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Abstract. We investigate the ray trajectories of nonductedly observed on the ground (Storey, 1953). Later its investiga-
propagating lower-band chorus waves with respect to theition has mainly been based on the satellite measurements.
initial angledg, between the wave vector and ambient mag- Chorus propagates as whistler mode plasma waves and con-
netic field. Although we consider a wide range of initial an- sists of narrowband tones usually rising (sometimes falling)
glesfy, in order to be consistent with recent satellite obser-in frequency on the time scale of several tenths of a sec-
vations, we pay special attention to the intervals of initial an-ond. Near the magnetic equator, chorus occurs usually in
glesdy, for which the waves propagate along the field lines two distinct frequency bands separated by a narrow gap at
in the source region, i.e. we mainly focus on waves generatedne half of the electron cyclotron frequeney,, (Tsurutani

with 6¢ within an interval close toOand on waves generated and Smith, 1974), with the upper-band just above the half
within an interval close to the Gendrin angle. We demon-of w¢., (w/wc.q~0.5-0.6), and the lower band in the range
strate that the ray trajectories of waves generated within arfw/wce,~0.2-0.45).

interval close to the Gendrin angle with a wave vector di- The satellite measurements have recent|y brought new
rected towards the lower L-shells (tO the Earth) Significantly pieces of know|edge about chorus properties_ The Poynt-
diverge at the frequencies typical for the lower-band chorusing flux measurement on Polar (LeDocq et al., 1998) and the
Some of these diverging trajectories reach the topside ionoc| USTER satellites (Parrot et al., 2003) have confirmed the
sphere having close to 0; thus, a part of the energy may previous suggestion by Helliwel (1967, 1969), that the cho-
leak to the ground at higher altitudes where the field linesrys source is located close to the magnetic equatorial plane,
have a nearly vertical direction. The waves generated withyith the dimension along magnetic field line being up to sev-
different initial angles are reflected. A small variation of eral thousands of kilometres, thus expanding a few degrees
the initial wave normal angle thus very dramatically changesfrom the magnetic equator (Saritoét al., 2005). The cross-
the behaviour of the resulting ray. Although our approachcorrelation of spectrograms recorded on different CLUSTER
is rather theoretical, based on the ray tracing simulation, wesatellites have shown that the transverse dimension (with re-
show that the initial angléo of the waves reaching the iono-  spect to magnetic field) of the source located at the magnetic
sphere (possibly ground) is surprisingly close — differs justequator could be lower than 100 km (Safkat al., 2004) in

by several degrees from the initial angles which fits the ob-the case of lower band chorus. Beyond that distance the cor-

servation of magnetospherically reflected chorus revealed byelation coefficient calculated from the spectrograms rapidly
CLUSTER satellites. We also mention observations of di-gecreases.

verging trajectories on low altitude satellites. The detailed understanding of the generation mechanism

Keywords. Magnetospheric physics (Waves in plasma) —is still a subject of active research. It is generally believed

Space plasma physics (Wave-particle interactions, Waveghat the generation of chorus emissions is driven by the in-
and instabilities) — lonosphere (Wave propagation) jection of substorm electrons (Tsurutani and Smith, 1974;

Bespalov and Trakhengerts, 1986) that interact with whistler
mode waves through the cyclotron resonance (Andronov and
Trakhtengerts, 1964; Kennel and Petschek, 1966). However,
the linear theory cannot clarify the discrete character of the

Together with the lightning induced whistlers, chorus emis_chorus elements. Several authors have attempted to explain

sions belong to the most distinct electromagnetic Wavesthe main properties of the chorus emission, such as the re-

ropacating in the inner maanetosphere. Chorus was firsgurrence rate and the slope of the chorus elements (tones).
propagating g P Trakhtengerts (1995, 1999) used a theory of the backward

Correspondence tal. Chum wave oscillator in the ELF/VLF frequency band. According
(ich@ufa.cas.cz) to his theory, a step-like electron distribution function, which

1 Introduction
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is formed as a result of the development of a cyclotron insta2 Convergence and divergence of ray trajectories;
bility, leads to an absolute instability and the wave generation  ground accessibility and magnetospheric reflection;
in the form of discrete elements with rising frequency. Nunn  results of ray tracing simulation

et al. (1997) considered that a strong nonlinear phase trap-

ping of cyclotron resonant electrons is the essential mech2.1 Ray tracing

anism producing the VLF chorus. Using the Vlasov code . ) . ) ) .
In this section we will investigate the ray trajectories of lower

simulation in 4-D phase space, Nunn (2004) was able to re- : s
produce the main properties of chorus. band chorus waves for a wide range of initial anglebe-

o ] ) tween the wave vector and magnetic field line. The ray trac-
Originally, the chorus properties have been studied undefyq software that we use is based on the dipole magnetic field

the assumption of ducted propagation of the emission frommodel, which means that the cyclotron frequeagyis given
the source. This assumption has been supported by the fagg/ expressioni)

that chorus emissions can be observed on the ground. Next,

it has genera_llly been accepted_that the lower band chorus_is (1+ 3 sir? A)]72
generated with wave vectors directed close to the magnetio: = wco-w
field lines. The latter assumption is also based on the satellite E
measurements carried out close to the source region, whicherew.o is the electron cyclotron frequency at the mag-
show that the mean value of wave normal angjes usu- netic equator on the Earth’s surfaceis magnetic latitude,
ally small, close to zero (Nagano et al., 1996). However, thel RI=L-cos’(1), and L is the distance of magnetic field line
first identification of magnetospherically reflected (MR) cho- from the Earth’s centre in the magnetic equator plane, in
rus described by Parrot et al. (2003), and the plasma densitzarth radii Rr).

