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Abstract. Chorus-type whistler waves are known to be gen-1 Introduction

erated in the vicinity of the magnetic equator, in the low-

density plasma trough region. These wave packets propa-

gate towards the magnetic poles, deviating from the magneti€horus-type whistler waves are one of the most intense nat-
field lines, before being eventually reflected at higher lati- ural electromagnetic emissions observed in the inner magne-
tudes. Magnetospheric reflection of whistler waves results infosphere. They have been intensively studied up to now (see,
bounce oscillations of these waves through the equator. Ou@-9., comprehensive reviews Bazhin and Hayakawa992
study is devoted to the problem of geometrical spreading offfakhtengerts and Rycro2008 and references therein), be-
these whistler-mode waves after their first magnetospheri¢ause they are critical to electron acceleration and losses
reflection, which is crucial to determine where wave—particle(Summers et al.2002 Horne et al. 2005 Summers et al.
interactions occur. Recently, experimental studies stated tha#007 Shprits et al. 2008 Hikishima et al, 2010 Santolk

the relative intensity of the reflected signal was generally be-et al, 2010, which define the Earth's radiation belt dy-
tween 0.005 and 0.05 of the source signal. We model suctiamics Lyons and Thorngl973. Magnetospheric chorus
wave packets by means of ray tracing technique, using avaves typically appear as short coherent wave bursts propa-
warm plasma dispersion function along their trajectory andgdating in the non-ducted whistler mode in two distinct fre-
a realistic model of the inner magnetosphere. We reproducéluency bands, scaling on the equatorial electron gyrofre-
the topology of the reflected energy distribution in the equa-quency Qeeq. The lower-band frequency range is known
torial plane by modeling discrete chorus elements generatetp be o ~ 0.15-045Q¢eq, and the upper-band frequency
at the equator. Our calculations show that the spatial spread@nge ise ~ 0.5-07%¢eq (see, e.g.Burtis and Helliwel)

ing is |arge and Strong|y dependent upon initial wave param1969 1976, the latter being substantially less intense than
eters, especially the chorus wave frequency. Thus, the divetthe lower-band chorusMeredith et al, 2003, Haque et al.
gence of each element ray trajectories can result in the filling2010.

of a large region (about 4 Earth radii around the source) of Chorus waves are usually observed in the midnight, dawn
the magnetosphere and a reflected intensity of 0.005-0.06 ¢ind noon sectorsAgapitov et al, 2011a Meredith et al.

the source signal in the equatorial plane. These results are iR003 Li et al., 2009 Meredith et al. 2012 with a maxi-

good agreement with previous Cluster and THEMIS obser-mum in occurrence rate and wave intensity between 06:00
vations. and 12:00 MLT (see, e.gLi et al., 2009 Agapitov et al,

20113 for rather quiet magnetospheric conditions (Kg).
The chorus source region is known to be located in the vicin-
ity of the magnetic equator (seeDocq et al. 1998 San-
tolik et al, 2005ha) for the vast majority of these waves,
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Fig. 1. The reflected wave power of selected “cones” of rays in the equatorial plane, after their first reflection at high latitudes. Each cone of
rays consists of one selected frequea@nd one starting poirRg, with polar and azimuthal wave normal angles in the randes &, < 40°
and—180C° < ¢g < 180, respectively. The histogram (red) shows the cross section of the distribution alongxiefory ~ 0.

although sometimes the source can be also situated in northe wave normal distribution of intense chorus waves (i.e.,
equatorial minimum B-pockets during high magnetosphericlower-band, rising elements) is generally non-Gaussian with
activity (Tsurutani and Smith1977). They are also known a non-zero mean value. These effects are enhanced as mag-
to be generated outside the plasmasphere with the amplitudeetic latitude increases.

