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Abstract. A new type of oscilliton (soliton with superim- 1 Introduction

posed spatial oscillations) is described which arises in plas-

mas if the electron cyclotron frequeng is larger than the  Oscillitons are soliton-like nonlinear structures superim-
electron plasma frequenaye, Which is a typical situation posed by spatial oscillations. Since their first description
for auroral regions in planetary magnetospheres. Both highin multi-ion plasmas (Sauer et al., 2001, 2003; Dubinin et
frequency modes of concern, the Langmuir and the whistle@l., 2002) and for the whistler wave branch (Sauer et al.,
wave, are completely decoupled if they propagate parallel tc2002; Dubinin et al., 2003), there is a continuous effort to
the magnetic field. However, for oblique propagation two find out whether they are of similar physical relevance as
mixed modes are created with longitudinal and transversdhe classical solitons in nonlinear media. Of particular in-
electric field components. The lower mode (in the literatureterest is the question regarding their role in explaining the
commonly called the whistler mode, e.g. Gurnett et al., 1983)origin of waves measured in space. One obvious indica-
has whistler wave characteristics at small wave numbers antion that oscillitons may be directly related to the generation
asymptotically transforms into the Langmuir mode. As aprocess of plasma waves is the observation of wave pack-
consequence of the coupling between these two modes, witats in different frequency regimes. Up to now, the most
different phase velocity dependence, a maximum in phase¢ompelling measurements have been done using the whistler
velocity appears at finite wave number. The occurrence ofvave branch. In the paper by Dubinin et al. (2007) the
such a particular point where phase and group velocity coin@ppearance of wave packets in the Earth’s magnetosphere
cide creates the condition for the existence of a new type ohas been explained in terms of whistler oscillitons driven by
oscillating nonlinear stationary structure, which we call the temperature anisotropy. Subsequent kinetic simulations by
whistler-Langmuir (WL) oscilliton. After determining, by Sydora et al. (2007) have shown that during the nonlinear
means of stationary dispersion theory, the parameter regimgaturation of the temperature anisotropy instability a signif-
in which WL oscillitons exist, their spatial profiles are cal- icant wave number shift (from large values) to the Gen-
culated within the framework of cold (non-relativistic) fluid drin point (where phase and group velocity coincide) takes
theory. Particle-in-cell (PIC) simulations are used to demon-place accompanied by the formation of whistler oscillitons.
strate the formation of WL oscillitons which seem to play As discussed in a recent paper by Sauer and Sydora (2010), a
an important role in understanding electron beam-excitedsimilar process happens during beam excitation of obliquely
plasma radiation that is observed as auroral hiss in planetarpropagating whistler modes. The importance of whistler
magnetospheres far away from the source region. Gendrin modes has also been pointed out recently by Verkho-
glyadova and Tsurutani (2009) showing that the measured
propagation direction of a chorus event in the Earth’s mag-
netosphere agrees well with the calculated Gendrin angle. In
this respect it is remarkable that Gendrin mode radiation in
the same whistler wave branch has been verified experimen-
tally by Stenzel et al. (2008) in a large laboratory plasma.
Oscilliton-like whistler wave packets below the electron cy-
clotron frequency occurred in an electron magnetohydrody-
namics (EMHD) spheromak as a consequence of localized
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In very recent papers the existence of oscillitons in waveterest with emphasis on finding parameter regions that favour
modes other than whistlers has been studied. Ma and Hirosthe existence of growing, spatially oscillating solutions. In
(2010) have shown that lower-hybrid (LH) oscillitons may Sect. 3 whistler-Langmuir (WL) oscillitons are described.
evolve from ion-acoustic/ion-cyclotron solitary waves if in These are nonlinear, stationary structures which arise due to
the underlying set of self-similar equations the effect of elec-the coupling between both underlying wave modes. Since
tron inertia is taken into account. Furthermore, the relevancevhistler-Langmuir waves can be driven by electron beams,
of the LH solitary structures in explaining small-scale den- fluid dispersion theory is applied in Sect. 4 to study this
sity depletions observed by rocket and satellite experimentsnechanism of instability. As suggested by other whistler
has been discussed. Finally, Ma et al. (2011) have investiwave studies (Sydora et al., 2007; Sauer and Sydora, 2010),
gated the charge non-neutrality effects on the excitation ofresults of particle-in cell (PIC) simulations are presented in
electrostatic ion-acoustic oscillitons. Sect. 5 which show that WL oscillitons are formed in the

With respect to Gendrin modes and their physical rele-quasi-stationary saturated state of the beam-plasma interac-
vance, plasmas in the regime where the electron plasma freton. Finally, we propose that WL oscillitons are a possible
quency {e) is larger than the electron cyclotron frequency source of auroral hiss and is an alternative explanation to the
(Re), i.e. G = Qelwe < 1 have thus far been considered. commonly held view that auroral hiss originates from reso-
However, for the auroral region of planetary magnetospheresance cone conditions. This crucial point is discussed in the
the parameter regime is mainly such tlat> we or G > 1. final Sect. 6.