measurements show that, in many cases, there are no ducts!n order to verify the robustness of the acquired results, we
and chorus emissions may propagate obliquely with respedfave used two different packages of ray tracing software and
to magnetic field lines. The detailed ray tracing analysis ofcompared the results. The first software uses a gyrotropic
the MR chorus shows that the emission has to be generatedistribution of plasma density (plasma frequensy, re-

with relatively large wave normal anglés to the magnetic ~ Spectively), that is»? o o (n~1), and an approximation of
field line (Parrot et al., 2004), with the wave vector directed the general dispersion relation in cold magnetized plasmas,
towards the Earth. Chum et al. (2003) showed, under thévhich is valid only in the frequency range; <@ <w.- cosd
assumption of nonducted propagation, that a span of wavéw.; iS ion cyclotron frequency), and in a dense plasma,
normal angles should exist in the generation region, so that?>®?2. The latter inequality holds in most of the magne-

it would be possible to observe a chorus element at highetosphere, except for the polar region. The effect of ions on
latitudes. whistler mode wave propagation is in the approximation of

: . . . the dispersion relation (Eqg. 2) included via the Lower Hybrid
Applying the ray tracing analysis to the frequencies thatResonance (LHR) frequenay, .

are typically observed both on the satellites and on the

: )

ground and assuming nonducted propagation, we will show , wiH wf coLo )
that for specific values of initial angky, a relatively small @~ = o2 + 2 (2)
change in the initial angléq leads to the distinctly differ- It ze At+tgz2)

ent wave trajectories and to the divergence of wave normalynerec is speed of light and is the modulus of the wave
angles along these trajectories. We will demonstrate tha{ector, An analytic model of LHR frequency, which repro-
the divergence occurs for waves generated at relatively larggyces the main features of the LHR frequency in the plas-
angles, with wave vectors directed towards lower '—'She”smasphere is used. More details can be found in Shklyar and
(the Earth). Some of these waves may reach the topsidgjricek (2000).
ionosphere witt9~0, thus probably leaking to the ground,  The second ray tracing software uses a diffusive equilib-
whereas the waves generated with sufficiently different ini-rjum model of plasma density distribution, defined by the
tial 0o, including those generated along the field line, un-pajance of the thermal pressure and gravitational forces. A
dergo the magnetospheric reflection. temperature of 1000K at the reference level of 1000 km has
In the present paper we concentrate on a detailed theorebeen used in this paper as a basis for the density model,
ical ray tracing analysis of this problem. In a related experi-together with predefined ratios of the plasma frequency to
mental paper (Santid et al., 200%), we present an interpre- the electron cyclotron frequency in the chorus source re-

tation of spacecraft observations of the divergent propagatiogion. Another difference compared to the previous ray-
pattern at high latitudes. tracing software is that we do not use approximative ex-

pressions for the dispersion relation, but an exact solution

to the dispersion relation in cold plasmas, taking into ac-

1santolk, O., Chum J., Parrot M., Gurnett, D. A., Pickett, J. S., count both electron and ion contributions (Stix, 1992). Sev-

and Cornilleau-Wehrlin, N.: Propagation of whistler-mode chorus €ral ion species can be taken into account but only a hy-
to low altitudes: Spacecraft observations of structured ELF hiss, Jdrogen plasma is used in the present paper. The rays are

Geophys. Res., submitted, doi:2005JA011462, 2005. generally followed in three dimensions, but this capability
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Fig. 1. Ray tracing analysis of 2.5 kHz waves for 7 different initial angles generat&e-d185. The gyrotropic model of plasma density
distribution was used. Colours discern the different initial angtgghe values of the initial angles are written in the right bottom plot. Left
column: ray trajectories in different coordinate systems; upper plot: in the meridian plane (xz plane, the z axis corresponds to the axis of
the Earth’s magnetic dipole), underneath: in magnetic latitude and L-shell coordinates. Right column: evolution of the refractive index as
a function of time (on top), wave normal angleas a function of magnetic latitude (on the bottom). Here and further, the notation is the
following: 6=0 means that the wave propagates along the field line towards the Southern Hemisphere, the “+” sign stands for waves having
the wave vector directed towards the higher L-shelis]180° represents the wave propagating along the field line towards the Northern
Hemisphere. In the top left plot, the thick cyan colour indicates the contowy @f=2.5 kHz. In the bottom left plot, the blue, green and

brown lines represent the equatorial electron cyclotron frequency of 5 kHz, 7.5 kHz and 10 kHz.

