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Abstract. Isotropic electron beams are considered to ex-1 Introduction
plain the excitation of whistler waves which have been ob-
Served by the STEREO Sate”ite in the Earth’S radiation beItThe measurements of |arge_amp|itude whistler waves by

Aside from their large amplitudes~@40 mV/m), another the electric field instruments aboard the STEREO satel-
main signature is the strongly inclined propagation directionjite in the Earth’s radiation belt (Catell et al., 2008) and
relative to the ambient magnetic field. Electron temperaturerHEMIS (Cully et al., 2008) has stimulated the investigation
anisotropy with7e, > Tg, Which preferentially generates of mechanisms by which large amplitude obliquely propa-
parallel propagating whistler waves, can be excluded as a fregating whistler waves can be generated. Electron tempera-
energy source. The instability arises due to the interactionre anisotropy withle; > T can be excluded as a free en-
of the Doppler-shifted cyclotron mode= —$2e+kVbc0¥  ergy source since the growth rate always has its maximum for
with the whistler mode in the wave number rangéofwe < arallel propagation. Nevertheless, the simultaneous obser-
1 (¢ is the propagation angle with respect to the baCkngUn(Eation of parallel and obliquely propagating whistler waves
magnetic field directionye is the electron plasma frequency has already been described in earlier papers on chorus emis-
andQe the electron cyclotron frequency). Fluid and kinetic sjon (e.g. Goldstein and Tsurutani, 1984). In the present
dispersion analysis have been used to calculate the growthaper, another possible source of free energy is considered
rate of the beam-excited whistlers including the most im-consisting of electron beams which may couple to whistler
portant parameter dependencies. One is the beam velocityaves if an electrostatic component arises at oblique wave
(Vb) which, for instability, has to be larger than aboad,  propagation. For instability analysis, fluid and kinetic mod-
where Ve is the electron Alfén speed. With increasing e|s have been developed. The main results are the follow-
Vae the propagation anglé) of the fastest growing whistler  jng: depending on the beam velocityy with respect to
waves shifts fromp ~ 20° for Vp = 2Vae to 6 ~ 80° for the Alfvéen velocity (ae = Bo/(uonpome)l/z), two differ-

Vb =5Vpe. The growth rate is reduced by finite electron tem- ent mechanisms of beam-plasma interaction may occur. In
peratures and disappears if the electron plasma gl@%-  the regime ofV, < 0.5Vae, interaction of the beam mode
ceedsBe ~ 0.2. In addition, Gendrin modeé{/we~1) are ~ k4 with the whistler wave takes place (Cerenkov in-
analyzed to determine the conditions under which stationar)étabmty). For higher beam velocitie®, > 1.5Vae the in-
nonlinear waves (whistler oscillitons) can exist. The corre-stahility is caused by the Doppler-shifted made= — Qe+
sponding spatial wave profiles are calculated using the fully v, cog (cyclotron-type instabilityS2e = e Bo/me) and has
nonlinear fluid approach. The results are compared with thgts maximum growth rate atc/we ~ 1. With increasing
STEREO satellite observations. beam velocityVi, the propagation angle which belongs to
the maximum increment shifts from nearly zero, at about
Xb ~ 1.6Vae, Up to values close to 90 degreed|/ Vae be-
comes larger than about 3—-4. Modifications of the electro-
magnetic fluid dispersion theory due to finite temperature ef-
fects (Vlasov kinetic theory) are small as long as the electron
plasma beta, the ratio between electron thermal and mag-
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Fig. 1. Fluid dispersion of beam-excited whistlers at oblique prop-
agation ¢ =60°); the beam density igp = 0.01npo, the beam
velocity is V, = 2.5Vae. From top to bottom: real part @ nor-
malized toQe, phase velocity normalized tdae and imaginary
part of w in normalized units versus the normalized wave number
kc/we (we is the electron plasma frequency). The thick solid lines Fig. 2. The same as in Fig. 1, but for different propagation an-

in the upper two panels represent the whistler mode, the thin Iine@es_ The growth rate has a maximundat 60° which appears at
mark the Doppler-shifted cyclotron mode= —Qe + kVpco90). ke/we~ 1.