maximum atL ~ 7 (Meredith et al. 2003 Santolk et al, As whistler waves propagate away from the magnetic
20054 Li et al., 2009 Meredith et al.2012 during the injec-  equator, their wave normal angle increases and they can be
tion of highly anisotropic particle populations into the radia- trapped within Earth’s inner magnetosphere. These waves
tion belts. Experimental studies onboard different spacecraftan indeed be magnetospherically reflected at high latitudes
(seeBurton and Holzerl974 Hayakawa et al 1986 Agapi- (e.g., Thorne and Kennell967 Lyons and Thorngl97Q
tovetal, 20113 Lietal., 2011, for instance) have shown that Jiricek et al, 2001), where the local lower hybrid frequency
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is likely to become higher than the wave frequency (seeinner magnetosphere by means of three-dimensional ray trac-
Shklyar et al. 2004 for details). If so, wave propagation at ing technique. The distribution of these rays intersecting the
an arbitrary angle is allowedHfnes 1957, and the wave equatorial plane after their first magnetospheric reflection
normal angle can become obtuse. The wave is thereby “rewas notably presented. In this section we perform a simi-
flected” at its mirror point and propagates back to the equadar analysis, but with a greatly extended set of rays. We use
tor. This phenomenon is known as the lower hybrid res-here the trajectories of 60000 numerical rays representing
onance (LHR) reflection. Non-ducted whistler waves canmost of the chorus parameters observed in the inner mag-
thus perform several bounces between their mirror points benetosphere, which allows us to study statistically their wave
fore eventually being completely damped (see, &inura, power distribution after their reflection at high latitudes. The
1966 Chum and Santdt, 2005 Bortnik et al, 2008 2009 wave power is calculated in this study as the number of waves
and references therein). that cross a unite area, because waves are propagated in ther-
Multiple reflection of whistler waves has been first demon- mal plasma, and thus the wave amplitude variations are neg-
strated by ray tracing simulation&ifura, 1966. Space- ligible.
craft observations of magnetospherically reflected whistler We model chorus waves in the Earth’'s magnetosphere us-
waves were then discussed Bglgar and Smitl{1967 and  ing ray tracing technique (i.e., in the frame of Wentzel-
Smith and Angeram{1968 for example. However, experi- Kramers—Brillouin (WKB) approximation), which implies
mental evidence of reflected chorus waves at lower latitudeshat the characteristic scale of the medium property varia-
is scarce due to the fact that calculations of Poynting vec-ion is larger than the wavelength of the chorus wave. This
tor have been performed only recently. The first observationsassumption here is valid since the wavelength of such waves
of these reflected wave packets were presentedPdnyot  is approximately tens of kilometers while the scale of the
et al.(2003 20049 using Cluster spacecraft multi-point mea- global density and magnetic field changes is about one Earth
surements, showing simultaneous observations of the souraadius. Realistic models of core plasma densit{ealiagher
and reflected whistler chorus by the STAFF-SA instrument.et al, 2000 and magnetic field@lson and Pfitzerl977), as
A similar study, combining THEMIS observations and ray well as ray tracing procedur&qchy 1981), are employed in
tracing simulations, has been performed/wyapitov et al.  our numerical code, which is described in detaBireuillard
(2011B, explaining the characteristics of observed reflectedet al. (2012. We also use the same database of ray trajec-
waves by the divergence of their trajectories (see @som  tories as inBreuillard et al.(2012h, but with an extended
and Santdk, 2005. range of wave frequencies (step i8¢ ¢q Starting from
Making use of the same numerical model asAigapi- 0.1Q¢ eq to 0.5Q¢ eq, WhereQgeq is the equatorial electron
tov et al.(2011h, which is described in detail iBreuillard gyrofrequency), which represents the entire lower-band cho-
et al.(2012h, we perform in the present paper a study of the rus source region.
spatial spreading of magnetospherically reflected waves, by The trajectory of a whistler wave propagating in the inner
comparing the distribution of numerous trajectories of raysmagnetosphere strongly depends on its initial parameters, in
with previous results from ClusteParrot et al.2003 20049 particular its frequency (normalized tof2e ¢g) and starting
and THEMIS @Agapitov et al, 2011H spacecraft. This diver-  point Rg in the equatorial plane. In each panel of Figwe
gence of ray trajectories allows one to determine the waveshow the wave power distribution of a set of rays in the equa-
power distribution of chorus emissions, and thereby to es+orial plane, resulting from its first magnetospheric reflection,
timate where wave—particle interactions occur in the innerwith respect to its initial parameters. The selected set of rays
magnetosphere. launched away from equator consists of rays of one given
In the following sections we shall first describe the topol- frequencyw at one starting poinRg (not shown) with coor-
ogy of reflected chorus wave power in the equatorial planedinates[Xo/Rg, 0, 0]. At the equator, rays in each set have
with respect to the ray initial parameters. Then we present thénitial polar wave normal angles in the range 06y < 40°
methodology to model discrete chorus elements, and theias itis commonly observed in the equatorial region (see, e.g.,
reflected wave power distribution at the equator. The ob-Agapitov et al, 2012. Rays’ initial azimuthal wave normal
tained intensity of reflected chorus emissions, relative to theimngles are in the rangel8C® < ¢g < 180°. Thus a set is
source signals, is then compared to previous experimentahree-dimensional and represents a cone of about 150 ray tra-
and theoretical results. Finally, we present a discussion angectories.
some conclusions. Figure1 firstly shows that the divergence of reflected ray
trajectories strongly depends on the wave frequency. The
deviation in L shell and longitude from their initial mag-
2 Topology of reflected chorus wave power in the netic field line is indeed much larger for lower frequencies
equatorial plane (w <0.3Q¢eg), and results in a spread wave power distri-
bution in the equatorial plane. Lower frequency waves are
In Agapitov et al.(2011h, a set of observed chorus waves preferably deviated towards largérshells. Their spreading
generated at the magnetic equator was propagated in thean reach~ 4 Rg in both radial and azimuthal distance. On