In order to include the large amount of satellite measure-

ments made in this regime we have extended the analysis of

stationary waves, in search of oscillitons, to high-frequency2 High-frequency waves in plasmas witRe>we

waves in plasmas witl; > 1. With respect to wave phe-

nomena known as auroral hiss (e.g. Gurnett, 1966; Gurnet2.1 Dispersion relation

et al., 1983), our main focus will be directed towards the

frequency range around the electron plasma frequency. Fofhe dispersion relation for high-frequency waves in a cold
parallel propagation three wave modes exist and they are thplasma in which the electron cyclotron frequency is larger
Langmuir, whistler and L-mode. than the electron plasma frequen&¥(> we) is derived us-

At obligue propagation the intersection of the whistler anding the same tensor formalism as described in the recent pa-
Langmuir mode leads to mode splitting and associated forper by Sauer and Sydora (2010). The only difference is that
mation of two mixed modes (commonly called the whistler the displacement current has to be taken into account and
and the Z-mode in the literature). Due to the merging of boththerefore, the ratio between electron cyclotron frequency and
modes with different phase velocity versus wave number deelectron plasma frequency (= Qe/we) appears as an addi-
pendence, the lower mode (henceforward called the whistlertional parameter.

Langmuir mode) gets a phase velocity maximum at finite  Starting from the equation of motion of cold electrons
wave number. This is a necessary condition for the exis{protons are considered as immobile background) and the
tence of oscillating spatially growing structures, whose non-Maxwell equations (see e.g. Baumjohann and Treumann,
linear identity is called the whistler-Langmuir oscilliton. Us- 1996), after linearization, one obtains
ing linear dispersion theory we establish the parameter range
in which they exist. The Maxwell-fluid approach is used to dve _
calculate the oscilliton profiles. In order to verify the exis- 9
tence of whistler-Langmuir (WL) oscillitons, particle-in-cell
(PIC) simulations have been carried out using electron beamg B

. . . - —+VxE=0
as a driver of the mainly electrostatic Langmuir waves. The 3¢
results show that the onset of nonlinear saturation is accom-
panied by the excitation of waves whose wave number shifts 1 0 E

. . . ———+VxB =—upeneole

more and more to the point of maximum phase velocity (gen- ¢2 3¢
eralized Gendrin point) where an accumulation of wave en-
ergy takes place. This behaviour illustrates the formation ofUsing the ansatz of periodic solutionsE =
WL oscillitons in the quasi-stationary state and represents thd? * (@, k)exp(—iot + ik-x) one gets the following two
final nonlinear configuration of the beam-plasma interactionvector equations for the electron velock and the electric
process. field E which are functions of» (frequency) and (wave

The paper is organized as follows: in Sect. 2, the disperumber)
sion of high-frequency waves in plasmas with > we is

e
—— (E +vexBo)
m

considered, concentrating mainly on whistler and LangmuirLe: Ve=ceE 1)
waves and their coupling at oblique propagation. In the view
of later nonlinear theory, stationary waves are of special in-F - E =c;(—NeVe) 2)
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Fig. 1. Dispersion branches for parallel propagating waees; 2.

(a) Cold plasma theory, the four modes are the Langmuir mode,
(Lm), the whistler mode (W), the L-mode (L) and the R-mode up
per branch (R)(b) real and(c) imaginary part of frequency versus

wave number from Vlasov approach usifig= 0.002. The real
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Fig. 2. Frequency»/we and phase velocitypp/c versus wave num-

ber kc/we for two propagation anglesi@) 6 = 0°, (b) 6 = 15°,

G =5. Mode splitting which occurs at obliqgue propagation is
clearly seen. Coupling between the whistler mode (W) and the
Langmuir mode (Lm) leads to the whistler-Langmuir mode (WL).
The original whistler mode at large wave numbers is named the Z-
mode. The GSS point in Fig. 2b indicates maximum phase velocity.
The gap above this point, drawn as a shaded grey strip, marks the
region in which WL oscillitons are expected.

by the angl&. All quantities are written in normalized units;
the frequency is in units of the electron cyclotron frequency,
y = wl/Qe, the wave number is normalized to the reciprocal
electron skin lengthy = kc/we, the electron velocity is in
units of the electron Alfén velocity Vae = Bo/(uoneme)/?
and the electric field in units dfg = VaeBo. By matrix mul-
tiplication of Eq. (2) withLe the electron velocity can be
eliminated which results in the equation fBrasM -E =0

" where the dispersion matrM is given byM =L, -F —y?l.