The instability occurs where both modes intersect.

ence of these nonlinear structures. Finally, in Sect. 4 the re-

The paper is organized as follows. In Sect. 2 the mainsults are discussed in relation to the recent observations of
steps are described in the derivation of the dispersion relalarge-amplitude waves made by the STEREO satellite in the
tion of beam-excited whistlers using a fluid approach. TheEarth's radiation belt.
resultant polynomial of sixth ordeb = w (k) easily allows
for the analysis of instability by calculating the growth rate
as a function of the main parameters such as beam densit@, Dispersion of beam-excited whistlers
beam velocity and propagation angle. Gendrin mode waves
(kc/w. =~ 1) are of special relevance since analytical rela-2.1 Fluid approach
tions for optimum conditions can be obtained. Vlasov dis-
persion theory is used as well in order to determine the in-To derive the dispersion relation of beam-excited whistlers,
fluence of finite electron temperature. It is shown that thefirst a simple plasma model is used assuming that all plasma
instability disappears if the electron plasma betg) (ex- populations; protons, main and beam electrons, are cold.
ceeds a value of about? In Sect. 3 the theory of station- Protons are taken into account in order to prevent the limita-
ary nonlinear whistlers (whistler oscillitons) is applied to the tions for wave propagation near®Qower-hybrid frequency
obliquely propagating modes. Linear theory in the movingrange). The beam propagates parallel to the ambient mag-
frame is used to predict the region of periodic and stationarynetic field. The cold plasma model is a good approxima-
waves. To compute the spatial profiles of whistler oscilli- tion as long as the electron cyclotron damping of whistlers is
tons, a formalism based on the two fluid approach is pre-negligible, which is the case (as shown later) when the elec-
sented along with inter-relationships between various electron temperature is small enough. Expressed by the electron
tric field components that can be used as a test for the preplasma betafe), this requires a value gf, < 0.2. Compared
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with the kinetic description (Vlasov approach in Sect. 2.2), 0.06 A
the fluid model has the advantage that the dispersion relation 1 q) FARRY
w (k) can be expressed in an algebraic form as a polynomial ©0.04 / ~3 \
which easily allows analysis of the parameter dependence of Q | // \ S
the unstable solutions. 3 0.02 4 z° V!
As a starting point, the fluid equations of protons, main ’ 2 2 \ :
and beam electrons (marked pye andb, respectively) are /\ L
solved together with the Maxwell equations. The procedure 000 t+———7— 7 7Tt 7+
to derive the dispersion relation follows the common steps. 1b)
After linearization and Fourier transform, the fluid equations 0.4 2
can be written in the following form g“’ J—
Lp-Vp=c,E, Le-Ve=c.E, Lp-Vp=Wp-E (1) 3 0.2+ =TI
F-E =cj(—nedVe—nboNp-Vh+npoVp) 2 0.0 177 ) )
. LA S B B B B B T T
wherenpo, neo andnpg are the background densities of pro- 2.0 /.
tons, main and beam electrons, which, under the assump- c) /)
tion of quasi-neutrality, are related ago = neo+nbo. Vp,eb 3 1 A
are the corresponding velocity disturbances under the ac- } 10 2/3//,,'4
tion of the electric fieldE. ¢, . ; are simple constants. ad .
Lp.e(@,k,0), Lp(,k,o, Vo), Wp(w,k,0, Vb), F(w,k,0), and L ==
Np(w,k,0, V) are square 3 3 matrices which can easily be ro
calculated and are not given herg.is the propagation an- 0.0 o ' O‘ o T o
gle with respect to the ambient magnetic field ands the 30 50 70 20
velocity of the electron beam. Expressig ve andvy, from 0

Eqg. (1) by means of matrix inversion through the electric field
E, one gets the relatioll - E = 0, where the dispersion ma-

. LI Fig. 3. From top to bottom(a) Maximum growth rate(b) related
trix M is given by 9 p {@) Maximum grow (b)

(real) frequency an¢c) wave number versus the propagation angle

- - 0, for different beam velocities (in units dfae). The beam density
M = F+cjconecl gt +c;j N,-Lot-w ; Ae .
FCjCeNeole” +CjCeMboNp Ly b is np/npo=0.01. Note that the wave number for maximum growth
—cjcpnpoLgl (3) rateis atkc/we~ 1.