is not used here, and only two-dimensional calculations inthis value. The detailed analysis has recently been made by
the local magnetic meridian plane are performed. The baShklyar et al. (2004), who studied the MR lightning induced
sic properties of this software were presented by Cairo andvhistlers observed close to the reflection region. Shklyar et
Lefeuvre (1986). Compared to this described version, the alal. (2004) showed that the reversal of the direction of the
gorithm of the integration of differential equations of the ray group velocity is mainly due to the reversal of its parallel
trajectories has been rewritten, using the Runge-Kutta 4th oreomponent (with respect to the magnetic field), which takes
der method with one midpoint and an adaptive integrationplace at the frequency, given by Eq. 8), which may be
step. Additionally, wave-mode control and integration stop obtained from the definition of group velocity and Ef):(

criteria have been modified. The Wentzel-Kramers-Brillouin w2
(WKBY) approximation of geometric optics is verified in ev- «? = ;HZ . 3)
ery integration step and the ray is not followed beyond the 1+ %

k4-c

limit where this basic approximation becomes invalid. From Eq. @), it is obvious that the frequenay, at which

the parallel component of the group velocity reverses, is al-
ways less than the local LHR frequeney<w; ), and ap-
proaches the LHR frequency as the wave number increases,

Before we start the ray tracing simulation, it is instructive to being approximately equal to it for waves propagating close
keep in mind the basic characteristics of a magnetospherii:0 the resonance cone

reflection (MR), which is actually, strictly speaking, a refrac-

tion. Although it is related to the LHR frequency, it doesn’t 2.3 |nitial conditions and assumptions

occur exactly at the point where the wave frequency equals

the local LHR frequencys=w; g, as it is often stated for The initial conditions and assumptions in our analysis are the
simplicity, but may also happen at frequencies well belowfollowing:

2.2 Magnetospheric reflection
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Fig. 2. Ray tracing analysis of 2.5 kHz waves generatefi-a#.85 having the initial angles along the field line in the rangf® <6 <+6°,

that is, with the wave vector initially directed along the field line. The gyrotropic model of plasma density distribution was used. We can see
that these rays undergo magnetospheric reflection and don’t diverge significantly. The rays also don’t change the initial L-shell distinctly.
The colours change with increasing initial anglesimilarly as in Fig. 1.

— Nonducted propagation; there are no sharp density grais close to that peak,f{/f.=0.328 in our case), at=4.85.
dients; The important angles at the equator are the following: the

resonance angker=70.85", the Gendrin anglé;=49.
— A small transverse dimension of the source region (San-

tolik and Gurnett, 2003); First we study the ray trajectories for a wide interval of
) o ) initial anglestg, from —63° to +63° in the meridian plane.
— There is a span of initial wave normal anglgsin the  The “+» sign means that the wave vector is directed to higher
source region, L-shells (from the Earth). The simulation was first done for
sevendp values with a relatively large step of 21so that
2.5kHz and 575 Hz. Initially, the gyrotropic model of we could egsﬂy d|s.t|n.gwsh the trajectories. The r(_asults are
T S . presented in Fig. 1; different colours are used to discern the
plasma density distribution is applied in the analysis,; : ; ; o
) . . . trajectories corresponding to the different initial angbgs
however, the main subject of this paper, the d|vergenc<=*W o
: o . e can see that for most initial angles, the waves undergo
of trajectories, is presented for the two different models . . . .
N . magnetospheric reflection close to the region, where their
of plasma density distribution, in order to demonstrate
frequency matches the LHR frequency. Note that even the
the robustness of the result. . - . .
waves which have been initially started along the field line
(6o=0) do reflect magnetospherically. It can, however, be
2.4 Ray trajectories for a wide range of initial anghgs difficult to observe these reflected waves, because their tra-
jectories merge with the trajectories of the more intense di-
We will start with waves of frequency 2.5 kHz that are com- rect waves. Although there may be a transitional behaviour
monly observed both at ground stations and on satellitesdue to the existence of the Gendrin angle, we can see that the
Burtis and Helliwell (1976) have found in their statistical final L-shell usually decreases with an increasing initial an-
survey based on OGO 3 data that the normalized frequencygle 6p (including the sign). There is, however, an exception
distribution of mean chorus frequency has a peak slightlyfor a large negative initial angléy. The trajectories started
above f/f.=1/3 in the equatorial regionf is the electron  with initial angles6y between—63°, and —42° are highly
cyclotron frequency). Therefore, we will start our simula- diverging (not shown). It should also be noted that the di-
tion in such a way that the initial ratio of/f. at the equator  vergence is well expressed in the evolution of wave normal

— We will show the analysis for two different frequencies:
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Fig. 3. Ray tracing analysis of 2.5 kHz waves generatefl-a#h.85 having the initial angles in the interval 3760 <49 (5—12°<6<6),

that s, with the wave vector initially directed from the Earth, towards the higher L-shells. The gyrotropic model of plasma density distribution
was used. We can see that the rays converge. The rays undergo the magnetospheric reflection, as well. Also remarkable is the decrease
the L-shell during propagation. At higher latitudes, the frequency normalized to the equatorial electron cyclotron frequency is about 1/4. In

the equatorial region, the rays propagate along the field line. The usage of colour is the same as in the previous figures.

