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Abstract. Using a well-established magnetospheric very- the ionosphere (Hikishima et al., 2010b). Chorus comprises
low-frequency (VLF) ray tracing method, in this work self-sustaining very-low-frequency (VLF) radio emissions
we trace the propagation of individual rising- and falling- observed in the earth’s magnetosphere, predominantly out-
frequency elements of VLF chorus from their generationside the plasmapause, and seen at all local times but with
point in the equatorial region of the magnetosphere througha. pronounced minimum at dusk. Chorus divides into two
to at least one reflection at the lower-hybrid resonance pointcategories — lower-band chorus in the ban?2H0.5 Q¢/27,
Unlike recent work by Bortnik and co-workers, whose em- whereQe/27 is the local electron gyrofrequency, and upper-
phasis was on demonstrating that magnetospheric hiss hdsand chorus in the band®-07 Q¢/27 (Hayakawa et al.,

its origins in chorus, we here track the motion in the equa-1984). Some recent observations, however, from THEMIS
torial plane of the whole chorus element, paying particular(Kurita et al., 2012) report individual elements spanning
regard to movement across field lines, rotation, and com+the frequency range 1-2.5kHz and completely crossing half
pression or expansion of the wave pulse. With a generatiorthe equatorial gyrofrequency. Chorus may be spectrally un-
point for rising chorus at the equator, it was found the ele-structured but more normally consists of series of rising-
ment wave pulse remained largely field aligned in the gen-frequency or falling-frequency elements not unlike triggered
eration region. However, for a falling tone generation point emissions.

at 4000 km upstream from the equator, by the time the pulse Satellite observations from CLUSTER (Santolik and
crosses the equator the wavefield had substantial obliquityGurnett, 2003; Santolik et al., 2003) indicate that chorus is
displacement, and compression, which has substantial impliusually observed propagating away from the equator point-
cations for the theory of falling chorus generation. ing to a generation region at or near the equator, though more

Keywords. Space Plasma Physics (Nonlinear phenomena,rarely on CLUSTER chorus is seen propagating towards the

Wave—particle interactions; Waves and instabilities) equator (_Pickett etal., 2004). . .
There is general agreement amongst theoreticians and sim-

ulationists that the underlying generation mechanism is the
electron cyclotron resonance with the narrow band or band
1 Introduction limited VLF wavefield with ak vector either parallel or
quasi-parallel to the ambient magnetic field, the free energy
Chorus is a radio science phenomenon that has long stimqriying the instability coming from the anisotropy of the en-
ulated theoretical research, and with the advent of new anggetic electron distribution function in the keV-MeV range.
excellent satellite observations, such as from the CLUSTERSjnce chorus (and triggered VLF emissions for that matter)
and THEMIS satellites (Santolik et al., 2003; Li et al., 2011), gre obviously nonlinear phenomena, then resonant particle
it is once again a topic of great interest because of its roleyenaviour must also be nonlinear. In fact such nonlinear-

in energizing MeV electrons in the magnetosphere (Hornejty takes the form of resonant particle trapping (Omura et
and Thorne, 2003; Katoh and Omura, 2007b) and also ag| 2008; Nunn et al., 1997). Since the ambient medium is

an agency for precipitation of these energetic electrons into
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666 K. Yamaguchi et al.: Ray tracing of whistler-mode chorus elements

inhomogeneous through thedependence aBp(z) and also S is negative downstream from the equator where the riser
through the sweeping frequency, electrons become phasgenerating region is to be found.
locked at a phase angle dependent on the net inhomogene- Both PIC and VHS codes assume exact parallel propa-
ity, and such particles undergo large changes in energy andation and permit long-range coherent wave—particle inter-
magnetic moment resulting in an “electron hole” or “hill” actions across the whole simulation regien8000 km long
coinciding with the location of the particle trap in velocity and crossing the equator. In Nunn and Omura (2012) it was
space. (Omura et al., 2008; Nunn et al., 1997). argued that in view of the tendency of chorus waves to be-
Since resonant energies increase rapidly away from th&ome more oblique as they propagate away from the gen-
equator and stron@g gradients away from the equator pre- eration region, it was unrealistic to assume such coherency.
vent nonlinear trapping, then the theory is in agreement withAccordingly, the simulation box was restricted to the region
observations in predicting an equatorial or near-equatoriabipstream from the equator where inhomogeneity is positive.
generation region. Under these circumstances the code readily and consistently
Since current theory and simulations predict and assum@roduced falling tones, and furthermore the curréntvas
parallel propagation in the generation region on the groundgositive, setting up a positive frequency gradient which gave
that growth rates are maximum fat| B, the next critical  a falling tone.
question is whether propagation is observed to in fact be par- It is clear then that the assumption of exactly parallel prop-
allel there. Observations (Santolik et al., 2009) do indicateagation in theory and simulation is at odds with experimental
that this is the case, though there seem to be exceptions. Ireality and a more unified approach is needed in which propa-
this regard, a recent paper (Li et al., 2011) finds consistenthygation conditions are taken into account. Accordingly, in this
high degrees of obliquity in the case of falling-frequency work we ray trace, forward in time, individual chorus ele-
emissions, but near parallelism in the case of risers, whichments, starting from their generation point. We will be partic-
is a finding requiring further investigation. ularly interested in the extent to which the actual wave pulses
The self-consistent nonlinear wave—patrticle interactionundergo compression, rotation, and displacement from the
problem in a parabolic inhomogeneity is clearly quite com- field line in that region surrounding the equator where non-
plex, and to this effect much effort has been expended odinear wave—particle interaction may take place. The other
numerical simulation. Omura and co-workers (Katoh andkey issue is the degree of obliquity which tkevectors ac-
Omura, 2007a; Hikishima et al., 2009, 2010a, b; Omura etquire in propagating from their generation point and while
al., 2008, 2009) have developed numerically intensive broadthey are still in the interaction zone.
band particle-in-cell (PIC) codes that have successfully sim-
ulated rising chorus starting from broadband noise, and alsg i )
reproduced successive rising elements. The codes only pré¢ 1he ray tracing computations
duce risers for which the generating point is located at theR