www.ann-geophys.net/31/1429/2013/ Ann. Geophys., 31, 149435 2013



1432 H. Breuillard et al.: Reflected chorus spatial spreading

6.5 3 Reflected wave power distribution of chorus elements

at the equator

A single chorus element (denoted hereafter SCE) can be
modeled by a group of waves generated ovdr shell re-
gion of ~ 1 Rg (step is 01 Rg) with a wave power distribu-
tion approximated by a Gaussian function. For the consid-
ered MLT and Kp parameters (i.e., Kp4 and MLT = 09:00;
seeBreuillard et al, 2012h, the chorus wave normal distri-
bution is presented iAgapitov et al (2012 (see alsd\gapi-

tov et al, 2013 from which we obtain a functiohg(6p) rep-
resenting the distribution @k angles at the equator. The dis-
tribution in frequency is also approximated by a Gaussian
function (see, e.gBreuillard et al, 2012, so that the dis-
tribution of rays is intensity-weighted by the following func-

6.0

5.5

0.08

0.04

000 tion:
5.0 o b 1dl5.0 2
8 0.35 0.40 (LO _ Lpeak)
go(fo, Lo, w) = ho(bp) €Xp| ———(—————
X/Re Ny/No 2(0.2)2
. . . 1
Fig. 2. The reflected wave power of a single chorus element in the (w —0.34Q eq)2 1
equatorialXY plane as a function of radial distanoegxis), for dif- X eX| ——’2 .
ferent values ofpea (y axis). Each distribution (line) is obtained 2(0.15Q¢ eq)

from an initial single chorus element generated at the equator at

Y =0, centered ak peak and intensity-weighted as in Ed)( The In our case each SCE is launched at MLT = 09:00 Breslil-

value of the distribution in each bin (ofDRg width) is shown in  lard et al, 2012ha), i.e., Yo =0 for all rays. Core plasma

the color bar. The ratio of the number of reflected rays (that ef-density and magnetic field parameters are the same as used

fectively reach the equator) over the initial number of rays in eachjn Breuillard et al. (2012h. A SCE is modeled here by

single element is shown on the right panel, as a functiongabk ~ 20500 rays, with parameters corresponding to commonly

value. observed lower-band chorus waves. The frequency range is
0.15Q¢ eq < w < 0.45Q¢ eq With a step of 05Qeeq The

the contrary, higher frequency waves % 0.3Q¢eq) rather azimuthal angle range df vector is—180° < ¢o < +180°
propagate towards lowet shells and their distribution is (SteP is 10), whereash lies in the range < 6o < 40° (step
much more focused arount= 0. The divergence of ray tra- 'S 50)- ) )
jectories also depends on their starting pakat though it .It is then possible tc_) model the rgflected wave power dis-
is less pronounced than their dependence on frequency. THEPUtion of such SCE in the equatorily plane. We record
wave power distribution is generally more spread for largerthe distribution of reflected waves at the same longitude as
Ro as rays travel a larger distance throughout the inner magtheir starting point, i.e., a = 0 (see histogram in Fid), as
netosphere. However, we see that the major part of the diglt is observed onboard spacecraft d_unng simultaneous mea-
tribution is concentrated around the rays’ original longitude Surements of source and reflected signé (ot et al.2004

(Y = 0), especially for higher frequency waves, as shown on\9apitov et al, 2011h. We study the dependence of the re-
thex axis by the histogram in red. This histogram is obtainedecteéd wave power oh shell for differentZpeak values.

by processing the cross section of the 2-D distribution along NS dependence is presented in Figwhere the equato-
the x axis forY = +0.2. rial wave power distribution ovek shells is shown on the

This distribution (in red) can be used to compare the at_axis, as a function of the initial radial distance of the SCE

tenuation, relative to its source signal, of such reflected wave@Urce. The latter is represented by the radial distdpeg«

power with spacecraft data. However it is necessary first tg°f the peak of each SCE, iRg on they axis. On the right
model discrete chorus elements properly. panel the ratio of the global reflected wave power over the

initial wave power at the starting point of each SCE is plotted
(i.e., the numbenN; of reflected waves that effectively reach
the equatorial plane over the initial numbég of waves).