Finally, the dispersion relationo = w(k) follows from
D(w,k) = Det (M) = 0 which represents a polynomial of o o _
sixth order inw and can be solved numerically by standard density is fixed atp/npo=0.01. A significant feature is
routines. that the optimum propagation angle shifts closer toi9the

In the following, only super-Alfénic beams, that means beam velocity increases. Fu_rther, changipg the beam velocity
Vb > Vae, are considered. Then, the instability arises from ffom Vb = 2Vae to V= 4Vae is accompanied by a decrease
the interaction of the Doppler-shifted cyclotron moae=£  Of the related frequency from abowy/ 2, ~ 0.35 to Q15.
— Qe+ kVpcod) with the whistler mode. This is clearly N all cases, _hovye\_/er, the maximum growth rate remains at
seen in Fig. 1, showing the dispersion relation for the caséi¢/@e ~ 1 which is just the point where the phase velocity of
of a beam withip,/npo = 0.01, Vi, = 2.5Vae and propagation the wh|stler_mode h_as its maximum aqd coincides with the
angled = 60° is taken. The thin straight line in the upper 9roup velocity. As d_|scussed in an earlier paper by Sauer et
panel of Fig. 1 represents the “beam mode” (marked )y al. (2002) the C(')llnmdence of phase and group vg!omty is a
and the plasma becomes unstable where this mode intersedi§cessary condition for the existence of the specific class of
the whistler mode (thick line). How the growth rate and the Stationary n(_)nl|near Wh_lstlers (“Whlstl_er osm_lhtons”). This
related wave number vary with the propagation artyjis is a topic of interest on it's own tha_t will be dlscgssed sepa-
shown in Fig. 2 where (using the same beam parameters dgtgly later (see Sect. 3). Finally, Fig. 4 summarizes how t_he
in Fig. 1) the dispersion curves are plotted foe 50°, 60°, optimum growth rate, .the related frequency gnd propaganpn
and 70. Clearly, the maximum growth rate is reached neara@ngle, vary as a function of the beam velocity. Once again,
0 = 60° and the corresponding wave number ig@twe ~ 1. b_ased on this f_:\na_ly3|s, one can conclude that _the observa-
This is a more general signature as seen in the next figurdion of strongly inclined whistlers)(> 60°) may indicate the
In Fig. 3 the growth rate of beam-excited whistlers is plotted Presence of super-Alénic electron beams withh, > 2V ae.
as a function of the propagation angle taking different beam Our numerical studies of beam-excited whistlers are com-
velocities (/h/ Vae = 2,3,4) as the parameters. The beam pleted by the addition of some useful analytical expressions

www.ann-geophys.net/28/1317/2010/ Ann. Geophys., 28, 113325-2010
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Fig. 4. (a)Optimum growth rate(b) related (real) frequency and
(c) propagation anglé as a function of the beam velocit/ Vae;
np/no=0.01. With higher beam velocity the growth rate increases
and the propagation angheshifts closer to 99. The relations (b)
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Fig. 5. Vlasov dispersion of beam-excited whistlers at oblique
propagationd = 70°) for two values of electron plasma befg&
0.04-solid lines,Be = 0.2-dashed lines), showing the effect of ki-
netic damping on the growth rate. The other parameters are:
np/npo=0.05, V/Vae =3.0.

and (c) can be expressed analytically by Egs. (5) and (7), respec-

tively.

that are related to the specific whistler wave mode with
kc/w, =1, which has been called the Gendrin mode (Gen-
drin, 1961; Verkhoglyadova and Tsurutani, 2009). If we start
from the whistler dispersion relation, assumings 2., the
real frequency is expressed as

coy
== (4)
¢ 42

and the phase velocityf,) and propagation angled) at
kc/we =1 (Gendrin point) are related through
@  Vph coy

Qe - VAe - 2

Furthermore, the phase velocity has a maximum for differ-
entk values and is equal to the group velocity (Sauer et al.

(%)

(w/Qe=—14 (Vp/Vae)cod). Therefore, one finds a re-
lation between the beam velocity and the (optimum) propa-
gation angle as

Voo 1 1
Dy = 6
Vae 2 cO9 (©)
or
Vb 171
co¥Y >~ (— —=)" . 7
Ge=3 )

For instance, if we tak&),/ Vae = 4, one obtains a propaga-
tion angle ofg =73.4°, which is in full agreement with the
value obtained in Fig. 4. Furthermore, Eg. (6) immediately
gives the minimum beam speedWdf/ Vae = 1.5, a value also
obtained from the same figure.