equator and the nonlinear generation region itself extends ay tracing of VLF waves in the magnetosphere is a
q g 9 . well-established investigative technique (Haselgrove, 1954;

some 1000s of kilometers downstream from there. This is,, . h | . |
in excellent agreement with CLUSTER observations K_|mura, 1966), and as been developed cqntmuousy ever
: since (Horne, 1989; Hiroyasu and Masashi, 1987). It has

A second approach is due to Nunn and co-workers and i ) ;
a Vlasov hybrid simulation (VHS) narrow-band code with a?)een employed more recently for three-dimensional ray trac

processing bandwidth of 100 Hz, originally designed for ing studies of VLF wavesin the garth S ma}gnetosphere (Qhen
. o ) ._etal., 2009). The basic ray tracing equations may be written
the triggered emission problem but applicable at least to in- ; .
. : in the form (Hiroyasu and Masashi, 1987)
dividual chorus elements but not to the entire chorus problem
(Nunn et al., 1997, 2009). In a more recent development, thedr 1 o
code has been used to verify the theoretical result in Katohg, — u? Pr— ’
and Omura (2007a) that the sweeping frequency is due en-
tirely to the advective term, and it was shown that for a riser gg 1 I
the negative nonlinear component of resonant particle currenfys = 3 ( 0 ) )
Jp parallel to the waveB field sets up the necessary negative

frequency gradient to give a rising tone. (Omura and Nunn,
do 1 ( I )
Py — 1 ,

@)
)

2011; Nunn and Omura, 2012). - -
The VHS code is able to reproduce risers, fallers, and df ru?sing

hooks, but faller simulation is difficult and achieved by hav-

ing large linear growth rates which drive the wave profile up- dor _ 1 91 + e do n p¢d_¢ sind. @

stream, which is in the opposite direction to group velocity dr u dr dr dt

and along the magnetic field line. When a faller is triggered,

the generating region is always upstream from the equatodpy, 1 ( lou dr d )

Lok e cos (5)

u 90 dr dr

where the net inhomogeneity factSris positive, whereas ¢y —

Ann. Geophys., 31, 665673 2013 www.ann-geophys.net/31/665/2013/



K. Yamaguchi et al.: Ray tracing of whistler-mode chorus elements 667

cEjind g g (a) Overview
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where{r, 8, ¢} are the usual spherical coordinates and refrac- L=3.38
tive indexu is given by the cold plasma dispersion relation
of Stix,

\

Ap*+Bu+C =0, () Lp = 4.0 %k t—

l ! )
where the familiar coefficientd, B, C are defined in Stix ook *],4000 km
(1992). The vectofp,, pg, p,} represents the components of — e NN /
the wave vectoi in spherical coordinates. These calcula- | <horus Emission Model | = " == =" =7
tions will employ the ray tracing code due to Kimura and Vyy _____ -
Goto (2010). Oms 50ms 100ms t [~~~ Fafling Tone (0.4 —0.2)

For simplicity, we assume a dipole magnetic field model
and confine ourselves to a two-dimensional simulation in the
plane containing both magnetic poles and at a specific lon-(b) Density model

gitude. The cold plasma density model used is the diffusive 25 1e+006
equilibrium (DE) model and is illustrated in Fig. 1b (Richard- 2 _
son and Sittler, 1990; Persoon et al., 2009). L5 1°°°°°€
The DE profiles are evaluated along each individual field ! S
line as follows. ) 0'2 10000 Z
We first introduce the function geopotential height ?_0 5 1600 g
: =4
_ro. -1 g
= . (r—ro), (8) -15 100 3
-2
whererq is a reference radius distance, and also scale height 25 10
H; 0051152253354455
kT; X [RE]
H; = M—l, 9)
18 (ro) Fig. 1. (a) Meridional plane cross section of the magnetosphere in-

wherek, T;, M;, andg(Ro) are Boltzmann’s constant, tem- dicating the plasmapause and the starting positions of the ray trac-
perature and mass of tiith ion, and gravity acceleration at ing. (b) Diffusive equilibrium model for cold plasma density.
ro, respectively.