anglest along the trajectories, as well (right bottom plot). also results in the wave propagating along the field line in
Another important feature is that these diverging trajectoriesthe generation region. More precisely, to ensure the initial
arrive close to the topside ionosphere. The divergence of trapropagation along the field line, the waves should be gener-
jectories will be studied in more detail in the next subsection.ated with angles a little bit smaller than the Gendrin angle,
Note also that except the interval of initial angles corre- since the wave normal anglealways tends to increase near
sponding to the diverging trajectories, the higher (positive)the equatorial region during the nonducted propagation (see,
anglefy that we choose, the lower the L-shell of the ray tra- for example, Figs. 1-5). In the following, we will analyse
jectory at higher altitudes or after the magnetospheric reflecall three possible situations in the meridian plane: genera-
tion. tion along the field line, generation close to the Gendrin an-
gle with a wave vector directed to higher L-shells (from the
2.5 Ray trajectories of waves generated with group velocityEarth) and with the wave vector directed to the lower L-shells
along the field line (toward the Earth). The results of the ray tracing simulations
for waves of frequency 2.5kHz are presented in Figs. 2, 3,
Santolk and Gurnet (2003), in their correlation analysis of 4 (for the gyrotropic model of the plasma density distribu-
chorus wave packets recorded on different CLUSTER sateltion) and in Fig. 5 (for the diffusive equilibrium model of the
lites in the generation region, assumed that the emissionplasma density distribution). Comparing the results of these
propagate along the field line in the equatorial region. Thissimulations, we can see that the waves which started with
is also consistent with the theoretical assumption that thergositive angle® (Fig. 3) exhibit the highest refractive index
should be a sufficient length of interaction region, in which from these three possibilities of different intervals of initial
the waves propagate antiparallel to energetic electrons, sanglesdy. They also converge most significantly; their ray
that the feedback between waves and particles could opeisundle width is the smallest. Their energy density is thus the
ate to produce discrete emissions. Usually a generation witlhighest, especially in the electric component. Since their re-
wave vector along the field line is considered (e.g. Trakht-fractive index is high, it is probable that these waves would
engerts, 1995, 1999; Nunn, 2004). However, the generabe damped significantly. They undergo the magnetospheric
tion with a wave vector deviated from the field line to a reflection in the region, where their frequency is very close
value, which is close to the Gendrin angle (Gendrin, 1961)
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Fig. 4. Ray tracing analysis of 2.5 kHz waves generate-a#.85 having the initial angles in the interval63° <6 <—51°. The gyrotropic

model of plasma density distribution was used. The divergence of ray trajectories and the divergence of the evolution of wave normal angles
along these trajectories can be clearly seen. Most of the waves reach the topside ionosphere; thus, a part of their energy may possibly lea

to the ground. The waves reaching the height+800 km are artificially reflected in the simulation. The proper treatment of trajectories of
these waves would require the full wave solution. The usage of colour is the same as in the previous figures.

to the local LHR frequency. The L-shell decreases substanboundary. Under another assumption that the regions on both
tially during propagation, except for the generation region.sides of the boundary can be considered as homogenous (the
We should stress that the waves generated along the fieldiave vector changes significantly on scales much larger than
lines are also magnetospherically reflected. However, theyhe wavelength), we can simply apply Snell's law, which
don’t change the L-shell significantly (Fig. 2). states the equality for the tangential components of the re-
Starting with the wave vector directed significantly to- fractive indexN. Since the value of the refractive index in
wards the lower L-shells we obtain completely different be- the non-ionised atmosphere-sl, the value of the tangen-
haviour of the trajectories. The result of the simulation is in tial component of the refractive index (with respect to the
Fig. 4 (gyrotropic model of the distribution of plasma den- boundary) of the incident wave should also be close 10
sity) and in Fig. 5 (diffusive equilibrium model of plasma Assuming that the boundary is parallel to the Earth’s surface,
density distribution). First of all, we notice the remarkable and using the dispersion relation and proper plasma density,
divergence of the trajectories. Additionally, some of the it is possible to estimate the maximum deviation of the wave
waves generated with negative angleseach the topside vector from the vertical direction in the ionosphere, which
ionosphere with relatively low angles Note that the ray ~ can have the waves reaching the ground. (See also Fig. 6,
trajectories are shown only for selected initial angles. How-presenting the components of refractive index in a magne-
ever, all the trajectories between the displayed ones in théised cold plasma.) The waves propagating at higher angles
selected interval are considered in the discussions througHo the vertical direction undergo the reflection back to the
out the paper. ionosphere. Thus, a small wave-normal angle with respect
If the waves propagate approximately perpendicularly toto t_he vertical direction prevents th.e ic_)nospheric reflection,
the bottom boundary of the ionosphere, they can fulfill the While @ small angle to the magnetic field line prevents the
condition for refraction/mode transfer to the “free space” Magnetospheric reflection. It is obvious that both require-
electromagnetic waves, and reach the ground. If we assumé?ents can be_fulflll_ed a’g higher magnetic latitudes, where the
for simplicity, that the boundary between the bottom side offiéld and vertical direction are close to each other. In real-
the ionosphere and the non-ionised atmosphere is a flat plan8: the rapid change in the wave vector in the ionosphere
then the boundary condition requires the tangential compoMight break the limitation of geometrical optics, and the ex-
nents of electric and magnetic fields to be continuous at thitCt treatments of such waves would require the full wave
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Fig. 5. The same as in Fig. 4, but for the diffusive equilibrium model of plasma density distribution.

solution. In the simulation, the waves reaching the height ofdivergence and/or “temporally” convergence of the trajecto-
300 km are artificially reflected in Fig. 4. For the waves of ries can be observed if the ray bundle consists of waves hav-
frequencies below the proton cyclotron frequency the situa-ing angles around=0 and/or around=6; the latter possi-
tion is even more complicated, and the multi-ion cutoff (Gur- bility only exists in the frequency range;, y <w<w./2. The
nett and Burns, 1968) should be considered for waves whicliirst case §=0) usually leads to the divergence of the trajec-
do not propagate along the field line. The scattering on thetories (provided thab<w,./2) in the Earth’s magnetosphere,
irregularities in the ionosphere is also possible. whereas the occurrence of the second cés& ) is often

