml 22:02:45-22:03:30. The wave already available on Thc, however. Thc filterbank data are
numberk (minimum variance) is tangent to the magne- shown in Fig.6. Panel (a) gives the dc magnetic field, and
topause, essentially in the azimuthal direction, and thereforgpanel (b) shows thé E/§B ratio for different frequencies
it is almost perpendicular to Bdc. Thus we conclude thatranging from 3 to 192 Hz, together with,. We find that
k1 > k;,. In such a situation a compressional/magnetosonidd£/3 B >> Va at all frequencies over the entire period; for
wave would have:sB//Bdc while we find that the domi- 3Hz, (§E/5B)/Vais at least 5, and much larger for higher
nants B (maximum variance) is perpendicular to Bdc, which frequencies (in fact smaller scales as will be explained later).
suggests that the observed waves are &ife. How then  Foran Alfven waveSE/8B ~w/k;;; thereforeSE /8 B> Va
can we explain the interaction with electrons? A resonantmpliesw/k;; > Va.
interaction between electrons and a classical &ifwave is

www.ann-geophys.net/29/2305/2011/ Ann. Geophys., 29, 23855-2011
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Table 2. Top: directions of the axis of variance obtained from I

MVA applied to Thd flux-gate data filtered between 0.8 and 2Hz -r ;’3_; - E

. . . (= (1] = o —— —
(the maximum frequency covered during this event). Bottom: same 23 N B 3
for search-coil data filtered between 0.8 and 4 Hz. Results are given e

Vi (ev)

in TPN coordinates (see Fig.and text). Lw, Mw and Nw are the @ ]| SN R [ A= LNV
LMN components of the waves. '
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In addition to data from Thc, Fig panel (d) showde z F
from Tha. Electric field measurements were not yet available — T T 1
21:58 22:00 22:02 22:04 22:06

on Tha. Yet because Tha was mostly in the MSh and MpCL
(dense plasmas}, could be measured safely. We observe rig 5. similar to Fig.3, but TPN coordinates are used to display
that Te ~ 35eV in the MSh ande ~ 60eV in the MpCL.  the magnetic field and the velocity. Notice thag and Vy are
FurthermoreTe (Thc) ~ Te (Tha) ~60eV in the MpCL,  small on both sides of the event, as expected. The ion velocity is
which confirms that magnetosheath electrons are heated imaximum on both sides of the FTE. Here red is for T, green for P
the MpCL. Figure6 panel (e) displays an electron spectro- and blue for N, the normal component.
gram from Thc. It shows how photoelectrons are removed,
allowing a precise estimate @t in the various regions (see
Fig. 6 panel d). stability, which does not preclude a non linear cascade from
Howes et al.(2009 ran gyrokinetic simulations show- occurring if the wave amplitude gets large enough to over-
ing that the phase velocity of kinetic Aln waves (KAWs)  come the effect of the inhomogeneity. SSAWSs observed by
gets much larger thal, whenk, >k, andk p; > 1. In Sahraoui et ali2008 in the solar wind are strongly Doppler
this regime short (transverse) scale Afvwaves (SSAWs) shifted. In the case of present observations the ion veloc-
have a finiteE,, and can therefore interact efficiently with ity V4 is comparable to the ion thermal velocity, but the
electrons via Landau damping, as will be discussed laterDoppler shift is still large becaudg p; > 1. Therefore the
Sahraoui et al(2008 analyzed magnetic field fluctuations Doppler shift normalized to the proton gyrofrequency can be
measured in the solar wind by the Cluster spacecraft. Theyarger than unity:k, Va/ 2u ~ (k1 0:)(Vda/ Vini) > 1. Thus
interpreted fluctuations/waves observed in the solar windhe Doppler shift is likely to largely exceed the frequency in
as Doppler-shifted SSAWs and gave evidence for a changéhe plasma frame (see discussion section). Let us now inves-
in the slope of the spectrum at frequencies correspondingdigate the effect of SSAWSs on electrons.
to the electron scale, which confirms that small transverse
scale fluctuationsk(; p; >> 1) can be damped via a collision- 4.3 Heating of particles by waves
less process involving electrons, namely Landau or cyclotron
damping. Given the large amplitude-{nT) of the waves In Fig. 3 the duration of the density ramp crossed while
observed in the MpCL, a turbulent cascade could occur and’hd penetratres the MpCL or gets out of it (a21:59
explain the generation of SSAWS. It is not clear, however,rand ~22:04) is~12s. The relative velocity between Thd
that a turbulent cascade can develop in a spatially limited reand the magnetopause, measured along the nokgJ is
gion such as the MpCL. ~60kms1, as estimated from Fig. Hence the thickness
In Sect.5, it will be shown that the sharp gradients ob- of the density jump associated with the magnetopause is es-
served at the MpCL can generate SSAWSs through a linear intimated to beLy ~720km, which corresponds to about 7