We assume that electron density at any altitude is deter-
mined by the charge balance with the positive ions. DefiningNi:NEQ"' (13)

Figure la gives a view of the fixed longitude plane show-
3 ing plasmapause location At= 4 and indicating the starting
_ , z points for the ray tracing of each chorus element. In accor-
Nr (@) = [Xl: i EXp<_E):| ’ (10) " Gance with the chorus equations (Omura et al., 2008, 2009),
the generation point is at the magnetic equator for chorus ris-
where); is the percentage afh ion, then, absolute electron  ing elements, and the initial frequency sweeps linearly with
density is expressed as time from 0.2—0.42¢/27 (Hz) in 50 ms, wher&2e/2x is the
local electron gyrofrequency. The elements are repeated ev-
z ery 50 ms. The starting values for parameteare L = 3.8
Ne (2) = Ny |:Z ”ieXp<_E>} ’ 11 just inside the plasmapause, actually at the plasmapasse
' 4, and outside the plasmapause- 4.5. While it is true that
whereNj is total ion density at the reference level. The rel- most chorus originates outside the plasmapause, the ray trac-
ative density of théth ion with respect to electron density is ing starting fromZ = 3.8 would be relevant to the closely al-

given by lied problem of discrete and triggered VLF emissions. All ray
tracing starts with zero propagation anglekorector paral-
mexp(—ﬁi> lel to Bp(z), on the grounds that parallel propagation cor-
0i(@)=—m "> 12)

responds to maximum instability and observations (Santolik
_ _ ) and Gurnett, 2003; Santolik et al., 2003, 2009) point to par-
and then the absolute ion density for speciscalculated as  ajlel or quasi-parallel propagation at the point of generation.

N?Z(z)
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Table 1.Latitude, distance from equator, local cyclotron and plasma Rising tone chorus elements
frequencies at all the ray tracing start points. -

L Latitude Distance from Cyclotron  Plasma frequency . ?Q\’i\/x/( )
[RE] [deg]  equator [km] frequency [kHz] [kHz] =~
38 0 0 15.93 401.2 @ Eo T o
3.8 -9.5 4000 17.95 406.6 - — &
4.0 0 0 13.66 391.3 - 4 R
4.0 -9.0 4000 15.26 396.1 —s
45 0 0 9.501 59.62 o i
45 -8.0 4000 10.48 61.78 —04 ,
g 1 ZX[RE] 3 4 5 0 1 2 - 3 4 5
However, in Fig. 6 the starting propagation angle will be the 2 of
local Gendrin angle. The local values of electron plasma fre- @
quency, electron cyclotron frequency, latitude in degrees and ! \\ '
distance from the equator are shown in Table 1. o Eo S" g,

The falling tone elements sweep linearly with time from
0.4-0.22¢/27 (Hz) in 50 ms, the elements being repeated = B
every 50ms. The starting points for the ray tracing are de- o3
rived from the simulations in Nunn and Omura (2012), and in N
accordance with those results we take the generating point tc XIRE] XiRel
be 4000 km upstream from the equator. The final exercise is N ayays
a comparison between lower- and upper-band rising chorus,
with element frequency ranges of 0.3-Q&2n (Hz) and 1 \ 1}
0.5-0.72¢/27 (Hz), respectively, both extra-plasmapause at \X
L=45. ©

In Fig. 2 we ray trace rising tone chorus elemefits 0.2— . .
0.40Q2¢/27 (Hz). Start points are with zero propagation an- —02
gle at the equator at (d) = 3.8 (b) L = 4.0 and (c)L = 4.5. = 2 Zies
Left-hand panels show the physical extent and orientation in o '
2-D space of each rising frequency element wave pulse as
time progresses. The wave pulse representations are colouregly. 2. Ray tracing of rising tone chorus elements with frequency
from red to blue to represent elapsed propagation time. Fospan f = 0.2-0.40Q¢/27 (Hz), pulse length 50 ms. Start points
rising chorus the front of the pulse will have a frequency are with zero propagation angle at the equator an@)aL = 3.8
of 0.2Q¢/27 (Hz), and the rear of the pulse 0.2Q/2x (b) L =4.0 and(c) L =4.5. Left-hand panels show the physical
(Hz). The right-hand panels ray trace three rays at frequenextent and orientation in 2-D space of each rising frequency element
cies f = 0.2, 0.3, 0.42¢/27 (Hz) and show evolution of the as time progresses. The right-hand panels ray trace thr_ee rays at
k vector orientation with respect By field. All three start- frequenciesf =02, 0.3, 0.4%/2r (Hz)_and show evolution of
. . . I thek vector orientation with respect tBy field.
ing points show common features, namely inward drift into

the plasmasphere, the outermost ray at 4.5 readily cross- An interesting feature of these results is as follows. Where

't?]g the plasr?apausz. Tr;etr_e IS a_lt;]/ery martk::-d tilonganontp{he traced rays with different frequencies spread acfoss
i eldv:{ave puﬂses 6}” rota IOHIWI treSph(:j cI) eBmS]gne 'Shells, particularly after magnetospheric reflection, under the
I€ld Tine So the puise spans aimost a whblealue. By the assumption that the entire chorus element is indeed gener-

time the wave reaches about 20 degrees of latitude the wWave q at a single point with the same zero propagation angle,

IS very:f?l|qllje anc:]trt])e_rcwj remains so, clﬁse .to thi reso.nancﬁen, according to ray tracing theory, a remote observer at a
cone. After lower-hybrid resonance reflection, there IS NOg, o noint would only be expected to see a single frequency

sign of any tendency towards parallel propagation when "®and not the whole chorus element. This implies that for an

crossing the equator as noted in Bortnik et al. (2011), thougfbbserver to see the whole element, one would either have
in that paper large numbers of rays were followed, inCIud'to have ducted propagation or the ,observer would have to
oS . . be reasonably close to the generation point so that the rays
Is in agreement with a recent study (Breuillard et ‘T"l" 20.12)had not diverged appreciably. However, we note that the real
that employs Ronnmark’s WHAMP hot plasma dispersion situation is rather more complex, in that the generation region

relation to ray trace large numbers of chorus rays Origin""t'has a finite extent;- 1000s of kilometers along the field line,
'ng at the equqtor _fronzl - 4'5_7.' They found the Propaga- 54 will radiate into a narrow cone of propagation angles.
tion angle distribution at high latitudes to be very oblique and

concentrated inside the local resonance cone.