The condition for a non-trivial solution of the electric field

frequencies of both approaches agree very well. The onset of ki€duation leads to the dispersion relatioty, x) = DefM] =

netic damping of the whistler mode (solid line) fb#/we > 1 and
the Langmuir mode (dashed line) in regidrisp > 0.2 (Ap is the
Debye length) is clearly seen.

—NeVe is the electron current in normalized unit8e = 1.
The other quantities, such as the matricgsF and the co-
efficientsce, c;, are defined as follows:

Le={{y% —iy,0},{iy,»20},{0,0,y%}}, ©)

F = {{x%c0£6,0, —x?sind co}, {0, x2,0},

{—x2singco, 0, x%sirfo}} — G2y2I, (4)
where ce = c; =iy and | is the unit tensor:
1={{1,0,3,{0,1,3,{0,0,1}.

The undisturbed magnetic fieR is in the z-direction and
the propagation vectdr= (ksing, 0, kco9) is inclined to it

www.ann-geophys.net/29/1739/2011/

0. Finally, one gets a polynomial in (frequency) of fourth
order inz = y2 which can be written as

D(y,x) = Co+C1z+ Caz2+ C3z> + Cyz* (5)
with the coefficients

Co = —Ccos0x?,

C1 = 14+ (24 G(1+c0£0))x? + (G2 + L)x*,

Co = —3G° — G*— (4G?*+2G*x? — G°x*,

C3 = 3G*+G%+2G%2

Cs=-G°

The procedure is equivalent to the magnetoionic theory in
which the dispersion relation is normally written in the form

(e.g. Stix, 1992; Baumjohann and Treumann, 1996; Willes
and Cairns, 2000)

AN*+BN?4+C=0 (6)

Ann. Geophys., 29, 1I7//328-2011
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Qe, the L-mode (L) and the R-mode upper branch (R). With
increasing wave number the last two modes become the free-
space light wave branch. In order to get an impression of
the modifications that may arise in the case of a kinetic treat-
ment, an example of Vlasov dispersion analysis is presented
in the lower two panels of Fig. 1 for the same parameters
(0 =0, G =2), but using a finite electron plasma beta of
Be=0.002. From Fig. 1b it is visible that for all four modes
the real part of the frequency is only slightly modified in
comparison to the cold fluid results of Fig. 1a in regions of
large wave numbers in which kinetic damping appears, as
shown in Fig. 1c. The Langmuir wave (short dashed line)
is weakly damped as long &3.p, < 0.1 (Ap is the Debye
length). The cyclotron damping of the whistler wave (solid
line) becomes significant &t/we > 1.

Whereas for parallel propagatios £ 0) both modes of
concern, the Langmuir and the whistler wave, are completely
decoupled, mixed modes with longitudinal and transverse
electric field components are created at oblique propagation.
Such a kind of mode connection has been discussed in previ-
ous papers on “generalized Langmuir waves” (see e.g. Willes
and Cairns, 2000, and references therein) in order to explain
the appearance of transverse waves for beam-excited Lang-
muir waves. How the dispersion characteristics change in the
transition from parallel to oblique propagation, is shown in
Fig. 2, where the dispersion of the (lower) three wave modes
(Langmuir, whistler and L-mode) is shown for (&)= 0°
and (b)6 = 15° taking G =5. The mode splitting is clearly
seen and as a consequence of the merging of the whistler
and Langmuir mode, the resulting mixed mode (at oblique
propagation mostly called the whistler mode, Gurnett et al.,
1983) has whistler wave characteristics at small wave num-
bers and asymptotically transitions into the Langmuir mode.
A significant feature of this mode is the appearance of a
phase velocity maximum at finite wave numbets/(e < 1),
which results from the different (phase velocity-wave num-

Fig. 3. Frequency, wave number and (maximum) phase velocity atber) dependence of both merging modes, and the associated

the Gendrin point versus the propagation argfer three values
of G; G =10 (solid line),G = 2.5 (short-dashed line) and = 1.3

gap above it. As known from previous studies of nonlin-
ear stationary structures on other wave branches (multi-ion

