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Abstract. Recent observations performed by the Frenchdensity gradient favours the growth of a Rayleigh-Taylor (R-
DEMETER satellite at altitudes of about 710 km suggest thatT) instability originating at the bottom of the F layer (Hud-
the generation of equatorial plasma bubbles correlates witlson and Kennel, 1975). Furthermore, the gravitational field
the presence of filamentary structures of field aligned cur-produces an ion drift and current in an eastward direction
rents carried by Alfén waves. These localized structures areperpendicular to the magnetic field. The electrons, because
located at the bubble edges. We study the dynamics of thef their negligible mass, do not participate in this motion.
equatorial plasma bubbles, taking into account that their moHence, this differential drift leads to a charge separation and
tion is dictated by gravity driven and displacement currents.to the generation of electric fields inducing upward directed
lon-polarization currents appear to be crucial for the accurateE x B drifts in depleted density-regions. The initial density
description of the evolution of plasma bubbles in the high al-rarefactions, produced at the bottom side of the equatorial
titude ionosphere. During their eastward/westward motionionosphere, rise up into the denser plasma of the F region,
the bubbles intersect gravity driven currents flowing trans-and this motion generates plasma bubbles. These structures
versely with respect to the background magnetic field. Theare large-scale, drifting structures associated with sharp den-
circulation of these currents is prohibited by large density de-sity depletions which generate turbulent spectra during their
pressions located at the bubble edges acting as perfect insulifetime. Gradient-drift instabilities as well as turbulent cas-
tors. As aresult, in these localized regions the transverse cuicades of long wavelength irregularities to short wavelength
rents have to be locally closed by field aligned currents. Suchirregularities are usually referred to (Kelley and Mozer, 1972;
a physical process generates kinetic &lfiwaves which ap- Koons et al., 1997). In the present paper, we show wave data
pear to be stationary in the plasma bubble reference framerecorded by the French DEMETER (Detection of Electro-
Using a two-dimensional model and “in situ” wave measure-Magnetic Emissions Transmitted from Earthquake Regions)
ments on board the DEMETER spacecraft, we give estimatepolar satellite at altitudes of700km. As previously re-

for the magnitude of the field aligned currents and the assoported from the San Marco D and DE2 satellite data (Ag-
ciated Alfvén fields. gson et al., 1992; Aggson et al., 1996), the DEMETER data
illustrate some of the characteristics of the turbulence gener-
ated by such equatorial bubbles propagating in collisionless
background plasmas.

The DEMETER satellite is very well equipped for mea-
suring waves over a wide frequency range. The electric-
field instrument measures the three electric components from
After sunset, the absence of sunlight in the low-latitude iono-DC to 3.25MHz in four channgls ULF, ELF, VLF and HF.

(Pn the other hand, the magnetic antennas measure the three

sphere leads to a much faster recombination at lower than a

higher altitudes. A steep density gradient is generated ber_nagnenc components from 10 Hz to 20kHz in two channels,

tween the depleted bottom side ionosphere and higher deor{t?ellgi'c:)r;fj1 r(;?s\:);fégir;eerl)eritsrirr]r:ggfg}géSe];(r)licsussisgsogettheitlgctje;?rti-e
sity in the er F region. Such an anti-earthward directe )
& upp g ! ! W ! edges of the bubbles in the ELF frequency range. These elec-