Y [RE]
o

¥ [RE]
o

2 3
X[RE]
X [RE]
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We next compare upper- and lower-band rising frequency (a) Lower band rising tone chorus elements (w/Qe = 0.3 - 0.5)
chorus, with a starting point at the equator and outside the * ’
plasmapause dt = 4.5. Figure 3a follows a lower-band ris-

ing element withf = 0.3—0.5Q¢/27 (Hz) and Fig. 3b fol- , \\ i
lows an upper-band element wifh= 0.5-0.7Q2¢/27 (Hz). > X

2 ok

Y [RE]
o

In both cases the wave pulse moves to lofvemnlues, readily 0

crossing the plasmapause, and the propagation angle quickl

becomes highly oblique by the time latitude of 10 degrees

is reached. It is noticed that the upper-band wave pulses are  _, ol —os

more field aligned than the lower band, particularly after re- T L% v F T =

flection. Another noticeable feature is that at the highest fre- X x{xe)

quency,f = 0.7 Qe¢/27 (HZ), the inward propagation of the (b)Upper band rising tone chorus elements (w/€e = 0.5 - 0.7)

wave pulse is very marked, having shifted by an amount VA

dL ~—0.3 by the time 10 degrees of latitude is reached.

This would make any nonlinear generation mechanism at \§\\\ 1

these frequencies very difficult and might explain why upper- \

band chorus does not go to high frequencies (Meredith et al., £ ° X

2012). B Al
The chorus theory of Omura and co-workers (Omura et al., —05

2008, 2009) is that the equatorial wave magnetic field am- - 2 Zios

plitude for a rising frequency chorus element is directly re- 0 2 '

lated to the frequency sweep rate through the condition that XA

at the equator the inhomogeneity factor —0.4 for ame-  Fig. 3. Ray tracing of rising chorus starting from outside the plasma-

dian value of perpendicular velocity,. The rationale for  pause af. = 4.5 for (a) lower-band chorus element, frequency span

this is as follows. Due to adiabatic effects, growth rates fall f = 0.3-0.5Q¢/27 (Hz) and(b) upper-band chorus element, fre-

off quickly away from the equator, and so we need maxi- quency sparf = 0.5-0.7Q¢/27 (Hz). Pulse length is 50 ms in both

mal nonlinear growth at the equator. Nonlinear growth maxi- cases. Left-hand panel shows pulse evolution, right-hand ganel

mizes atS = — 0.4 for a rising tone, under conditions of con- Vvector evolution aff = 0.3, 0.4, 0.%2e/2 (Hz) for the lower band

stantsS, and thus we postulate this value 9t the equator. andf =0.5, 0.6, 0.%2¢/2r (Hz) for the upper band.

However, sinces is a function of perpendicular velocity, we

must select this median value of perpendicular velogity

to be that at which the contribution to resonant particle cur-

rent is maximal. When the zero order distribution function is Ve — ﬁ/ [52 n Qe ]

a bi-Maxwellian with temperature anisotrofy /7}, = 3, the = ’

maximum occurs at a pitch angle in the region of 56 degrees

(Nunn et al., 1997: Nunn, 1990). We thus chodeto be ~ and cyclotron resonance velocit by

Vr tan(66). In view of the relatively large sweep rates of Qe

+175kHzs! at L =38, of +136kHzs atL =4.0and VR=cx§(1- y—w). (18)

outside the plasmapauselat= 4.5 of +95kHz s 1, it is of

some interest to calculate the corresponding equatorial wavéve next define the coefficients ands, as being

amplitudes. The development proceeds as follows. We define

Y [RE]

Y[RE]
o

Y [REI

!
4 5 0 1 2 3 4 5

(17)

\%
(Omura et al., 2008, 2009) so= Xg L (19)
C
1
X2 = 112 (14) and
and s1=y[1-Vr/Val?, (20)
52 _ 0(Qe—w) (15) wherey is the relativistic Lorentz factor. Requiring inhomo-

geneity factor§ = —0.4 for a valueV, at the equator gives
us the following relation between equatorial wave amplitude
wherewpe is the electron plasma frequency. The wave phaseand sweep rate:

velocity Vp is given by

2
(,()pe

af/ot = 0.4(so/s1) feBy/m. (21)
Vb =cx&, (16) _ o
_ Outside the plasmapause at= 4.5 for rising chorus at a
group velocityVg by start frequency of 2.87 kHz, we haw, = 395pT. AtL =

www.ann-geophys.net/31/665/2013/ Ann. Geophys., 31, 6633 2013
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4.0 at the plasmapause, this figure becomes 385 pT at a star’ Falling tone chorus elements
frequency of 4098 Hz and inside the plasmapaude-at3.8 '
the figure is also 385pT at a start frequency of 4779 Hz.
These figures correspond to examples of large amplitude ! fo !
chorus outside the plasmapause (Santolik et al., 2003). = 4