Ann. Geophys., 29, 2302316 2011 www.ann-geophys.net/29/2305/2011/



A. Roux et al.: A mechanism for heating electrons in the magnetopause current layer and adjacent regions 2311

40

i

C - -
20— |

,_——\.--.h\h_hh_/'“ﬂ‘\_,_w-f/_\.,_‘_hxhv. { | L\f‘w—-"‘u\-‘_‘ﬁ_d I
0 A

B (gse)
[nT]

E/B and VA

vl FTm™ el vl by Py |

T T T =1 1T

10°®
107
= 107
10

107
10"

S N NS S SN AN R D | S

1000

T [T TR

[eV]

100

Te

bl

[eV]
3

ESAe-
[Eflux
eV/em?3-s-sr-eV]

hhmm 2158 2200 2202 2204 2206

2007 May 20

Fig. 6. This figure shows mainly data from Thc. From top to bottda):the 3 components of the magnetic fiegfd) § £/5 B for different
frequencies (3Hz in red, 12 in green, 48 in cyan and 192 Hz in black)Var{dotted line),(c) Ew the electromagnetic enerdy) e for

Thc (green) and Tha (magenta). The bottom panel shows a spectrogram from Thc; the spacecraft moves back and forth from the MSp to the
MpCL. The thin vertical lines and superposed arrows point out the coincidences between sharp grafiieans wave bursts.

ion Larmor radii of 400eV ions. Given that we consider

short wavelengthsk( p; > 1) we can, in first approxima- , — ky Vak L pi 1)

tion, ignore the effect of the inhomogeneity and calculate v/ (Bp+2)/(1+Te/Ti)

the damping rate from using WHAMP softwaR&nnmark . i i
(1982. The role of the inhomogeneity will be further inves- AS €xpected, the imaginary part corresponds to damping, as

tigated in Sect. 5. Figuréshows the results of WHAMP for  lllustrated in Fig.7; the damping rate (red curve) becomes
T; =400 eV, Te = 35€eV, N = 4 cm3 (and henced, ~ 6, S large ask, pj increases. From the dispersion relation we find

being the ratio of the kinetic to the magnetic pressure), as eshat@/k/; Vi ~ 1, (whereVi is the ion thermal velocity) is

timated from data, for & k, pj < 100, Q05 < k,/p; < 0.15, obtained fOIkJ_.pi ~ 7, which cqrresponds to avery smallion
and Bo = 10 nT. The real part of the dispersion relation ob- -@ndau damping rate, according to Flg.On the other hand,

tained from WHAMP fits the expression given by Howes et @/ k// Ve~ 1 (Ve s the electron thermal velocity) is obtained
al. (2008): for k) pi ~ 90, where the damping rate is very large. This

rough comparison shows that ion Landau damping is weak
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[ 0.05 At medium energies (green) evidence is givenTlgyy > Te . Dis-
02 e > I‘ : regard the central region (red) which is influenced by photoelec-
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KiPj

panel (c). Figures, panels (c) and (d), gives evidence for
Fig. 7. Real (blue) and imaginary (red) part of the frequency nor- the link between sharfe gradients (Fig6d) and wave en-
malized to the proton gyrofrequency, versusp;, for k;,p; be- ergy bursts (Fig6c). As expectedFE,, maximizes between
tween 0.05 and 0.015. Fdr p; ~1—10 (ion scale) the damp- 22:01:30 and 22:02:30 while Thc is inside the FTE. Sec-
ing rate is small, but it becomes large fbr p; ~20-100 (elec-  ondary maxima £21:59:45 and~22:00:00, 22:02:50 and
tron scale). Parameters alg=4cm 3, Bo=10nT,7Te=35€V,  22:03:45) are observed outside the FTE: they correspond to
T; = 400 eV, therefore =6. sharp gradients iffe, as pointed out by arrows, in Figc
and d. Weak gradients ifi. are not associated with peaks in
E,. Thus, the peaks in wave energy observed by Thc cor-
respond to sharp gradients R or to the FTE itself. It is
Yherefore tempting to relate wave generation to drift effects
associated with gradients. A wide variety of drift wave insta-
bilities exists (Mikhailovskii, 1992). Driven by observations
that give evidence of large magnetic components and Jarge
ve consider electromagnetic instabilities in a higplasma.
Hasegawa (1971) showed that magnetosonic waves can be
destabilized in high3 plasmas in the presence of a density

while electron Landau damping is large, which explains why
electrons are much more efficiently heated by SSAWSs thal
ions.