Correspondence to: R. Pottelette tromagnetic fluctuations occur in the regions where steep,
(raymond.pottelette@cetp.ipsl.fr) large-scale (1-10km) density gradients are recorded; they
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are interpreted in the present paper in terms of Kineticéifv  located inside the large scale density gradient — can be iden-
waves. A more systematic analysis of DEMETER data re-tified during this time period at 09:04:45.500 UT and at
veals that such fluctuations are usually anti-correlated with09:04:47.500 UT, respectively. According to the measure-
broadband electrostatic emissions taking place in the lowiments displayed in the last two panels of Fig. 1, these bursts
density inner regions of the bubbles in conjunction with smallcan be tentatively identified with kinetic Alén waves be-
scale (10-100 m) density gradients. Magnetic-field fluctua-cause they are plane waves propagating in a direction parallel
tions coupled with the presence of plasma bubbles have alto the magnetic field.
ready been reported from both the DE-2 and the CHAMP Figures 2a and b display the waveforms of the eastward
satellite observations (Aggson et al., 1992; Luehr et al., 2002glectric and verticaB, magnetic components recorded at the
Stolle et al., 2006). Moreover, it has been suggested thatimes when the two electromagnetic bursts occurred. Their
when a plasma bubble starts to grow, field aligned currentsnaximum amplitudes reach about 5mV/m and 0.13nT, re-
supported by Alfén waves join the equatorial F-region with spectively. Each burst lasts approximatel250 ms. Using
the conjugate E-regions (Bhattacharyya and Burke, 2000)on-board DC electric field and RPA measurements the rela-
The DEMETER observations seem to support the possibleive eastward directed velocity of the spacecraft with respect
role played by Alfi{en waves with regard to the dynamics of to the bubble amounts te4 km/s, Assuming that the space-
such equatorial plasma density depletions. craft crosses localized spatial structures, welget1 km for
The structure of the paper is as follows. In Sect. 2 wethe typical perpendicular size of the bursts.
present observations pertinent to the presence of localized, These overall observations are consistent with the pres-
Alfvén-wave bursts at the edges of plasma bubbles. Irence of filamentary Alfénic structures, located at the edge
Sect. 3, we study theoretically the excitation mechanismsof a plasma bubble, which propagate in a direction parallel to
of these waves from the closure by field-aligned currents ofthe magnetic field lines: their typical transverse dimension is
gravity-driven currents flowing transversely with respect to ~1 km.
the background magnetic field. After some discussions, the Starting from 09:04:50, the density becomes very low
conclusions of the paper are summarized in Sect. 4. (<10° cm~3) and intense broadband electrostatic noise emis-
sions are recorded in association with small-scale size (in the
range of 10—100 m) density structures which are detected by
2 Observations the on board RPA. Shortly after this time, two other magnetic
bursts are recorded but their electric components are covered
Figure 1 shows over a 10s interval a sequence of DEME+y the presence of a strong electrostatic turbulence generated
TER wave observations recorded throughout the crossing opy the existence of these small-scale density-gradients.
a plasma bubble during a magnetic storm on 18 January 2005 |t js worth mentioning that these observations are quite
(D5;=—121nT,K,=8-) at 22.4 MLT (orbit 2907). DEME-  systematic. At the DEMETER altitude, well developed
TER was on a poleward pass at geomagnetic latitud@.7  plasma bubbles are generally recorded. These bubbles are
and altitude~700 km. This orbit has been selected becausegq| associated with bursts of low frequency electromagnetic
at the quoted times, the satellite was in a burst mode acquirpaves taking place on the eastern and western external edges
ing high time resolution data and providing the waveform jp association with steep density depression. Note, however,
of these electromagnetic emissions. The coordinate systefhat the magnitude of these electromagnetic emissions may
used in Fig. 1 is the following: ox axis is directed eastward, pe dissimilar on these two edges. It is interesting to point
oy upward and oz along the magnetic field lines. Panel (a)yt, that the electromagnetic bursts are also recorded even
gives the ion density variation as measured by the onboargh the case where the bubbles are not so well developed, be-
retarding potential analyzer (RPA); panels (b) to (g) displayijng associated with moderate density depressions. A prelim-
the three Components of the magnetic field and electric ﬂUC'inary data ana'ysis reveals that, for generating such electro-
tuations from 10 Hz up to 200 Hz. The last two panels illus- magnetic bursts, the density ratio between the background
trate the results obtained thanks to PRASSADCO, which i5p|asma and the internal part of the bubble has to be greater
a computer program used to analyse the cross-spectral m@nhan about three.
trix obtained from multi-component measurements of elec- |, contrast, in the regions located at the inner edges of

tromagnetic waves. It implements a number of methods tqne pupbles, the generation of intense broadband electrostatic
estimate polarisation and propagation parameters (Santolikyrbylence excited by small-scale density-gradients appears

2003). Panel (h) assesses the planarity of propagating eleg the dominant physical process.
tromagnetic waves, whereas panel (i) indicates the polar an-

gle of propagation of the wave vector with respect to the
background magnetic field. 3 Excitation of kinetic Alfv én waves
The satellite enters into the eastern edge of the plasma
bubble at about 09:04:43 UT when the density starts to dein this section, frequent use is made of Fourier transforms of
crease slightly. Two well defined electromagnetic bursts —quantitiesF(r, ¢) that depend both on the space coordinates
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Fig. 1. The 10 s high resolution overview of the DEMETER crossing of a plasma bubble edges described in the text. The ox axis is directed
eastward, oy upward and oz along the magnetic field lines.

r and on the time. The Fourier transform is defined as Conversely, the inverse Fourier transform is given by