Let us call thebifurcation angledg the initial angledg, for connected with the intersection of the trajectories. Return-
which the trajectories arrive at the topside ionosphere withing to our simulation results, we can see this intersection at
6=0. In the case presented in Fig. 4, the bifurcation angldatitudes from~—20° to —25° in Figs. 4 and 5. At higher lat-
is a little bit less than-5%. If we use the diffusive equi- itudes and lower altitudes the waves reach the region where
librium model (Fig. 5), the bifurcation angle is a little bit their frequency isv<w, g, and they tend to reflect magne-
less than —60 From the simulation, it is obvious that if tospherically if their wave-normal angle is sufficiently high
the initial angle approaches the bifurcation angle the trajec{Sect. 2.2). Some waves from the ray bundle propagate to the
tories tend to diverge most significantly. For the initial angle region where their frequency is considerably lower thap
6o>06p the trajectories tend to reflect towards higher L-shells,and the evolution of their wave normal angle inherently tends
whereas for thég<6p the trajectories tend to reflect towards to 0. All the other waves have a distinct tendency to reflect/to
lower L-shells. Of course, the bifurcation angle depends orshift their wave vectors into the perpendicular direction to
the plasma density distribution, and the starting point frommagnetic field lines. Simultaneously, we can observe an ex-
which we investigate the trajectories. tremely remarkable divergent propagation; the evolution of

The existence of the bifurcation angle (divergence) of thewave-normal angles is highly divergent, as well. This is what
trajectories is a consequence of the rather complicated deve call divergence further on in this paper, though the trajec-
pendence of the direction of the group velocity on the angletories are diverging, in fact, from the beginning. The most
6, and the evolution of the wave vector along the ray tra-distinct divergence occurs for waves whose initial angles ap-
jectories for these initial conditions. For the clearness ofProach the value of the bifurcation angle. Note that for most
further discussion, Fig. 6 displays the contourswsfconst of the initial angles there is also an overall tendency of the
in the V., N)) space, or, in other words, the dependenceoblique whistler mode wave to steer its wave vector towards
of the refractive index (wave vector) on the angle The  higher L-shells as it propagates from the equator in the inner
ray direction (direction of group velocity) can be found as magnetosphere (see, for example, Fig. 1).
the normal to this curve in a given point. The remarkable
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frequency range; g <w<w/2; the right plot shows the case for frequencigs<w<wy . Note that the scale is different in both plots
and axis. Both plots were computed under the assumptjg,=5.
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Fig. 7. Ray tracing analysis of MR chorus observed by Parrot et al. (2003). The gyrotropic model of plasma density distribution was used.

The analysis was started at the equatata6.7. The initial angles are in the interval70.5° <6 <—67.5°. The usage of colour is the same
as in the previous figures. This means, for example, red line stanélg=$or70.5°, the blue line stands for67.5°, the olive line stands for
—69°.

2.6 Observed MR chorus and divergence of ray trajectoriesimilar initial conditions give the ray trajectories that corre-
spond to the observation of MR chorus described by Parrot et
. . . . . al. (2003). Therefore, we will continue with the ray tracing
_The bifurcation angle: introduced in the previous IO"J‘rag'raphanalysis of MR chorus observed simultaneously with direct
is clos_e to the Gendrin angle and corresponds to wave VeCt orus (propagating from the equator) by Parrot et al. (2003).
tors directed towards the lower L-shells (to the Earth). Al- Let us shortly summarize the facts: the direct chorus waves

though the main portion of chprus_ energy could pg 9ENETSy ere observed on the CLUSTER satellites at a radial distance
ated in different wave vector directions, it is surprising that
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Fig. 8. Ray tracing analysis of 575 Hz waves starting at the same place as in Fig. 7, but having the range of initial @8fites< —54°.

The gyrotropic model of plasma density distribution was used. The divergence of ray trajectories and the divergence of wave normal angles
along the ray trajectories can be clearly seen. The colours again indicate the different initialbgnglesignment of colours is obvious

from the right-hand panel at the bottom; the system is the same as in the previous figures. The waves reaching the height of 300 km are
artificially reflected in the simulation. The proper treatment of trajectories of waves reaching the topside ionosphere would require a full
wave approach.