We now turn our attention to the case of falling cho- @
rus. Figure 4 shows ray tracing for falling tone chorus ele- - 1 1
ments with frequency spafi = 0.4-0.2Q¢/27 (Hz), pulse —:02
length 50ms and pulse separation 50 ms, for (&} 3.8, “1l ‘
(b) L =4.0, and (c)L = 4.5. The leading edge of the wave L L I B
pulse corresponds to the higher frequency @4@x (Hz). —_—
Referring to Nunn and Omura (2012), generating points are 2 2f ]
located 4000 km upstream from the equator. Left-hand pan- @ P
els show pulse evolution with time, the right- hand partels b
vector evolution for three selected frequencigss 0.2, 0.3, o ‘
0.4Q¢/27 (Hz). For allL shells and for the whole frequency %
band, there is considerable obliquity;40 degrees is preva- ——
lent by the time the pulse has crossed the equator, with high R 2y 08 1
obliquity of the order of the resonance cone by the time 20 — ; —
degrees of latitude is reached. For all cases initial pulse short- X [RE]
ening occurs across the equator accompanied Ispread, S
but after reflection considerable pulse lengthening occurs. iy

In these cases of falling tones, as the localized nose fre- 1 \\r 1 et
quency (at least for parallel propagationr®ne quarter of o E
the electron gyrofrequency, most of the element is above thecw)
nose frequency and thus lower frequencies will travel faster i 1
and thus overtake the higher frequencies at the front of the -2
pulse. In the present study initial sweep rates are quite large 2 L —0a |
and thus here we have “turnover” and a faller becomes a S et 02 3 s
riser. However, by the time that happens the wave train has e
considerablel shell spread, and it is questionable whether Fig. 4. Ray tracing for falling tone chorus elements with fre-
the observer would see the whole chorus element. The inquency sparf = 0.4-0.2Q¢/2r (Hz), pulse length 50 ms fdfa)
flection in the element wave train profile near the low fre- L =3.8,(b) L =4.0, and(c) L = 4.5. In accordance with Nunn and
quency end corresponds to the nose frequency where groucamura (2012) starting points are 4000 _km upstr_eam from_ the equa-
velocity is greatest. Of course the detailed situation is rathef°"- Left-hand panels show pulse evolution with time, the right-hand
complex as rays with different frequencies diverge spatiallypa”e'Sk vector evolution for three selected frequencigss 0.2,

I . . 0.3, 0.4Q¢/27 (Hz).

and group velocity is then a function of local ambient mag-
netic field, cold plasma density, frequency and propagation
angle. A second factor making the higher frequencies slowefrom the equator and there is a significdntspread of the
is that they follow a path with a lowdr shell and higher cold  order of d. ~ 1/4.
plasma density, thus decreasing group velocity still further. In  In the literature (Bortnik et al., 2006; Lauben et al., 2002),
the case of less steep fallers, these propagation effects woultiere are satellite observations to the effect that chorus can
steepen the negative frequency gradient but not produce be generated in the equatorial region with a propagation
riser. angle equal to the Gendrin angle, which is the propaga-

We now focus our attention on the region within 10 tion angle where group velocity is directed along the field
degrees of latitude of the equator where nonlinear wave-line, thus allowing a sufficient interaction length between
particle interactions can occur. Figure 5 shows the ray tracwaves and resonant particles. There are issues of whether
ing for (a) rising chorus and (b) falling chorus. Start points the linear and nonlinear growth rates at this propagation
are outside the plasmapausd.at 4.5, at the equator for the angle are sufficient to sustain a generation region. Recently,
riser and 4000 km upstream from the equator for the faller.non-self-consistent computations of nonlinear growth rates
We take an expanded view about the equator. in a narrow-band oblique VLF wavefield have been reported

In the case of the riser, the wave pulse remains reasonablfNunn and Omura, 2012). These computations assume arbi-
field aligned and only reaches an obliquity-o80 degrees at  trarily a bi-Maxwellian zero order distribution function, and
a latitude of 10 degrees. With the faller though, the obliquity the wavefield may have any chosen dependence of amplitude,
is greater than 45 degrees in the whole region downstreanfrequency and propagation angle grand:. It was found

Y [RE]
o

Y [RE]
o

. §
Y [RE]
°

Y [RE]
o

Y [RE]
o
Y [RE]
=3
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(3) Rising tone (w/Q. = 0.2 -0.4) Initial propagation angle at local Gendrin angle
‘ (a) Rising tone (w/Qe = 0.2 - 0.4)

15 151

15 151
1 iF

1 1r-
05

Y [RE]
Y[RE]
o
T

Y [RE]
o
&

YIRE]
o

—:0.2 0 0

—.04 | —:02

3 35

. \ B
4 4.5 5 5.5 3 35 4 45 5 55 : —:0.4
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3 3.

) 5 4 4-‘5 55 & L 4 4.5 5 2]
(b) Falling tone (w/Q. = 0.4 —0.2) X [RE]
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Fig. 5. Expanded equatorial view fdr = 4.5 for lower-band rising
and falling tone f = 0.2—0.4Q¢/27 (Hz) and f = 0.4-0.2Q¢/27 Fig. 6. Expanded equatorial view fdr = 4.5 for lower-band rising
(Hz), respectively. Rising tone is generated at the equator, fallingand falling tone f = 0.2-0.4Q¢/27 (Hz) and f = 0.4-0.2Q¢/27

tone 4000 km upstream from the equator. Left-hand panels showHz), respectively, as in Fig. 5, but with all rays starting at the locall
pulse evolution with time; the right-hand panels showector evo-  Gendrin angle.

lution for three selected frequencigs= 0.2, 0.3, 0.£2¢/27 (Hz).