2.2 Kinetic approach

JIn the kinetic approach the full apparatus of Vlasov dis-

2002; Dubinin et al., 2003). Based on the numerical studiegersion theory is used, expressing the matrix elements of
presented in Figs. 1-3, the growth rate of the beam-excitedhe susceptibility tensor by Bessel functiohg) and the

whistlers maximizes akc/we >~ 1 from the intersection of
the Gendrin modedf/ 2 = 0.5co9) and the beam mode

Ann. Geophys., 28, 13171325 2010

plasma dispersion functioi (z) as described, e.g., in the
book by Stix (1992). To study beam-excited whistlers the
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distribution functions of protons and main electrons are ex-
pressed by Maxwellians with given temperatufgsand Te;

o
IS
1

- 0.00

for the beam, a shifted Maxwellian is taken, characterized 3

by the beam velocity}, and the beam temperatufg. The 502

kinetic dispersion relation, which is a transcendental equa-

tion for w = w(k,0) with complexw and reak, is solved by 00

a Newton root finding method. The knowledge of solutions 31'5’

using the cold plasma fluid approach of the previous section Ex 1.0 -

has been proven to be very helpful in finding the correspond- Ejv, 05 ]
g o

ing kinetic solutions in the case of finite temperatures. Fig-

1321

ure 5 shows the results of solving the kinetic dispersion re-
lation comparable to that of Fig. 1 indicating the effect of
kinetic damping on the growth rate. The essential parameter
is the electron plasma beta and as longas smaller than
about 005, both the kinetic and fluid approaches give nearly
the same results. The instability is suppressegt éxceeds
about 02. These values weakly change with the beam den-
sity which was taken as,/npo=0.01 in Fig. 1.

The formalism of dispersion theory is also applied to de-
termine the polarization of whistler waves at oblique prop- Fig. 6. Dispersion and polarization of whistler waveg= 70°,
agation and to see how it is affected by thermal effects.fe =0.2. From top to bottom: frequency and amplitude ratios
For later comparison with space measurements it is neced£;/E%) and E}/E}) representing the polarization in thex and
sary to perform a linear coordinate transformationy, z) — x'-Z plane, respectively. Note, that the polarization has been calcu-
(x',y’,7)): the original coordinate frame with the undisturbed lated in a coordinate system in which thevector is directed along
magnetic field in the z-direction is rotated through the afgle the (new) Zaxis, which is rotated by the angfewith respect to
about the y-axis in such a way that the nevaxis is aligned the magn_etlc fleld_d|rec_t|on. Solid (thick) lines mark the real pa_rFs,
in the direction of wave propagatidn In the lower two pan- _?_ashegl I|ne§ the |mag|nary_parts of the three complex quantities.

. A e thin (solid and dashed) lines denote the outcome of cold plasma
els of Fig. 6, the polarization in the-x’ and X-y’ planes theory.
(E./E,,Ey/E)) s plotted versugc/we, takingd = 70° and
Be=0.2. The corresponding whistler dispersion (real and
imaginary parts of the frequency) is shown in the top panel.
For comparison, the outcome of the cold plasma theory isscribed in papers by Sauer et al. (2002) and Dubinin et
drawn as thin lines. The straight dashed line in the middleal. (2003). A necessary condition for the existence of os-
panel E,/E|, =i, which belongs to a cold plasma, means cillitons is a particular dispersion behavior of the underlying
that the whistler waves are right-hand circularly polarized wave mode in such a way that the dispersion cusvew (k)
in a plane normal to the wave propagation direction. Thatcontains a point in which phase and group velocity coin-
is generally valid, independent of the propagation angle andide. For whistlers, that is the case /at/w, = 1, inde-
wave number. The situation becomes more complicated fopendent of the propagation angle. As already mentioned in
finite electron plasma bet#d) as indicated by the appear- Sect. 2.1, the corresponding waves are also called Gendrin
ance of the complex amplitude ratio (thick solid and dashedmodes (Gendrin, 1961). Their physical relevance has re-
lines). The polarization in the’>z’ plane, on the other hand, cently been discussed in a paper by Verkhoglyadova and Tsu-
is linear in the cold plasma approximation (thin solid line rutani (2009). Several indications brought us to the conclu-
in the bottom panel); it varies fromi’ /E, =tar9 atk =0 sion that the nonlinear saturation of beam-excited whistlers at
to E./E, = 2tarp at the Gendrin pointc/we =1 indicating  oblique propagation may be directly associated with the for-
the existence of a dominant longitudinal electric field compo-mation of whistler oscillitons (a kind of nonlinear Gendrin
nent at highly oblique propagation. With increasing electronmode wave). One hint came from our earlier studies of the
temperatures, the ratifi,/E. becomes increasingly mod- nonlinear behavior of parallel propagating whistlers which
ified due to the fact that real and imaginary parts becomeare excited by another type of instability, namely by a tem-
comparable. perature anisotropy (Sydora et al., 2007). Using PIC simula-
tions we have shown that the anisotropy instability saturation
leads to quasi-stationary structures which have signatures of
whistler oscillitons. An interesting effect of the formation of
oscilltons concerns the observed wave number shift. If the in-
Whistler oscillitons are stationary nonlinear structures, like stability has a maximum growth at wave numblargwe > 1,
solitons but superimposed by spatial oscillations, as first defor example, a shift téc/we ~ 1 takes place and, finally, the

3 Whistler oscillitons (Nonlinear Gendrin modes)

www.ann-geophys.net/28/1317/2010/ Ann. Geophys., 28, 113325-2010
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between periodic and stationary waves the wave nuriber
is always given by, c/w, ~ 1.