The electron Landau damping tends to increfge, the
parallel electron temperature. Fig8gives evidence for an
enhancedly/, as intense waves are observed, and it show
the electron distribution measured by Thd in the MpCL. As
instrument is in the fast-survey mode, a full 3-D distribu-
tion needs~100s. to be built. Yet the selected period does - v.ont and of a sufficient number of cold electrons. Be-
bracket the period in which intense waves are observed b ause magnetosonic waves can have large , they could
Thd. Figure8 shows an increase in the parallel temperaturey 7/

e d7-,, in the MSh. which p that e Landau damped by electrons and heat them. Yet a magne-
als c?mpare el an.I o ": deb » WNic tﬁon Irm?l Ia OLosonic wave wittk; > k;/, should have B along B, which
electrons are primarily heated by waves in the paraile (an oes not fit present observations. In a hgplasma, insta-
anti-parallel) directions.

bilities driven by strong temperature gradients can develop;
see a discussion lAydemir et al. (1977 on drift instabilities
in a highg plasma.

As pointed out above, THEMIS observations suggest that
5.1 Drift wave instabilities the observed waves are Affiic, propagate azimuthally, and

havek| >k, andk, p; > 1. This situation was considered

No relationship was found between temperature anisotropieby Mikhailovskii (1992, p. 100-102) who described the ef-
and enhanced wave activity. On the other hand, the wavdect of temperature gradients on the dispersion relation of
intensity increased as the spacecraft approached the magneFift (kinetic) Alfvén waves with short perpendicular wave-
topause. The electromagnetic enefyis plotted on Fig6, lengths. Let us analyze the dispersion relation of short scale

5 Wave generation
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drift Alfv én waves (SSDAs) and determine the instability Equation 2) has only two roots; we select the one that corre-
threshold.Mikhailovskii (1992 obtained the real and imag- sponds ta» = wy, in the limit where the second drift term is
inary part of the dispersion relation of SSDAWSs in a high dominant. Similarly, the imaginary part is classically deter-
p plasma fork  p; > 1 and a smalk/,p;. The key param- mined byy = —i DM /(3D© /dw)), whereD® is given by
eters ares; T,/ Te; LN the scale of the density gradient; the Mikhailovskii (1992, p. 32, formula 2.68):
ratio between the gradientsThandT, and the density gradi-
ents ¢i =V7i/VN, andne=VTe/VN), anda=VB/VYN,  say_. 12 @ Ti [ X1 (2 Te CU_ne)2+
the ratio between the magnetic field and the density gradi- k| Ve Te | 1+ % T o
ents. For simplicity we assume that electrons and ions are .\
isotropic during at least the initial stage of the instability. The ( Te Cl)ne) < B ﬁ)
. . . . Bel 2 1 X2+

conservation of the total pressure is assumed, which provides
a relation between these parameters. i\ 2

For the sake of simplification Mikhailovskii took = ne. BZ 1 Te pi 3
With this assumption he found that an instability develops + 7( + f) x3 | (3)
for n < —1, thatis for a temperature gradient steeper than the
density gradient and in the opposite direction, as expectedvith

for the MSh/MSp interface. Given the large ratio between @ne (| _ Ne
ion and electron Larmor radii, we expect steeper gradients it~ ( B E)
the electron temperature than in the ion temperature. Thus__ 4, _ w_ne<l+@)
we have solved numerically the dispersion relation given 2
by Mikhailovskii (1992 without assuming); = ne. We re- Wne 3
strict the analysis to parameters fitting present observationd® = 1- w <1+ E”e>

namely, temperature and density gradients in opposite direc-
. and

tions (i andne < 0), anda < O (the latter comes from the
conservation of the total pressure). The real part of the dis- o= dInTe fo= 8rnoTe
persion relation is given by (see Mikhailovskii, 1992, p. 32, dlnng BS
formula 2.67):

The real and imaginary parts of the frequency are com-

o O w* w* puted numerically for parameters fitted with the data namely:
DO = (1— ;”e) (1— f) + g (1— f) (1— f) T ~ 400 eV,Te ~ 35 eV, = 6, Bo = 10 nT,N = 4.10° cm 3,
Ly =10°m, as functions of | pj and for Q05 < ky pi <

0.125. We limit ourselves t&vTe, VTi, and VB inward

k2 k223, T (earthward), andvN outward (hencer < 0). The corre-

T2 <1 Fe> (2) sponding results are presented in Fg. For small values
of k;; (k;;pi =0.05) the SSDAW is found to be unstable

w2

where for —1 <7 <0 andne < —2.5. For a larger value of,p;
o ckyTe dn there is still an instability but the threshold is more nega-
" engBo dx tive; for instance whet,, pi = 0.1 instability takes place for
and (ne)min < —3, as indicated by the top RHS panel in F&.
Frequencies are typically lower than or comparable to the
wnj = ckyTi n proton gyrofrequency. Thus the electron mode is unstable
engBo dx for an electron temperature gradient steeper than the ion tem-
Ape is the Debye length. perature gradient and oriented in a direction opposite to the