3 Discussion and conclusions

that changing the propagation angle from zero to the Gen-
drin angle reduced the cyclotron growth rate=£1 reso- In this paper we have uniquely followed by ray tracing the
nance) by a factor 4 from 52dBs?! to 12dBs !, and at  propagation of the wave pulse of a chorus rising- or falling-
the same time invoked Landau damping= 0 resonance) frequency element so as to be able to track its cfoskell
of —6dBs 1. Overall power input was then reduced by a motion, as well as the rotation of the wave pulse relative to
factor of ~ 8. Although not ruling out Gendrin angle gen- the field line plus any compression or extension. In addition,
eration entirely, it would certainly require high particle flux the k vector orientation is also determined for sample fre-
and or high anisotropy. In Fig. 6 we repeat the exercise ofguencies within the chorus element bandwidth.
Fig. 5 exactly for lower-band chorus, but the rays are all One immediate feature of our results is the tendency for
started off at the appropriate Gendrin angigfor that fre- rays to drift inwards inL shell and to readily cross the
quency and location. For the riser the actual values, at th@lasmapause. This is in agreement with calculations in Bort-
equator, are/g =[66.4 530 36.8] degrees, corresponding nik et al. (2011), who show that the inward drift of chorus
to frequencies/ Qe = [0.2 0.3 0.4]. For the faller the cor- VLF wave energy gives rise to plasmaspheric hiss. Also ap-
responding Gendrin angles are [70.2 59.5 47.4] degrees, apparent in general agreement with observations and modelling
ath = —4000 km. There is of course the issue of whether inis the tendency towards oblique propagation at angles ap-
fact in a “Gendrin” chorus generation region propagation an-proaching the resonance cone once the generation region has
gle would track the Gendrin angle as a function of frequency.been left (Breuillard et al., 2012). There is no sign of quasi-

Consulting Fig. 6a we see that for the riser the rays remairparallel propagation once rays recross the equator.
tightly aligned to the field line within the likely generation =~ The most significant result of this study is its relevance to
region with negligible compression, rotation, expansion orthe theory of the structure of the generating regions for ris-
drift of the element wave train. Thus, at least purely from theing and falling chorus. Following Omura and Nunn (2011)
propagation point of view, a generation region at the Gen-and Nunn and Omura (2012), we place the generating point
drin angle looks possible. The corresponding ray tracing forfor a rising element at the equator and for a falling-frequency
a faller in Fig. 6b is less promising with rotation and inward element upstream of the equator by 4000 km. The rising el-
drift as well as compression of the wave train occurring, mak-ement remains closely parallel and field aligned within the
ing falling chorus at the Gendrin angle look rather unlikely. nonlinear trapping zone out to about 10 degrees of latitude.
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In the case of the faller, the wave pulse remains quasi-paralleReferences
and closely field aligned in the nonlinear interaction region
upstream from the equator, but downstream from the equaBortnik, J., Inan, U. S., and Bell, T. F.: Landau damping and resul-
tor the wavefield becomes oblique45 degrees and spread f_ae'g ug'gd'[%Cgfg;ég’if‘igalgo‘?g';/goo&cgEg”i‘é";;ggs(;eOphys' Res.
acrossL shells. Spreading loss, reduced growth rate due L P "
tothen=1 cyclotrgn reso%ance Landau dgmping plus theBortn'k’ J., Chen, L., Li, W, Thome, R. M., M?req'th’ N. P, and

. . ' . . . Horne, R. B.: Modeling the wave power distribution and charac-
sharp gradient of propagation angle along the field line will

‘ S teristics of plasmaspheric hiss, J. Geophys. Res., 116, A12209,
all serve to suppress nonlinear trapping in the downstreamre- 4i-10.1029/2011JA016862011.

gion where inhomogeneity factsris negative. Confining the  Breuillard, H., Zaliznyak, Y., Krasnoselskikh, V., Agapitov, O.,
nonlinear generation region of falling tones to the upstream Artemyev, A., and Rolland, G.: Chorus wave-normal statistics in
region with positive inhomogeneity factér> 0, as in Nunn the Earth’s radiation belts from ray tracing technique, Ann. Geo-
and Omura (2012), seems then to have ample justification. phys., 30, 1223-1238l0i:10.5194/angeo-30-1223-2Q12012.
Another factor which might have a bearing on cross equatohen, L., Bortnik, J., Thorne, R. M., Horne, R. B., and Jordanova,
rial coherent wave—particle interaction is azimuthal energetic V- K.: Three dimensional ray tracing of VLF waves in a magne-

electron drift. Assuming a drift time of 10 min around the tospheric environment contai_ning a plasmaspheric plume, Geo-
earth, this gives a drift velocity- 250 km s1 which is not phys. Res. Lett., 36, L2210dpi:10.1029/2009GL040452009.
' ' Haselgrove, J.: Ray theory and a new method for ray tracing, Report

erlough to cause partlcles to_ be lOSF from an. Interaction re- of Conference on the Physics of the lonosphere, London Physical

gion of ~ 100 km width as estimated in Santolik and Gurnett Society, 355-364, 1954.