1 .
F(k, w) =/F(r,t) expitk.r—ot) dr dt @ Foro= W/F(k’ ) exp-i(k.r—ot) dkdo — (2)

With this convention, the spatio-temporal Fourier transform
wherew is the angular frequency aridis the wave number  of the unit plane wave (r,t)=exp[i(wt —ko.r)] is the Dirac
vector. distribution F (k, )=(21)*8 (k—ko)8 (w—wo).
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Waveforms wheree is the electron chargey,. the electron mass, and n
51 ‘ ‘ g the electron density (assumed equal to the ion density).
E 3 In addition, the Maxwell equations can be written as:

Vx(VxE) = —p0d,j (5)

The plasma is then described by the system of Eqgs. (3-5).
0.15 ‘ ‘ : Linearizing these equations, after Fourier transformation for
the perpendicular electric field, we find

iz 2
z " 3 b —i Va
Ey(o, k)=g(7>2w[w2—k§VE/(1+k§c2/w%)]‘1jg (@, k)(6)
015 4 R
45 46 47 48 wheresq is the electric permittivity of free spacethe speed

Seconds after 09:04 UT of light, and w, the angular plasma frequency. The ex-

pression in brackets is the well-known dispersion relation
DL ik i LR RSO ot of kinetic (shear) Alfén waves in the lows approximation
4 ‘51 (B<m,./m;), whereg is the ratio of thermal-to-magnetic en-
) ,6 C ergy. This approximation is fulfilled, as the Aln speed Y
7% W 7 is larger than the electron thermal veloc#y, of the cold
P00 160 150 2 ° 80 160 150 200 background plasma. Equation (6) shows that gravity-driven
Frequency () Frequency 1) current perturbations generate Agfv electromagnetic fluc-

tuations.

Log BY/Af (nT2/Hz)

Log BE/Af (nT2/Hz)
x

=]

Fig. 2. lllustration of the wave data recorded during the occurrence . . . .
of two well-defined electromagnetic bursfa) Waveform of theF , As already pointed out, the gravity driven current being

electric field componen(b) Waveform of theB, magnetic compo- ~ Proportional to the ion density is smaller within the plasma

nent,(c) Magnetic spectra showing well defined maxima@0Hz ~ bubble than outside it. As a result charges pile up at the
and at~25 Hz. edges of the plasma bubble producing an eastward electric

field within the bubble, which makes the bubble moves up-
ward. Using Eq. (6), it is possible to calculate, on the edge of
Although bubbles are three-dimensional entities, we ap-a plasma bubble, the electric field fluctuatiafis(x,z,t) re-
proximate them as two-dimensional structures for the sakeyyiting from the large variationsy, (,t)in the gravity-driven
of simplicity. We use an x-z coordinate system whose centeyrrent. In these boundary regiordg, (r,t) can be modeled
O is located at the satellite: the x axis is oriented in the easthy a Gaussian distribution to allow for easy calculations
ward direction while the z axis is oriented along the earth’s
magnetic field direction. All physical quantities are assumed . (x—Uyt)2 72
to be uniform along the y vertical axis so tigtdy=0. The  8jg(r. 1) = exjo | 1—exp- —z taz (7)
eastward current density can be expressed as the sum of * z

t_he gravity—driven_cur.rent density, and of the ion polariza- _ where jo=nm; g/Bo is the magnitude of the gravity driven
tion current density induced by the low frequency electric ¢, irent density flowing in the background plasma previously

fluctuationsE,. We get defined. The electric field fluctuations being measured in the
1 satellite reference framé/, denotes the magnitude of the

Jx = 50 Ex + Jg (3)  eastward component of the relative speed of a bubble with

HoVa respect to the satellite. The Gaussian distribution has a width

whereV,, is the Alfvén velocity, whilej,=nm; g/Bo can be Ay inthe x direction A, in the z direction and is assumed to

expressed in terms of the ion densityion massn;, andg ~ Pe infinite in the y direction.

is gravity. lon polarization currents appear to be crucial for From Eq. (1) we obtairdj, (k,w)=3jg1(k.®)+8jg2(K,w)

the accurate description of the evolution of plasma bubbledVith 8jg1(k.)=(27)* jos ()8 (k), and

in the high altitude ionosphere (Keskinen et al., 1998). ) 3.
In the plasma, the electrons are magnetized and move onléf’ﬁ(k’ ®) = —4m"joAx Az §(w — kxUx)S(ky)

parallel to the magnetic field linéBo=Boz in order to close exp |:<kxAx>2 N (kZAz>2}