of 45 Rg (RE is the Earth’s radius) and magnetic latitude may occur for initial angle8o which are not too far from the
MLAT ~35° (L~6.7), simultaneously with MR chorus (2-3 interval —70.5°<69<—67.5°. Indeed, the simulations pre-
orders weaker) atR4.4 and MLAT~1(° (L~4.5). Allsatel-  sented in Fig. 8 (gyrotropic model of plasma distribution)
lites were located close to one single meridian plane. Theand in Fig. 9 (diffusive equilibrium model of plasma distri-
result of the simulation (in the meridian plane) that more orbution) show that also in these cases we can find a highly
less fits this observation is graphically shown in Fig. 7. Thedivergent pattern both in the trajectories and in the wave nor-
waves of frequency 575 Hz were launched at the magnetienal angled. The bifurcation angle is approximately60°
equator atL=6.7 within the range of initial wave normal for the gyrotropic model, or somewhat more tha62° in
angles—70.5°<0p<—67.5°. The model electron cyclotron the case of the diffusive equilibrium model of the plasma
frequency at the equator is 2.89 kHz; thus, the initial ratio density distribution. In both cases, these angles are not too
f/fc=0.1989 at the equator is distinctly lower than in the pre- far from the initial angle corresponding to chorus rays shown
vious case. The resonance anfie~acos(f/fc), and the Gen- in Fig. 7, which fit rather well the observations of MR chorus
drin angled g~acos(2f/fc) at the equator are the following: described by Parrot et al. (2003), and at the same time, from
0 r=7853, 63=66.56°. We can see that after the initial the value of the Gendrin anglé{=66.56°).
phase, when the rays propagate approximately along the field Note that, for initial angle®o, which are more deviated
line, the rays undergo a rapid decrease in the L-shell (thdrom the field line towards lower L-shells than the bifurca-
bottom panel on the left) and return to the equator propagattion angled g, the magnetospheric reflection gradually starts
ing almost anti-parallel to the magnetic field lines. to take place. The larger the deviation is, the higher refrac-
Worth noticing is also the fact that the trajectories are quitetive index and the closer the waves reflect to the region where
sensitive to the initial angléo, although the divergence of w=w;y. The waves whose initial deviations (angles) are
trajectories is not so distinct as it was in the case presented inonly somewhat larger thafz reach relatively low L-shells
Figs. 4 and 5. Now there is nearly no divergence of afAgle (see, for example, the orange line in Fig. 8). Note that the
along the trajectories. Nevertheless, based on the experiengmulation was done under the assumption of the absence of
with the previous analysis for waves of frequency 2.5 kHz, sharp density gradients. If the chorus source is located well
it is reasonable to suppose that the highly divergent pattermutside the plasmapause, and the plasmapause is only weakly
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Fig. 9. The same as in Fig. 8, but for the diffusive equilibrium model of the plasma density distribution.

expressed at higher latitudes (if it is present at all), we carclined poleward. This is qualitatively in agreement with the
speculate that these waves can propagate into the plasmagivergent propagation pattern shown by our ray tracing re-
phere. The analysis of wave propagation in the presence dfults presented in Figs. 4, 5, 8, and 9.

distinct density gradients is out of scope of the present arti-

cle In a related experimental paper (Saikoét al., 2005)

we show that reverse ray tracing, based on the observed
wave vectors of ELF hiss at low altitudes, indicates a pos-
sible source region near the geomagnetic equator at a radial
distance between 5 andRf, and a generation mechanism

If we compare the results obtained by using different pIasmaaCtmg on highly oblique wave vectors near the local Gen-

density models, we can see that the trajectories differ, but th 88 ig%g'k Aftl)aht/ﬁ 'SFOf Wave;ogrgiﬂréa_ﬁgged at aItltl;tder? of
resulting pattern/behaviour is about the same. Since we ob>~""" m Dy the Freja an spacecrait Snows

tain similar results for different frequencies, for a different that low-altitude ELF waves contain discrete time-frequency

initial ratio /.., and for a different plasma density distribu- structures resembling wave packets of whistler-mode chorus.

tion, the diverging trajectories should be observed in nature,Dem“Ied measurements of the CLUSTER spacecraft at ra-

provided that the chorus waves are generated with the appro?IaI dlitances of 4_B.E STOW fho(rjuslpropta g?;mg dovx;nwa_rrdh
priate initial angles. The observations of MR chorus (Parrot rom fthe source region localzed close 1o the equator.  The

et al., 2003, 2004) are probably one of the experimental eX_t|me-frequency structure and frequencies of chorus observed

amples of chorus which might be generated with suﬁicientlyby CLUSTER_ along Fhe simulated reverse ray paths of ELF
large initial angles. hiss are consistent with the hypothesis that the frequently ob-

Other observations, which are consistent with the eXis_served dayside ELF waves are just the low-altitude manifes-

tence of diverging trajectories, are the measurements of EL'I_.atlon of natural magnetospheric emissions of whistler-mode
waves by Santtk and Parrot (1999, 2000) on the low- chorus.

altitude satellite FREJA. As the satellite moved through the Note that the waves/trajectories corresponding to the ini-
subauroral region from lower magnetic latitudes (MLAT), tial anglesfg which are less than the bifurcation anglg

it observed that intense downgoing waves first had wavegin absolute values greater, with wave vectors directed more
vectors inclined toward the equator. Then the spacecraftlistinctly to lower L-shells) may, after reflection, fill the
moved to higher latitudes, and at MLAT62°, the down-  plasmasphere (see Figs. 1, 4, 5, 8, 9) and might be one
going waves started to be observed with wave vectors in-of the possible sources of plasmaspheric hiss. We should

3 Discussion, observations and general remarks
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remark here that the remnants of MR lightning induced distribution, may also cause significant uncertainty in the re-
whistlers form another — probably most important source ofsults. The encompassment of the third dimension may also
plasmaspheric hiss (Green et al., 2005; Storey et al., 1991play a role.

and references therein), not excluding the possibility that

plasmaspheric hiss is directly generated or amplified at high

altitudes in the plasmasphere by the cyclotron resonance with  symmary

energetic electrons.