(long-dashed line). The dotted curve in the upper panel represent@aves, whistler waves in plasmas with < 1 and lower-
the frequency dependence according to the resonance cone formu'ﬁybrid waves: see Sauer et al.. 2001: Dubinin et al.. 2003:

Ma and Hirose, 2010), such mode characteristics are favor-
able for the existence of oscillitons. For obvious reasons,

(N = ke/w) with A = SsinP6 + Pcosd, B = (5% —
D?)sir?6 + PS(1+cog6) and C = P(S? — D?) where S,
D and P are given byS = (1/2)(R+ L), D = (1/2)(R — in this work.
L),R=1-03 [(w(+Qe)), L =1— 3 l(0(—Qe)) and P = An interesting feature with respect to later discussions
1—wZlw?. Our tensor formalism as described above, how-ahout main wave characteristics related to oscillitons, con-
ever, has the advantage that it is easier to handle with th@erns their parameter dependence on the propagation angle
advanced symbolic tools dlathematica 6. Because of its general relevance for plasma wave emis-
Solutions of the dispersion relation (5) are shown in thesion, which has been pointed out in earlier studies by Gen-
Figs. 1-3. For parallel propagatios £ 0) the dispersion drin (1961), Sauer et al. (2002) and Sydora et al. (2007),
of the high-frequency modes is illustrated in Fig. 1a) usingthe point of maximum phase velocity is marked in this
G = 2. There exist four modes which are the Langmuir modecontext by “GSS” to indicate the generalization of Gen-
(Lm) at w = we, the whistler mode (W) which resonates at drin’s concept originally developed for usual whistlers in

we use the term whistler-Langmuir oscilliton to describe the
mixed mode nonlinear stationary wave structure considered

Ann. Geophys., 29, 1739453 2011 www.ann-geophys.net/29/1739/2011/
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overdense plasmasG(< 1). Using the basic dispersion
relation D(w,k) = 0 according to Eq. (5), the frequency,
wave humber and (maximum) phase velocity of the mixed
whistler-Langmuir mode at the GSS (generalized Gendrin)
point are plotted in Fig. 3 as a function @ffor three values

of the paramete6 = Q¢lwe (G =10, 2.5, 1.3). As seen in
the upper panel, fo6 > 1 and small propagation anglés

the “oscilliton frequency” is close to the electron plasma fre-
quency and decreases with increasthgown to about the
lower-hybrid frequency, whereas the related wave number
varies betweekc/we ~ 1 andkc/we > 0.2.

The angle dependence is an important signature which will | ! L L
be used in later discussions of plasma radiation measured
by satellites in space. However, it should already be men-
tioned here, that the “oscilliton frequency” versugxhibits
a clear difference compared with the prediction of the reso-
nance cone formula (plotted in the upper panel of Fig. 3 as
a dotted line; see e.g. Eq. (1) of Gurnett et al., 1983) which
is normally used to explain the funnel-like wave spectra of
point sources in auroral magnetospheres. 7

Lm

Lm

2.2 Stationary waves

The first step in describing oscillitons is to analyse the cor-
responding linear stationary waves. From the dispersion re-
lation for high-frequency waves in a cold plasma, a phase

0.8

L
0.9

U/c

1.0

velocity gap exists in the region between the Langmuir moderig. 4. Wave number (real and imaginary part) versus “oscilliton ve-

and the whistler mode, as illustrated in Fig. 2. It is in this re-
gion where complex wave numbe¥s=£ k; +ik;), represent-
ing oscillating growing solutions, should occur. To calculate
k=k(U), whereU is the velocity of the moving stationary
structure, the linear dispersion relation of the cold fluid ap-
proximation D(w, k) = 0 in the form of Eq. (5) is used and
one replaces with kU, that meansy — xU. The result is

a polynomial inz = x of third order

D(x,U) =Co+ C1z+ Coz?+C37° 7

with the coefficient<g to C3 given by

Co= —~U?

C1 = co$0 + (2— G?— G?co0)U? + (G*—3G%HU*
Cy = (G?— 1) U?+(4G? - 2GHU* +(G® - 3GHU®
C3 = —G?U*+2G*U® - G%U®

locity” U resulting from the coupling between Langmuir (Lm) and
whistler mode (W) at oblique propagatiof;=5, # =5°. Around
U/c ~ 0.9 growing oscillating waves (oscillitons) may exist.

like in a plasma with G:1 (see Fig. 7 in Sauer and Sydora,
2010), and will not further be considered here.