©)

the transverse currents. Using the momentum transfer equa- 2 2
tion, the parallel current density is given by
Y ) In order to calculate the space and time electric field fluctua-
3.+ Sy _ " g @) tions we have to insert the expression dpr(k,) in Eq. (6)
etz me © and to take the inverse Fourier transform. Note that the term
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8jg1(k,w) does not bring any contribution to the integral. Af- 100000
ter some lengthy but straightforward calculations, we get

80000

AcA;  Va T o
Jo = (4)()

(x—Uy1)? + a?7?
exp| — 4

60000
—U,t 40000
Cosh(M) ©) \/\
2x L
wherea=U,/V, and x=[A2+(aA;)?)/4. In the background 20000 |-
equatorial ionospheric plasma, we usually h&ye-1 km/s
and V4~1000km/s. Accordingly, the relative drift veloc- 0
ity of a bubble with respect to the satellite is much smaller
than the background Alen velocity andv<«1. As a con-
sequence, in the frame moving with the bubble, the eX-Fig 3. High time resolution measurements of the ion density per
cited electric field component of the A wave is a quasi- formed by the RPA as function of time. The dotted lines indicate

stationary structure varying slowly along z, its spatial spreadthe locations of the two investigated electromagnetic bursts.
is 2(x)Y/2. Note thatV, is the local value of the Alfgn ve-

locity at a selected location. The associated magnetic com-
ponent is such thak,=E,/Vy. and radially outward, respectively. The Poynting flux asso-

Let us take the example of orbit 2907. CharacteristicCiated with these Alfén waves is thus directed along the
values measured by the DEMETER spacecraft during thignagnetic field lines. Using 10mV/m and 0.3nT leads to
plasma bubble event ar®, ~4 km/s (as previously defined), 2.5x10-°W/m? for the peak Poynting flux.
andB~2.7x10* nT. At the edge of the bubble, the half-width  As derived from Egs. (6) and (8), in the, x domainE,
of the depleted region is traversed in about 2.5s leading t&nd By should be rather monochromatic with an angular fre-
A,~10km (see Fig. 3). During this event, the satellite tra- quencyw=k, U, and a perpendicular wave-length with a
verses the bubble in a predominantly south-north oriented dispectral widthék,~1/A,. Furthermore, it is well known
rection, with a velocity of~6 km/s in this direction. The as- that for a kinetic (shear) Alfen wavek,~w)/c, this leads
sociated density depression is recorded duri@gmin, lead-  t0 @~Uxw,/c. A more accurate evaluation éf can be

Ex(x’ 2, t) =

lon density (cm-3)

L L L L L
44 46 48 50 52

Seconds after 09:04 UT

ing to A;~1000 km. derived from a careful analysis of the characteristics of the
The density of the background plasma outside the bub€lectromagnetic fluctuations.
ble at the satellite altitude is~10°cm~3 implying to The spectra of the magnetic fluctuatioBs recorded in

jo~10-9 A/m? for an O" dominated plasma. The measured the satellite reference frame at the locations of the two elec-
background electron temperature is 0.2 eV which matchegromagnetic bursts are displayed in Fig. 2c. In this frame
with an electron thermal velocity;.~180 km/s, so that the the transverse drift velocity of the bubble with respect to
inequality V;, < V4 is fulfilled. At the location where the DEMETER amounts t&/,~4 km/s. As shown in Fig. 2c, the
first electromagnetic burst is recorded by DEMETER (at magnetic spectra peak at frequencies aroyitd40 Hz and
09:04:45.500 UT) the density has decreased$al0*cm=2  f>~25Hz, respectively, and are such thay fo~ fp1/fp2
corresponding t&/4~700 km/s for the velocity of the propa- where fp;=2MHz and fp,=1.4MHz are the respective
gating Alfveén waves. At the second burst location (occur- plasma frequencies at the locations where the two electro-
ring around 09:04:47.000 UT) the density has dropped tomagnetic burst are recorded. As a result, the frequencies for
2.4x10* cm2 so thatV,~1000km/s. Using Eq. (9) with which the magnetic spectra maximize are well approximated
these quoted values, we ge2 mV/m for the amplitude of by f=3U, f,/2c. Inthe angular frequency domain we thus
the E, electric field fluctuations at the satellite altitude. This havew=k, U, with k,=3w),/2c.
value corresponds to a correct order of magnitude with re- For the first burst (around 09:04:45.500 UT), we get
spect to the measured values (see Fig. 2a). Such a reasok:=6.3x10~2m~! corresponding to a perpendicular wave-
able agreement with experimental values seems satisfactogngth A,=100m, while for the second burst we get
in view of the over simplified theory used in this paper. ke=4.4x102m~1 and1,=140m. The perpendicular size
More generally speaking, a careful analysis of DEMETER of the electromagnetic pulses previously derived+1 km)
data reveals that typical values for the amplitudes of elecmatches respectively with 10 or 7 field oscillations, in rea-
tromagnetic bursts recorded by the DEMETER spacecrafsonable agreement with the observations (see Fig. 2). The
are in the range 3—-10 mV/m for the electric component andoroadband character of the spectrum should be a conse-
0.1-0.3nT for the magnetic component. The major compo-quence of the plasma inhomogeneities which are not properly
nents of the electric and magnetic perturbations are eastwarthken into account in the present theory.