(2003). Hayakawa, M., Yamanaka, Y., Parrot, M., and Lefeuvre, F.
A rigorous treatment of the problem will require afull3-D  The wave normals of magnetospheric chorus emissions ob-

simulation in which propagation and nonlinear wave—particle served on board GEOS 2, J. Geophys. Res., 89, 2811-2821,

interaction are dealt with in a unified code, but this remains doi:10.1029/JA089iA05p02811984.

just beyond current computer capabilities. It is not impossi-Hiroyasu, M. and Masashi, M.: Ray-tracing study of the propaga-

ble that the nonlinear component of resonant particle current tion in the magnetosphere of whistler-mode VLF emissions with

J» might act to self-focus the wavefield along the field line, ~frequency above half the electron gyrofrequency, Planet. Space

but this seems unlikely and must remain a topic for further _Scl., 35,1397-1404, 1987.

research. Hikishima, M., Yagitani, S., Omura, Y., and Nagano, |.: Full

- . . particle simulation of whistler-mode rising chorus emis-
Finally, it should be pointed out that our DE cold plasma sions in the magnetosphere, J. Geophys. Res., 114, A01203,

d_ensjty model is smooth. .It is quite likely that plagmg den- doi:10.1029/2008JA013622009.

sity in the plane perpendicular t8p may have variations  pixishima, M., Omura, Y., and Summers, D.: Self-consistent parti-
and irregularities which can act to “duct” the wavefield along  cle simulation of whistler-mode triggered emissions, J. Geophys.
the field line. If some kind of ducting is occurring, then the  Res., 115, A12246J0i:10.1029/2010JA01586Q010a.
conclusions from this paper will not be valid. In this case Hikishima, M., Omura, Y., and Summers, D.: Microburst
cross-equatorial coherent wave—particle interaction occurs. precipitation of energetic electrons associated with cho-
The trapping initially takes place in the downstream: 0 rus wave generation, Geophys. Res. Lett, 37, L07103,
region producing a distribution function hole. This will prop- ~ d0i:10.1029/2010GL042672010b. .

agate across the equator and delay or suppress the formatiétP'ne: R. B.: Path-integrated growth of electrostatic waves: The
of a distribution function hill, and thus prevent formation of a gjngge;tgonSSB;er;%sggal myriametric radiation, J. Geophys. Res.,
ppsmve]b .UpStrea.'m’ thus ma.kmg a fgller generation reg.lon Horn(,e, R. B. ar‘1d Thorne, R. M.: Relativistic electron ac-
difficult or impossible. It is quite possible that such ducting

i ) ! . celeration and precipitation during resonant interactions
does sometimes occur which might explain the overall ten- it whistler-mode chorus, Geophys. Res. Lett., 30, 1527,

dency towards rising chorus. doi:10.1029/2003GL016972003.
Katoh, Y. and Omura, Y.: Computer simulation of chorus wave gen-
eration in the Earth’s inner magnetosphere, Geophys. Res. Lett.,
AcknowledgementOne author, DN, gratefully acknowledges Ky- 34, .03102d0i:10.1029/2006GL028592007a.
oto University for a Visiting Professorship in 2012. All authors ac- Katoh, Y. and Omura, Y.: Relativistic particle acceleration in the
knowledge the use of the ray tracing code of I. Kimura. This work  process of whistler-mode chorus wave generation, Geophys. Res.
was supported by Grant-in-Aid 23340147 of the Ministry of Educa- | ett., 34, L13102d0i:10.1029/2007GL029758007b.

tion, Culture, Sports, Science and Technology in Japan. Kimura, 1. Effects of ions on whistler-mode ray tracing, Radio Sci-
Topical Editor R. Nakamura thanks two anonymous referees for  ence, 1, 269-283, 1966.
their help in evaluating this paper. Kimura, I. and Goto, Y.: Ray Tracing, available &ttp://waves.is.
t.kanazawa-u.ac.jp/index.php?R@ast access: 10 April 2013),
2010.

Kurita, S., Katoh, Y., Omura, VY., Angelopoulos, V., Cully, C. M.,
Le Contel, O., and Misawa, H.: THEMIS observation of chorus
elements without a gap at half the gyrofrequency, J. Geophys.

Ann. Geophys., 31, 665673 2013 www.ann-geophys.net/31/665/2013/


http://dx.doi.org/10.1029/2005GL024553
http://dx.doi.org/10.1029/2011JA016862
http://dx.doi.org/10.5194/angeo-30-1223-2012
http://dx.doi.org/10.1029/2009GL040451
http://dx.doi.org/10.1029/JA089iA05p02811
http://dx.doi.org/10.1029/2008JA013625
http://dx.doi.org/10.1029/2010JA015860
http://dx.doi.org/10.1029/2010GL042678
http://dx.doi.org/10.1029/2003GL016973
http://dx.doi.org/10.1029/2006GL028594
http://dx.doi.org/10.1029/2007GL029758
http://waves.is.t.kanazawa-u.ac.jp/index.php?Ray
http://waves.is.t.kanazawa-u.ac.jp/index.php?Ray

K. Yamaguchi et al.: Ray tracing of whistler-mode chorus elements 673

Res., 117, A11223J0i:10.1029/2012JA01807@012. Omura, Y., Hikishima, M., Katoh, Y., Summers, D., and Yagitani,

Lauben, D. S., Inan, U. S, Bell, T. F,, and Gurnett, D. A.: Source S.: Nonlinear mechanisms of lower-band and upper-band VLF
characteristics of VLF chorus, J. Geophys. Res., 107, 1429, chorus emissions in the magnetosphere, J. Geophys. Res., 114,
doi:10.1029/2000JA0030192002. A07217,d0i:10.1029/2009JA01420@009.