3 Whistler-Langmuir oscillitons

The procedure to calculate the spatial profiles of whistler-
Langmuir oscillitons as a particular type of stationary non-
linear structure in a magnetized electron-proton plasma with
G = Qelwe > 1 is the same as previously described in other
papers on oscillitons, especially on whistler oscillitons in
overdense plasma&i(< 1); e.g. Sauer et al., 2002; Dubinin
et al., 2003; Cattaert and Verheest, 2005). Since whistler-

Equation (7) represents the dispersion relation of stationaryrangmuir oscillitons arise from the coupling between two
high-frequency waves which can easily be solved by standifferent wave modes whereby one of them, the Langmuir

dard routines. An example is shown in Fig. 4 f@=5 and
6 =5° where “W” marks the whistler mode and “Lm” stands
for the Langmuir mode. The complex solutibexists just in

mode, is mainly electrostatic because of charge separation,
the Poisson equation and the displacement current are essen-
tial terms that have to be taken into account.

the phase velocity gap marked in Fig. 2 by the shaded strip. It As is common in soliton theory, the analysis of WL os-
is caused by the coupling between the whistler and the Langgillitons is carried out in a slab model where all parameters
muir mode at finite propagation angle. Correspondingly, theonly depend on the x-coordinate. Here, the plasma forms

imaginary part oft disappears ib goes to zero. The dot-
ted curve in thé; plot (lower panel of Fig. 4) belongs to the
phase velocity maximum of the whistler modekaf we > 1,

www.ann-geophys.net/29/1739/2011/

the rest frame in which the structures move with the veloc-
ity U in the x-direction. The undisturbed magnetic field
lies in the x-z plane, inclined by the andglerelative to the

Ann. Geophys., 29, 1I7//328-2011



1744 K. Sauer and R. D. Sydora: Whistler-Langmuir oscillitons and their relation to auroral hiss

y L 1.05 A L
1.1 - | i
o ] [ [0}
S 1.0 - 5100 - L
0.9 B 1 i
T T ] T T T T
0.02 L 1 L
j i 0.02 - ; L
& 0.00 - - 2 0.00 - | -
| I —0.02 B
—0.02 - ] I
T T T T | T T
0.05 + B 0.02 |
= 0.00 - e 0.00 i
—0.05 - L —002 4
T T T T B T T T
] 3 0.05 - L
0.05 - _ - | I
< 0.00 ' . o 0.00 -
—0.05 5 1 I
1 i —0.05 L
T T T T T T T T T T T T
~50.0 0.0 50.0 —250 -125 0 125 250
x(we/ ) x(we/©)

Fig. 6. Spatial profiles of a WL oscilliton, as in Fig. 5. Here, the
parameters ar& = 1.5 andd = 30°. The oscilliton velocity was
selected a3/ = 0.48965.

Fig. 5. Spatial profiles of a whistler-Langmuir oscilliton takigg=

5 andé =5°; from top to bottom: electron density normalized to

neo, X- and y-component of the electric field in units B§ = c¢Bg

and the y-component of the magnetic field normalize®o The

oscilliton velocity was selected @g = U /c = 0.9085. Continuity equations:
npoM . neoM

_ _ N 11
M—vp) & (M —vex D

x-axis, B = Bo(cod, 0, sirg). No thermal effects are in- P

cluded. Vlasov dispersion theory verifies the cold plasma ’
assumption since kinetic damping in the wave number rangé\Mmpere’s law:
of interest (cc./a)e <1) of both the Langmuir and the whistler dBy NpVpz—nevez  dBy NpVpy —Neley
wave mode is weak as long as for moderate values of G thed =+ 2 o= e (12)
: 5 x 1-M?G dx 1-M?)G
electron plasma beta remains small enoygih<0.02/ G“). . _
Analysis of stationary solutions to the magnetized fluid- Poisson equation:
Maxwell equations in which the time dependence appears; g,
only in the form f (x — Ut) leads us to the following set of =(np—ne)/G (13)

. . . . dx
equations, written in normalized form as: )
Faraday equation:

dv

% = ZL;; (Ex ~+ ve,pyBz — Ue,szy) / (M - Ue,px) (8) Ey=M (B;—Bz0) ; E;=—MBy (14)

do The spatial coordinate is normalized to the collisionless

@lepy _ dep (Ey —vepxBz+vepzBx) /(M —vepx)  (9)  electron skin depthi(— xwe/c). M is the oscilliton velocity
dx Hep normalized ta, the speed of light = U/c and correspond-

ingly, all velocities are normalized t@ The electric field is

in units of Eg = ¢Bg Where By is the undisturbed magnetic

dvepz  qep field value. e p is the relative mass (in units of the electron

Tdx ptep (Ez+vepxBy —vepyBx) /(M —vepx)  (10) massme), pe i 1, up = mp/me; gep is the electric charge