The next step is to calculate the spatial profiles of whistler
oscillitons. To derive the governing equations which describe
stationary nonlinear whistlers, one starts from the fluid equa-
tions of electrons and protons together with the Maxwell
equations. Opposite to the assumptions in earlier papers
(Sauer et al., 2002; Dubinin et al., 2003), the analysis is car-
ried out in the plasma rest frame in which the structure moves
with the velocityU in x-direction. The undisturbed magnetic
field lies in the x-z plane and is inclined by the angleel-
ative to the x-axisB = Bo(co9,0,sind). Looking for sta-
tionary waves means finding solutions of the Maxwell-fluid
equations in which the time dependence appears only in the
form f(x — Ur). Since the more general formalism has been
described in earlier papers, only a summary of equations is

00+—=———"———7—— 700 given which we used for our calculations and which we need
0.0 0.1 0.2 0.3 0.4 . .
U/Ve for later discussion.
The transverse velocities (velocity components transverse
to the propagation directian) of both species are calculated
Fig. 7. (a)Dispersion relation of whistler waves at oblique prop- by means of ordinary differential equations which directly
agation ¢ =70°): normalized frequency (solid line) and phase follow from the basic fluid equation using the ansatz of sta-
velocity (dashed line) versus wave numbgin units of the electron  tjonary solutions §/dr — —Ud /dx)
skin lengthc/we). Maximum phase velocity is &t/ we = 1. b) Dis-
persion relation of stationary whistlers= k(U); k, (solid line),k; dve py _ Yep
(dashed line) are the real and imaginary parts ofespectively, dx Hep
whereU is the velocity of the moving frame. Exponentially grow-
ing solutions §; # 0) superimposed by spatial oscillatiorts & 0)
exists forU/Vpae > 0.17. That is the region where whistler oscilli- dx Hep
tons are expected. The velocities are normalized by the (electron) A&ifv
velocity based on the electron mass densifjpe =

. o Bo/ (oneogne) /2. The electric field is given in units df, =
resulting waveform of the quasi-stationary state can well beVAeBo, the magnetic field is normalized Bp. Me= U/ Vae

fitted by spatial profiles of whistler oscillitons. We anticipate is the electron Mach number of the moving structure at infin-

a similar situation _for beam-excited Whistlers_where the Opti'ity. The other quantities are the electric charge and the mass
mum growth rate IS alread){ closeko/we =1, independent of electrons and protons in units of the electron mass, respec-
of the beam velocity; see Fig. 3. - . . _ o
We begin with a few simple results from linear disper- tively: ge=—1.gp=+1 sie =1 pip =mp/me.

. . o o From Faraday’s law one gets
sion theory which allows for the determination of conditions
under which whistler oscillitons may exist. In Fig. 7a the E, = Me(B; — B;,), E;=—MeB, (20)
frequency (solid line) and phase velocity (dashed line) of
whistlers are plotted versus:/we for a propagation angle
of  =70°. As can be seen, the phase velocity,j has a
maximum atkc/we =1 and reachespn/Vae ~0.17 at that g, = —(EyBy+E_B;)/By =—M.,tar B,
wavenumber. Periodic waves with higher phase velocities — _ tanv E, (11)
do not exist. But this is just the region of stationary waves
which have no time dependence in a frame that moves witfHConservation of mass and (longitudinal and transverse) mo-
a velocity U larger than the maximum phase velocity, that mentum together with the quasi-neutrality conditigy= re,
is U > 0.17Vae. For the transition to a moving frame, in combined with zero current in x-directiory, =0, which
the dispersion relatiom = w (k) one has to replace by yields ve, ~ v, One gets the following equations for the
o= +kU (With o =0 for stationary waves), and a rela- remaining quantities,,, B,, B; as follows
tion for k = k(U) is obtained, which is plotted in Fig. 7b. In