Li, W., Thorne, R. M., Bortnik, J., Shprits, Y. Y., Nishimura, Y., Persoon, A. M., Gurnett, D. A., Santolik, O., Kurth, W. S., Faden, J.
Angelopoulos, V., Chaston, C., Le Contel, O., and Bonnell, J. B., Groene, J. B., Lewis, G. R., Coates, A. J., Wilson, R. J., Tokar,
W.: Typical properties of rising and falling tone chorus waves, R. L., Wahlund, J.-E., and Moncuquet, M.: A diffusive equilib-
Geophys. Res. Lett., 38, L141080i:10.1029/2011GL047925 rium model for the plasma density in Saturn’s magnetosphere, J.
2011. Geophys. Res., 114, A0421dgi:10.1029/2008JA013912009.

Meredith, N. P., Horne, R. B., Sicard-Piet, A., Boscher, D., Yearby, Pickett, J. S., Santi§, O., Kahler, S. W., Masson, A., Adrian, M.

K. H., Li, W,, and Thorne, R. M.: Global model of lower band L., Gurnett, D. A., Bell, T. F., Laakso, H., Parrot, M.éBéau, P.,
and upper band chorus from multiple satellite observations, J. Fazakerley, A., Cornilleau-Wehrlin, N., Balogh, A., and Aadr
Geophys. Res., 117, A1022%3i:10.1029/2012JA017973012. M.: Multi-point CLUSTER observations of VLF risers, fallers

Nunn, D.: The Numerical Simulation of Non Linear VLF Wave and hooks at or near the plasmapause, edited by: Sauvaud, J.-A.,
Particle Interactions Using the Vlasov Hybrid Simulation Tech-  Multiscale Processes in the Earth’'s Magnetosphere: from Inter-
nigue, Comput. Phys. Commun., 60, 1-25, 1990. ball to Cluster, 307-328, Kluwer Academic Publishers, Holland,

Nunn, D. and Omura, Y.: A computational and theoretical analy- 2004.
sis of falling frequency VLF emissions, J. Geophys. Res., 117,Richardson, J. D. and Sittler Jr., E. C.: Laboratory f or a plasma
A08228,d0i:10.1029/2012JA017552012. density model for Saturn based on Voyager observations, J. Geo-

Nunn, D., Omura, Y., Matsumoto, H., Nagano, |., and Yagitani, S.:  phys. Res., 95, 12019-12031, 1990.

The numerical simulation of VLF chorus and discrete emissionsSantolik, O. and Gurnett, D. A.: Transverse dimensions of cho-
observed on the Geotail satellite, J. Geophys. Res., 102, 27083— rus in the source region, Geophys. Res. Lett., 30, 1031,
27097, 1997. d0i:10.1029/2002GL016172003.

Nunn, D., Santolik, O., Rycroft, M., and Trakhtengerts, V.: On Santolik, O., Gurnett, D. A., and Pickett, J. S.: Spatio-temporal
the numerical modelling of VLF chorus dynamical spectra, structure of storm time chorus, J. Geophys. Res., 108, 1278,
Ann. Geophys., 27, 2341-23590i:10.5194/angeo-27-2341- doi:10.1029/2002JA009792003.

2009 2009. Santolik, O., Gurnett, D. A., Pickett, J. S., Chum, J., and Cornilleau-

Omura, Y. and Nunn, D.: Triggering process of whistler mode  Wehrlin, N.: Oblique propagation of whistler mode waves in
chorus emissions in the magnetosphere, J. Geophys. Res., 116, the chorus source region, J. Geophys. Res., 114, AOOFO03,
A05205,d0i:10.1029/2010JA01628Q011. doi:10.1029/2009JA014582009.

Omura, Y., Katoh, Y., and Summers, D.: Theory and simulation of Stix, T. H.: Waves in Plasmas, American Institute of Physics, 1992.
the generation of whistler-mode chorus, J. Geophys. Res., 113,

A04223,d0i:10.1029/2007JA012622008.

www.ann-geophys.net/31/665/2013/ Ann. Geophys., 31, 6633 2013


http://dx.doi.org/10.1029/2012JA018076
http://dx.doi.org/10.1029/2000JA003019
http://dx.doi.org/10.1029/2011GL047925
http://dx.doi.org/10.1029/2012JA017978
http://dx.doi.org/10.1029/2012JA017557
http://dx.doi.org/10.5194/angeo-27-2341-2009
http://dx.doi.org/10.5194/angeo-27-2341-2009
http://dx.doi.org/10.1029/2010JA016280
http://dx.doi.org/10.1029/2007JA012622
http://dx.doi.org/10.1029/2009JA014206
http://dx.doi.org/10.1029/2008JA013912
http://dx.doi.org/10.1029/2002GL016178
http://dx.doi.org/10.1029/2002JA009791
http://dx.doi.org/10.1029/2009JA014586