First, one can note that the wave power is more spread over
L shells for higher values ofpeax even though the maxi-
mum of distribution is still shifted by about®Rg towards
lower L shells. For lower values afpeak (below ~ 6 Rg),
the wave power is concentrated just beyond the plasmapause

Ann. Geophys., 31, 1429:435 2013 www.ann-geophys.net/31/1429/2013/
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(here the plasmapause is situated &c4n the equatorial  potential region of wave—particle resonant interaction can be
plane). In particular, folpeak< 5.2 the distribution of the  substantially larger than the initial region where the flow of
wave power is narrow (its maximum value reache8.15) injected anisotropic plasma stops. As a result, even small-
and close to the plasmapause, but it drops abruptly for disscale injections can be responsible for wave—particle reso-
tances below this value. This means that most of the wavesant interaction in large spatial domains, corresponding to
are accumulated at the plasmapause and cannot penetrate idtmge regions of particle precipitation (see, eRpschmann
the plasmasphere. On the right panel the ratig Ng of re- et al, 2002.
flected waves is found to be decreasing with increasingk In order to compare our simulations with spacecraft data,
(from ~ 42 % to~ 32 %). we then model discrete chorus elements taking as a basis typ-
Then itis possible to calculate the wave power of reflectedically observed chorus properties at the equator. We show the
rays, compared to the initial SCE wave power. Indeed, thereflected wave power distribution as a functionofhell,
multiplication of these two ratios for each bin thus gives for different distances of SCE generation, as well as the ratio
the attenuation ratio of reflected waves over a distance obf waves of the initial SCE that actually reach the equato-
0.2 Rg, which allows us to compare this value to the atten- rial plane. This allows us to calculate the attenuation ratio of
uation ratio obtained previously by observations and theoreflected wave power along the shell values. The ratio is
retical calculations. Figur2 shows that this attenuation ra- found to be about 0.005-0.06 with a mean value=d.05,
tio value varies from about 0.005 for the regions where thewhich is very consistent with theoretical calculations (e.qg.,
least waves are reflected to 0.06 for the lowkgéax val- Cornilleau-Wehrlin et a).1985 and recent ClusterP@arrot
ues. The obtained mean value\i€.05, which is in excellent et al, 2003 2004 and THEMIS @gapitov et al, 2011H ob-
agreement with the calculations Gbrnilleau-Wehrlin et al.  servations.
(1985. These results are also very consistent with observa- The study of the characteristics of the rays’ spatial dis-
tions from Cluster Parrot et al.2003 20049 and THEMIS  persion by means of ray tracing allows us to calculate the
spacecraft Agapitov et al, 2011h, since the power of the attenuation of reflected chorus wave power in every position
reflected signals was found to be 0.005-0.02 and 0.025-0.0® the inner magnetosphere. The large spreading of such a set
of the source signal, respectively. of rays shows that chorus waves, even generated from a lo-
calized source at the equator, can fulfill large regions of the
inner magnetosphere where wave—particle interactions thus
4 Discussion and conclusions occur. Determining the effects of such waves on energetic
particles in these regions could enhance the understanding of
Lower-band chorus wave emissions, generated at the magnner magnetospheric dynamics. These effects could be im-
netic equator, are propagated into the Earth’s inner magportant notably at higher latitudes, where the reflected wave
netosphere by means of ray tracing technique Geiil- power is comparable to its source signal.
lard et al, 2012ha, for details). After eventually undergo- Moreover, we observe that for waves generated at lower
ing the LHR reflection at higher latitudes, the trajectories of radial distances the wave power is less spreddshells and
the reflected rays are processed to analyze their geometricahore focused close to the plasmapause, yet very few waves
spreading back into the equatorial plane. We study the geoean penetrate into the plasmasphere. This interesting result
metrical spreading as a function of the wave initial param-seems contradictory to the results Bértnik et al. (2009
eters R, w, 6p, o), which allows us to determine the wave 2011), although this can be due to the chosen plasma den-
power distribution of reflected chorus waves after their firstsity parameters, and notably the level of geomagnetic activity
reflection at high latitude. We notably show that the spatial(here Kp=4), which defines the shape of the plasmapause. A
dispersion of reflected chorus waves is large, especially fosharp plasmapause could thus prevent the penetration of re-
the lower frequency waves with lofg, for which it can reach  flected chorus waves in the plasmasph¥varfg et al.2011).
severalRg in both radial and azimuthal distances, towards However this aspect needs more detailed discussion and will
largerL shells. be addressed in future work.
The impact of spatial spreading of waves can be impor-
tant for wave—particle resonant interaction. Figlirfor in-
stance shows that localized wave source arofind 6—7 AcknowledgementsThis work was supported by CNES t.hrough
should produce relatively wide wave distributionfat 5 up the grant Moéles d’ondes. The work of V. Krasnoselskikh and
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