(Ey_Ue,prz+Ue,szx)/(Me_ve,px) (8)

dve p; Qe
ﬂ:_p(Ez_Ue,pry'i‘Ue,pyBx)/(Me_Ue,px) (9)

The longitudinal electric field componeit, can be deter-
mined from the transverse field conditidhx B =0, that is

the region/ > 0.17Vae the wave numbet is complex which v, & ve, = (B2-1) (12)
- : . . . 2Mej )

means growing solutions with the increméntire superim

posed by spatial oscillations whose wavelengtts deter- By = —Me(ipvpy + ievey)/ Bx (13)

mined byi =27/k,. It should be noted that near the border B, = —Me(upvy; + teve;)/ By (14)

Ann. Geophys., 28, 1317325 2010 www.ann-geophys.net/28/1317/2010/
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Fig. 9. Spatial profiles of the longitudinal electric field component
(in units of Eq = VaeBo) for three values of the oscilliton speed
Fig. 8. Spatial profiles of whistler oscillitons fér=70° andU =  Me=U/Vae. Obviously the waveform is very sensitive to values
0.172Vpe. From top to bottom: proton density:p — npo)/npo, of Me. For Mg > 0.1725 whistler oscillitons no longer exist.

three components of the electric field (in unitsky = Vae Bo) and

the magnetic field componett, /B,. The right panels show the

hodographsB; versusBy, Ex Versusk;, andE; Versusky. wavepacket length and the latter changes from about 7 to 20
wavelengths. If one selects a waveform with an extension
of about 10 wavelengths, for fitting with the observations

. . . of Catell et al. (2008), one finds an associated amplitude of
If the propagation angle is chosen, the only free parameter ”}EX/EO ~0.01. For oscillitons speeds df > 0.1725 it was

the system of equations above is the velocity of the moving : . . ;
structure Me, also called the oscilliton speed. For a propaga—nOt possible to find any more stationary solutions,
& i Additional information about the wave characteristics can

tion angle of = 70", taken from Fig. 7 of the previous sec- be obtained from the hodograms on the right hand side of

tion, whistler oscillitons should exist fae > 0.17. In Fig. 8 Fia. 8. As clearlv seen. the wave is circularly polarized in
the corresponding spatial profiles of the electric and mag- 9. ©. y ' yp

netic field components are plotted usifgy = 0.172. They the plane perpendicular to the propagation direction and has

s ; : . : a significant electric field component parallel to this direc-
clearly exhibit a soliton-like structure with superimposed os- . . Co )
o . ; . . tion. The straight line in the middle of the hodogram rep-
cillations representing the expected nonlinear configuration .
) . S resentsk, =tam E, according to Eq. (11). A comparable
in the form of a whistler oscilliton. T i )
polarization is obtained in the paper by Verkhoglyadova and

One has to take in to consideration that the oscilliton pro-Tsyrutani (2009) in the context of the Gendrin mode analy-
file (amplitude and extension of the nonlinear wave packet)gijs.

varies if the oscilliton speed/e changes. This is depicted

in Fig. 9 where the spatial profile of the longitudinal elec-

tric field amplitudeE, /E, is plotted for three values d¥/e 4  Summary and discussion

which are all slightly aboveMe = 0.17, but close together

(Me=0.17180.1721,0.1723). As one would expect from In this paper, the excitation of whistler waves by an isotropic
Fig. 7b, the wavelength always remains the same and iglectron beam parallel to the ambient magnetic field has
given by k.c/we ~ 1. In comparison, the oscilliton wave- been studied. Instability occurs for the case of oblique wave
form (amplitude and spatial extent) changes considerablypropagation due to the interaction of the Doppler-shifted cy-
An increase of the amplitude is accompanied by a largerclotron modew = —Qe+ kVpc0¥ with the whistler mode;
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200f N S 3 form samples have been obtained using the Time Domain
' o ' { Sampler (TDS). As an example, the maximum variance com-

ponent and the hodogram of that component versus the inter-
mediate component for the same time interval is shown in
i S i Fig. 10. A characteristic feature is the occurrence of wave
O conds from 208612190 2000 115 packets with varying shapes and durations. The peak fre-

, % ; ; i quency for all TDS measurements was- 0.2Q¢. A remark-
0 60 120 180 240 300 able feature is that the waves propagate very oblique to the
1 , et , , geomagnetic field with a propagation ang#@ fanging from
0 12 24 36 48 60 45 to 60°. From the estimated phase velocityy) between