For weandw?, null (no drift) we recover the dispersion re- Qensity gradier?.t. Given the Iarge ratio between electron and
lation of small transverse scale Aéa wave (SSAWSs). The ion Larmor radii, such a situation is expected to occur at the
first two terms describe the coupling with the drift. For a MP.
large 8 (herep ~ 6) the second term is generally larger than
the first. Neglecting the last term we get two obvious solu-

: % %
tions: » = wf; andw = wje Where

5.2 Discussion

The growth rate of drift waves is very sensitive to the scale
of the gradients. For example if one divides the scales of

“’;i = e;kz % these gradients by a factor of 2, the growth rate will be multi-
00 plied by a larger factors 2). The corresponding fast growth

and will lead to non-linear smoothing of the temperature pro-

. cky dpe file. We therefore expect the drift wave to limit the sharp-

@pe= enoBo 9x ness of the profile to values on the order of 1000 km for
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Fig. 9. Real and imaginary part of the normalized frequency veksys, for 0.05< k/, pj < 0.125. The inhomogeneity is now taken into

account. Parameters are the same as for#igxcept for inhomogeneity parametens:(as indicated on the figurey,= —1.02, Ly = 106.
Forne > —2.5, waves are damped, whatewegy oj. Forne < —2.5 large growth rates are obtained, especially for the smaller values qt

Ln and 2.5 times less fabte (L1e ~400km). It turns out  bility. Assuming that quasi-linear theory applies, the spa-
that this scale (400 km) is comparable to the ion Larmor ra-tial diffusion coefficient Dxx is proportional t&2. For a
dius of dominant ions (400 eV), witp; ~200km. These steady state, the wave energy balance gives an equilibrium
estimates suggest that the MpCL thickness should have alectric fieIdEZ proportional to(yp — |y.|)/ (k. pi)?. Note
lower bound~400-1000km. Thus, spatial diffusion will thatyp grows faster withk pj than|y |. Thus for a suf-
tend to establish a MpCL thickness at equilibrium. This doesficiently largek, pi, yp will always exceedy.. The most

not prevent Landau damping from occurring, however. Asunstable waves have_p; > 1, which is consistent with the
long as the linear growth rate of the drift instabilityb() ex- assumptions made to calculate the Landau damping (homo-
ceeds the modulus of the Landau dampipg |}, the wave  geneity) and the local approximation for drift-wave growth
will grow until non linear effects stabilize the drift insta- rate calculationsi(; <« L1e and Lne). We did not consider
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Lte~ 4.10%km, for example, SSDAs are strongly unstable,
SSDAW's
VTe Landau damping

o and can therefore produce fast spatial diffusion that levels out
:'> 0 << K - the gradients. This might explain wiBerchem and Russell
VN kipi>>1 :> Wk~ Ve (1982 found an average magnetopause current layer thick-
vB
Electron heating _ness~500 km. Note that most of the magn_etopa_use Cross-
0B 1 Magnetopause ings used by Berchem and Russell (1982) in their statistics
correspond to large angles B0°) between magnetic fields
Fig. 10. Sketch summarizing our results. From the left to the inside and outside the magnetopause as it is the case in the
right: appropriate gradients generate drift waves with small trans-present paper.
verse scales. In turn these SSDAWS heat electrons. Figure 10, which summarizes our results, is a sketch de-
scribing wave generation and the effect of these waves on

the possibility that electrons (and ions) bounce along (recon_electron heating.

nected) field lines. This is valid as long as a normal com-AcknowledgementsSupport from THEMIS (NASA-NASS-
ponent has not yet developed; otherwise, damping would b&2099) is acknowledged. French participation was funded by
related to bounce effect instead of the classical Landau dampg=NES. Present study was supported by CNRS and Ecole Poly-
ing. Similarly, curvature effects should be taken into accounttechnique.  The held of J. Hohl on editing the manuscript is
in the calculation of the drift wave growth rate. acknowledged.

It is interesting to evaluate the Doppler shift for the pa- theirGhueelztinE:\I/nglawtiﬁ J?g:g:);gi?ks two anonymous referees for
rameters used above. Horpj =50 andk,,pi = 0.1, we find '
from the dispersion relationl) that w/Qn =~ 0.72, which
corresponds to a maximum Doppler shift:

E, finite

k. ~ ky (azimuthal)

WDoppler __ k1 Vd max ~ ki Vi

~ k| pi~50 4
iy on on L Pi 4)

INSU

) Institut national des sciences de I'Univers
where we have assumed thatmax~ Vi, an assumption con-

sistent with Fig5 panel (€). Thus the Doppler shift can be up the puplication of this article is financed by CNRS-INSU.
to 70 timesw in the plasma frame for the parameters given

above, which means that the wave instruments are measuring
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