www.ann-geophys.net/25/2159/2007/ Ann. Geophys., 25, 2159-2165, 2007
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The field aligned current densify connected with the ki-  these disturbed time-periods, the edges of equatorial density-
netic Alfvén wave (Lysak and Carlson, 1981) can be obtaineddepressions are characterized by the presence of filamentary

from: structures with a typical kilometre transverse width. Prelim-
£oc2 inary data analysis reveals that such structures are usually
Jo = (V_> O Ex (10)  generated as long as the density of the background plasma
A overcomes the density inside the bubble by at least a factor
Taking into account that«1, we get: three.
. AN, | (7w 1/2 Ins_ide t_hese _structures, propagating kinetic_élfwaves
o= (F) (x = Uxt) carrying field aligned currents have been identified. We have

pointed out that the excitation of these waves might be gen-
exp| — (x—Uxt)? + a?z? erated by large density depletions which affect the gravity-
4y driven currents collected by the bubbles during their east-

(t—Us,t)az ward/westward motion. Due to the large surface area covered
cosh(—x) (11) by the bubbles the amount of collected gravity currents is not
2X negligible in spite of the weakness of these currents. The
In the bubble reference frame, the current density is thepresent observations are consistent with the role of &ifv
strongest alx—y 1) j-=0, which leads toX—U,1)~(2x)*%.  waves in connecting the equatorial F region and the con-
This shows that the gravity driven currents are closed by fieldugate E regions (Aggson et al., 1992; Bhattacharyya and
aligned currents flowing at the bubble edges. This estimat&urke, 2000). It is worth mentioning that these waves in-
agrees fairly well with the first burst location but not with fluence the dynamics of a plasma bubble by providing, in
that of the second burst. This discrepancy may be understooghe bubble reference frame, an additional quasi-static elec-
from the high time resolution data of the plasma density dis-tric field component transverse to the magnetic field.
played in Fig. 3. It appears that the second burst is generated Thanks to the relative motion bubbles/spacecraft, the low
inside a well defined density structure of about 1 km trans-fraquency Alfénic electromagnetic turbulence is up shifted
verse scale which traps the Aéia waves, thereby enhancing i, the ELF frequency range. The most useful information
locally their amplitude. These observations bring to light the ,4vided by the simple theory developed in this paper deals
role of small scale density structures in generating t“rb“'?’”{i/ith a correct estimate for the amplitude of these frequency
spectra at the edges of plasma bubbles. Similar observationgits. In addition, the turbulent spectra are broadened by the
have been performed in the auroral ionosphere (Stasiewicz glyistence of plasma inhomogeneities which are not properly

al., 2000). ] o ] taken into account in the present overly simplified theory. It
The maX|mlf/r;1. value of the f:urrent density is obtained for shoyid be stressed, however, that at the external edges of the
(x=Ux1)=(2x)™*; this leads to: equatorial density-depletions, the density-gradient seales
. AxA; are usually much larger than the derived values of theé&klfv
max 1/2 Bx2z _ y g
)z (@) Ay jo &xp(=1/2) (12) perpendicular wavelengths, so that locally the main char-

With the plasma parameters previously defined, we getacteristics of these waves should not be too much distorted.
jzf“aX:O.Z,uA/mz. Unfortunately, there was no scientific in-
strument to measure DC magnetic fields on DEMETER, theAcknowledgemaqts_ The authors thank the CNES and industry
flux gate is simply an attitude magnetometer with a poorteams who took part in the DEMETER program for their dedica-
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