X oglc 35000 and 70000 km/s and an electron &lfiwelocity Vae

of about 135000 km/s (usinge=4cn 2 and B = 300nT)
one obtains a ratio ofpn/ Vae ~ 0.2—0.4. These values can
100 | i’?- be used to check whether the conditions for Gendrin mode

7%! waves, expressed by Eq. (5), are fulfilled. If we assume a
‘\

=
[

E, [mV/m]
(=]

Q
<9

3

| |

200§

E, [mV/m]

7 (Gendrin) propagation angte= 60°, then the associated fre-

100 /{ 1 guency and phase velocity are givendyQe = vph/ Vae =

=~ c0g60°)/2=0.25, a value relatively close to that of the mea-
200 surements and estimations, respectively. The required beam
velocity, according to Eq. (6), would b®,/ Vae ~ 2.5 and
corresponds to about 0.3 MeV. Whether such beams which

- - . . . -y 0 _
Fig. 10. Measured waveform (top) and hodogram (bottom) of the lie in the range of relativistic velocitied/f > 1019cm/s) re

maximum component versus the intermediate component for thélly €xist is presently an open question. Another critical
time interval above (adapted from Cattell et al., 2008). The firstProblem concerns the electron temperature. With the mea-

additional scale is obtained by multiplying the time (from zero to sured radiation belt density and magnetic field parameters
0.005 s) with the electron cyclotron frequency§ =6 x 10%s~1 given above, the temperature should not exceed 10 keV to re-
according to a magnetic field dfo ~320nT. The second spatial main in the unstable range 6§ < 0.2. This value is too low
scale, in units of the electron skin depthwe, follows directly from  for the typical substorm situation and one may ask whether
the upper one by multiplying it with a normalized phase velocity of the whistler excitation mechanism considered here requires
Voh/ Vae =0.2 anc_j aII_ows a direct comparison with the oscilliton particular radiation belt conditions.
waveform ploited in Figs. 8 and 9. In this context, the solar wind appears to be another suit-
able medium to analyze the origin of coherent obliquely
propagating whistlers. First examples of simultaneous mea-
its maximum growth rate is atc/we~ 1. In addition, at  surements of large-amplitude whistler wave packets propa-
the particular wave numbét/we =1, the so-called Gendrin  gating slightly oblique to the magnetic field and beam-like
mode waves exist. The group velocity of such waves is di-electron distribution functions have been presented by Cat-
rected along the magnetic field and coincides with the com-+g|| et al. (2009). Dispersion analysis wifls < 0.5 shows
ponent of the phase speed parallel to the magnetic field. Thighat instability at smalk (kc/we < 0.2) appears if moderate
inturn, is a necessary condition for the appearance of stationheam densitiesi/no ~ 0.05) are taken. It seems that these
ary nonlinear waves (whistler oscillitons) which, therefore, waves play an important role in understanding the evolution
can be considered as nonlinear Gendrin modes. In this congf the solar wind, especially with respect to the strahl and
text, the diSperSion relation of beam-excited whistler waveshalo properties and heat flux regu|a‘[ion_
in a cold plasma has been analyzed leading to relations be- Returning to the STEREO radiation belt observations,
tween the beam speed and wave propagation characteristi¢sg. 10 shows a measured whistler waveform together with a
(frequency, growth rate, phase velocity, propagation angle)hodogram adapted from the paper by Catttell et al. (2008).
In addition, the Vlasov approach is applied to check the mod-=or comparison with the oscilliton waveform plotted in
ifications due to thermal effects. Finally, using a fluid ap- Figs. 8 and 9, the originally measured temporal variation
proach, spatial profiles of obliquely propagating whistler os-js transferred to a spatial waveform by assuming that the
cillitons have been calculated. structure is stationary in a frame moving with the phase
Our studies of beam-excited whistler waves have beenvelocity. If for the present case a phase (oscilliton) velocity
stimulated by the recent satellite measurements in the Earth'ef vpn/ Vae = 0.2 is assumed, the resulting waveform is in
radiation belt. Catell et al. (2008) describe the discoverygood agreement with the spatial profiles of whistler oscilli-
of large-amplitude whistlers aboard the satellite STEREO-Btons (see Figs. 8 and 9). In particular, it means, that the wave-
with peak amplitudes of approximately 240 mV/m. During length is specified b¥c/we ~ 1, which is clear evidence of
the passage through the radiation belt, a sequence of wavé&endrin mode waves and their importance for whistler wave