It seems improbable that most of the chorus energy is raTphe ray tracing analysis shows that the trajectories of
diated with wave vectors dewateq by the blfgrcatlon angleobliquely propagating chorus waves may exhibit a divergent
or by angles close to the Gendrin angle, oriented towardgyehayiour accompanied by the divergence/bifurcation of the
the lower L-shells; nevertheless, the distribution of chorusgyq|ution of the wave normal anglealong these trajectories.
energy with respect to wave vector orientation remains onerpe jnjtial angles at the equator, for which the divergence
of the unanswered problems. As we have mentioned earyqcyrs depends on the initig) f. ratio, plasma density dis-
lier, from the fact that near the equator the emissions seeipution and magnetic field. For an initial anglg, which
to propagate along the field line, we deduce that most of thgye ¢4l the bifurcation angle, the wave reaches the topside
energy should be generated either along the field lines withonogphere having=0. The value of the bifurcation angle
6~0 or with 6~60¢. This is also consistent with the theo- s ysyally not too far from the value of the Gendrin angle,
retical assumption that there should be a sufficient length ofyovided that the wave vector is directed towards the lower
interaction region between the waves and the energetic eleq-_ghells. The waves generated very close to the bifurcation
trons, so that the source could generate emissions of a digyngle may arrive at the ground, especially at higher latitudes,
crete character. Although most of the authors consider th§here the field lines have a nearly vertical direction. If the
generation along the field line to be in operation, we cannotjtia| wave vector is deviated from the magnetic field line
exclude thgt a significant part Qf the energy of the observeqqyards lower L-shells by an angle larger th the wave
chorus emissions on the satellite comes from the waves th%ay' after reflection, propagate into the plasmasphere and
were generated close to the Gendrin angle. The resonap{ontribute to the plasmaspheric hiss. If the initial angle dif-
energy for t_he commonly_considereq fundamental cyclotrongg,g fromé even more, the magnetospheric reflection oc-
resonance is, however, higher than in the a&s®, but not 15 at higher altitudes. This was most probably the case of
dra_matically. It should be mentioned here that in the case ofyR chorus observed by Parrot et al. (2003).
oblique waves, the Landau (Cerenkov) resonance may also 1 js \orth noticing that the magnetospheric reflection also

play an important role, and that the Landau resonance ®Mfakes place for the waves generated along the field lines
ergy is lower than the cyclotron one for the waves of fre- (6~0), providing nonducted propagation

guenciesf/f.<1k. Note that the Landau resonance does not

exist for the waves having exacth=0, because the wave cknowledgementsThis study was supported by the grant
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interactions can also contribute to the over-all growth rate.gyssia, for valuable discussions on the related topics, D. Shklyar
Whether the wave is damped or amplified depends on thgrom IZMIRAN, Russia for the ray tracing software, and M. Parrot
electron distribution function and on the net results of all from LPCE/CNRS, Orleans, France, for fruitful discussions on MR
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The reason for the suggestion that a considerable part of Topical Editor T. Pulkkinen thanks D. Shklyar and another ref-
the energy is generated at higher angleis the evolution ~ €ree for their help in evalauting this paper.
of f/fceq In dependence on the magnetic latitude observed
on the satellites (CLUSTER, MAGION 5, POLAR), which
shows that the nonducted emissions move to lower L-shellfReferences
as they propagate from the equator to the middle or higher
latitudes. An example can be found in Chum et al. (2003).Andronov, A. A. and Trakhtengerts, V. Yu.: Kinetic instability of
Note that Lauben et al. (2002) also came to the conclusion the Earth’s outer radiation belt, Geomagnetism and Aeronomy,

that a lower band chorus is generated withd ; when fit- B 4, 2|33_2P4i’ 196d4;|_ cht s V. YuL M Breorint
ina the rav tracina or re on chor v he poBespalov, P. A. and Trakhtengerts, V. Yu.: Pafv asers. Preprin
ting the ray tracing procedure on chorus observed by the PO of the Institute of Applied Physics, Academy of Sciences of the

LAR/PWI receiver. The exact treatment of this problem, is USSR, 1986

hqwever, worth further and more detallgd study begause th%rinca, A. L.: On the stability of Obliquely Propagating Whistlers,
initial f/fc.q has never been known precisely. The difference 5 Geophys. Res., 77 (19), 3495-3507, 1972.

between the dipole magnetic field model used in the ray tracgurtis, W. J. and Helliwell, R. A.: Magnetospheric chorus: Occur-
ing and the real magnetic field, and the difference between rence patterens and normalized frequency, Planet. Space Sci., 24,
the model plasma density distribution and the actual density 10007-10024, 1976.



3738 J. Chum and O. Sanital Propagation of whistler-mode chorus to low altitudes

Cairo, L. and F. Lefeuvre: Localization of sources of ELF/VLF Parrot, M., Santdk, O., Gurnett, D. A., Pickett, J. S., and
hiss observed in the magnetosphere: Three-dimensional ray trac- Cornilleau-Wehrlin, N.: Characteristics of magnetospherically
ing, J. Geophys. Res., 91, 4352-4364, 1986. reflected chorus waves observed by CLUSTER, Ann. Geophys.,

Chum, J., Jicek, F., Smilauer, J., and Shklyar, D.: Magion 5 obser- 22, 2597-2606, 2004,
vations of chorus-like emissions and their propagation features as SRef-ID: 1432-0576/ag/2004-22-2597
inferred from ray-tracing simulation, Ann. Geophys., 21, 2293- Santolk, O. and Parrot, M.: Case studies on wave propagation and

2302, 2003, polarization of ELF emissions observed by Freja around the local

SRef-ID: 1432-0576/ag/2003-21-2293 proton gyro-frequency, J. Geophys. Res., 104, 2459-2475, 1999.
Gendrin, R.: Le guidage des whistlers par le champ magnetiqueSantolk, O. and Parrot, M.: Application of wave distribution func-

Planet. Space Sci., 5, 274-282, 1961. tion methods to an ELF hiss event at high latitudes, J. Geophys.