2001
-200 -1

00 Q 100
E, [mV/m]

Ann. Geophys., 28, 1317325 2010 www.ann-geophys.net/28/1317/2010/



K. Sauer and R. D. Sydora: Beam-excited whistler waves 1325

emission. This aspect has also been discussed in the papBeferences
by Dubinin et al. (2007).
Another interesting signature which one has to note is theCattell, C., Wygant, J. R., Goetz, K., et al.: Discovery of very large
observed ratio between the longitudinal and transverse elec- ahmphtgde Vthltstﬂ%rénl%ii(\;\ir,avgs- Tffégi‘;gg%tgggggg’ Soeooé
o . : ; phys. Res. Lett., 35, , doi:10. , .
'({jrilfez's(l)dn)a ;nspg;upcij;zgv:l:ii;esfg C:[rrt](; thhoe dg;;empg??ﬁgiﬁglcmtell, C., Brengman, A., Goetz, K., etal.: STEREO‘ observqtiqns
. . T . . of large-amplitude, low-frequency waves and their association
imum variance component versus the intermediate compo-

. s with corotating interaction regions, Solar Wind 12, Session 2,
nent for the time interval shown above can roughly be ap-  gaint-Malo, France, 21-26 June 2009.

proximated by a straight ling5, ~ 3E;. This would indicate  cully, c. M., Bonnell, J. W., and Ergun, R. E.. THEMIS obser-
linear polarization, close to the theoretical amplitude ratio of  vations of long-lived regions of large-amplitude whistler waves
Eq. (11); E, =tam E,. To understand what the amplitudes in the inner magnetosphere, Geophys. Res. Lett., 35, L17S16,

of the electric field components in Fig. &;/Eg, mean in doi:10.1029/2008GL033643, 2008.

real units (V/m), reasonable values fagg and By have to Dubinin, E. M., Maksimovic, M., Cornilleau-Wehrlin, N., Fontaine,
be taken to calculat&y = VaeBo. Again, we use the pa- D., Travnicek, P., Mangeney, A., Alexandrova, O., Sauer, K.,
rameters of the Earth’s radiation belt described in the paper Fraénz, M., Dandouras, I, Lucek, E., Fazakerley, A., Balogh,

by Catell et al. (2008)ne0= 4cm-3 and Bo=300nT. For A., and Andre, M.: Coherent whistler emissions in the magne-

- . tosphere — Cluster observations, Ann. Geophys., 25, 303-315,
these parameters one gétg= 45 V/m and an amplitude of doi10.5194/angeo-25-303-2007, 2007.

Ey/Eo=0.01 for the Io_ng't_Ud'nal field. This corre;ponds Dubinin, E. M., Sauer, K., and McKenzie, J. F.: Nonlinear station-
to E; ~450mV/m, which is a value less than twice the 5y \aves and whistler solitons (oscillitons). Exact solutions, J.
measured electric field 6£240 mV/m and this corresponds Plasma Phys., 69, 305-330, 2003.
well considering the assumptions of the model. Of courseGendrin, R.: Le guidage des whistlers par le champ magnetique,
these simple estimations from cold plasma theory are very Planet. Space Sci., 5, 274-281, 1961.
crude. More detailed polarization analysis using the VlasovGoldstein, B. E. and Tsurutani, B. T.. Wave normal directions
approach has shown that significant modifications arise if ki- 0f chorus near the equatorial source region, J. Geophys. Res.,
netic effects become more important with increasing electron 89(A5), 2789-2810, 1984. _
temperature. McKe_n2|e, J. F., Dubinin, E., Sager, K., anql Doyle, T_. B.: The appll_-

Finally, we want to point out that a subsequent paper cation of the const.ants o_f_motlonto nonllr_lear stathnarywavesm
- o - . . . . complex plasmas: a unified fluid dynamic viewpoint, J. Plasma
is in preparation in which particle in-cell simulations are Phys., 70, 431-462, 2004,
usgd to caIcuIat<_e tht_a quaS|—§tat|or)ary states of beam-excne‘gauer’ K., Dubinin, E. M., and McKenzie, J. F.. Wave emission
whistlers. The kinetic PIC simulations (Sydora et al., 2007)  py whistler oscillitons: Application to “coherent lion roars”,
make it possible to calculate the whistler waveforms and am-  Geopyhs. Res. Lett., 29, 2226, doi:10.1029/2002GL015771,
plitudes and their dependence on the most relevant parame- 2002.
ters of the background plasma and the beam, including therstix, T. H.: Waves in Plasmas, American Institute of Physics, New
mal effects. York, 1992.
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