Green, J. L., Scott, B., Garcia, L., Taylor, W. W. L., Fung, S. Res., 105, 18885-18 894, 2000.
F., and Reinisch B. W.: On the origin of whistler mode ra- Santolk O. and Gurnett, D. A.: Transverse dimensions of cho-
diation in the plasmasphere, J. Geophys. Res., 110(A03201), rus in the source region, Geophys. Res. Lett, 30, 2, 1031,

doi:10.1029/2004JA010495, 2005. doi:10.1029/2002GL016178, 2003.
Gurnett, D. A. and Burns, T. B.: The low-frequency cutoff of ELF Santolk, O., Gurnett, D. A., and Pickett, J. S.: Multipoint investi-
emissions, J. Geophys. Res., 73, 7437-7445, 1968. gation of the source region of storm-time chorus, Ann. Geophys.,
Helliwell, R. A.: A theory of discrete emissions from the magneto- 22, 2555-2563, 2004,
sphere, J. Geophys. Res., 72, 4773-4790, 1967. SRef-ID: 1432-0576/ag/2004-22-2555
Helliwell, R. A.: Low-frequency waves in the magnetosphere, Rev. Santolk, O., Gurnett, D. A., Pickett, J. S., Parrot, M., and
Geophys., 7, 281-303, 1969. Cornilleau-Wehrlin, N.: Central position of the source region of
Kennel, C. F. and Petschek, H. E.: Limit on stably trapped particle storm-time chorus, Planetary and Space Sci. 53, 299-305, 2005.
fluxes, J. Geophys. Res., 71, 1-28, 1966. Shklyar, D. R. and Jicek, F.: Simulation of nonducted whistler

Lauben, D. S., Inan U. S., and Bell T. F.: Source characteris- spectrograms observed aboard the Magion 4 and 5 satellites, J.
tics of ELF/VLF chorus, J. Geophys. Res., 107(A12), 1429, Atmos. S.-P., 62, 347-370, 2000.
doi:10.1029/2000JA003019, 2002. Shklyar, D., Chum, J., andfitek, F.: Characteristic properties of

LeDocq, M. J., Gurnett, D. A., and Hospodarsky, G. B.: Chorus Nu whistlers as inferred from observations and numerical mod-
source locations from VLF Poynting flux measurements with the elling, Ann. Geophys., 22, 3589-3606, 2004,

Polar spacecraft, Geophys. Res. Lett., 25, 4063—-4066, 1998. SRef-ID: 1432-0576/ag/2004-22-3589

Nagano, I., Yagitani, S., Kojima, H., and Matsumoto, H.: Analysis Stix, T. H.: Waves in Plasmas, Am. Inst. of Phys., New York, 1992.
of Wave Normal and Poynting vectors of Chorus emissions Ob-Storey, L. R. O.: An investigation of whistling atmospherics, Phil.
served by GEOTAIL, J. Geomag. Geoelectr., 48, 299-307, 1996. Trans. Roy. Soc. London, 246, 113-141, 1953.

Nunn, D., Omura, Y., Matsumoto, H., Nagano |., and Yagitani S.: Storey, L. R. O, Lefeuvre, F., Parrot, M., Cairo, L., and Ander-
The numerical simulation of VLF chorus and discrete emissions son, R. R.: Initial survey of the wave distribution functions for
observed on Geotail satellite using a Vlasov code, J. Geophys. plasmaspheric hiss observed by ISEE 1, J. Geophys. Res., 96,
Res., 102, 27 083-27 097, 1997. 19469-19489, 1991.

Nunn, D.: Vlasov hybrid simulation-an efficient and stable al- Thrakhtengerts, V. Y.: Magnetosphere cyclotron maser: back-
gorithm for the numerical simulation of collision-free plasma,  ward wave oscillator generation regime, J. Geophys. Res., 100,
Transparent Theory and statistical Physics, Proceedings of the 17 205-17 210, 1995.

Vlasovia Conference, Nancy, France, December 2003, 2004. Thrakhtengerts, V. Y.: A generation mechanism for chorus emis-

Parrot, M., Santdk, O., Cornilleau-Wehrlin, N., Maksimovic, M., sion, Ann. Geophys., 17, 95-100, 1999,
and Harvey, C.: Magnetospherically reflected chorus waves re- SRef-ID: 1432-0576/ag/1999-17-95
vealed by ray tracing with CLUSTER data, Ann. Geophys., 21, Tsurutani, B. T. and Smith, E. J.: Postmidnight chorus: a substorm
1111-1120, 2003, phenomenon, J. Geophys. Res., 79, 118-127, 1974.

SRef-ID: 1432-0576/ag/2003-21-1111


http://direct.sref.org/1432-0576/ag/2003-21-2293
http://direct.sref.org/1432-0576/ag/2003-21-1111
http://direct.sref.org/1432-0576/ag/2004-22-2597
http://direct.sref.org/1432-0576/ag/2004-22-2555
http://direct.sref.org/1432-0576/ag/2004-22-3589
http://direct.sref.org/1432-0576/ag/1999-17-95