Equations of motion for electrons and protons:

Ann. Geophys., 29, 1739453 2011 www.ann-geophys.net/29/1739/2011/
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with ge=—1, gp = +1. Relativistic corrections in the equa- 0.4 30
tions of motion (see e.g. McKenzie et al., 2005) are not con- L
sidered here since all velocities remain small compared with i L
¢ (v/c 0.1). The system of Egs. (8)—(14) admits the fol- ~ ~” ﬁg
lowing constants of motion (momentum flux conservation), ~_ 0.2 - WL - 1.0 >
(e.g. McKenzie et al., 2004, 2005). 3‘*

M (pevex+ itpvpx) +0.5((B2— 1)+ E2 G?)=0 (15) i b i

M (Mevey+ﬂpvpy)+3x By + Ex EyG=0 (16) 0.0 ' ; f 0.0

M (jLevez+ ppvpz) +Bx Bz + Ex E;G =0 a7) 4
WL

A

[0}
Therefore, the magnetic field components, for example, can .
be expressed as a function of the velocity and electric field ~_ 0.1+ -05F
components. r&

To find oscilliton-type solutions of the system of equations = 1
given above, for a chosen set of paramet@i@ndd, one has
to select an “oscilliton speedV for which, from linear sta- 0.0 .
tionary theory, growing solutions are predicted. As an initial
disturbance, only for the transverse electron velocity, a finite
valueve; < 1 in the range 10°-10~* was taken. All other /WL
disturbances were set to zero. For such initial conditionsthe & 0.01 - - 0.05
resulting spatial profiles have almost the same amplitude anc ™,
width, which is a characteristic signature of solitary struc- 3
tures. Using the parameters of Fig.@ £ 5, 6 = 5°), spatial
profiles of a whistler-Langmuir oscilliton are shown in Fig. 5.

It has the typical wave packet structure with spatial oscilla- 0.00 ' ' ' ' 0.00

tion wavelength approximately~ 6c/we, in agreement with 0.0 2.0 4.0

the predictions of Fig. 4 where the maximum/igpfappears kc/we

atkrclwe ~ 1. Since the wave packet has a characteristic ex-

tension of about 10§ we, for a phase velocity close tothe  Fig. 7. Excitation of whistler-Langmuir waves by an electron beam
wave packet repetition time is about 140" and related dispersion of the three wave modes in the vicinity of

Figure 6 shows another example of a more extendedhe electron plasma frequenay for an (underdense) plasma with
whistler-Langmuir oscilliton usings = 1.5 andd =30°. Us- G =Qelwe =5 at oblique propagatior§ = 30°, see also Fig. 2.
ing Fig. 3, itis easy to determine that the corresponding oscil-The beam density isp/n, =0.001 and beam velocityp/c =0.3.
liton velocity decreases tf ~ 0.5. Its chosen, exact value The WL mode begomes unstable and has its maximur_n_ growth rate
is M = 0.48965. For these parameters, the WL wave packef"tkc/wew 3.3, which follows from the resonance conditibi, ~

: 50D, fi . : we. The notation “b/WL” should indicate that the instability arises
has an extension of about e, five times more than in from the interaction of the beam (b) with the whistler-Langmuir

o /1

L

0.0

9

T

9(‘9/

the previous case. The wave length of the spatial oscillitons(WL) mode
is similar as before determined by/we ~ 1. ’
4 Beam-excited whistler-Langmuir waves Maxwell equation; see also Sauer and Sydora (2010). The

electron beam is assumed to move parallel to the magnetic
Before presenting particle simulations of beam-excitedfield with a velocityVy,. The resulting dispersion relation can
whistler-Langmuir waves, their regime of linear instabil- now be written as a polynomial of 12-th orderdnor y, re-
ity is studied by means of fluid dispersion analysis. Forspectively.
our situation of interest, with wave numbers in the range A representative example for the dispersion of beam-
ke/we~ 1, cold theory is a sufficient approximation as a first excited WL waves, usings =5 and6 = 30°, is shown in
step. This is because of the corresponding small values ofFig. 7 for a beam with a density ofy/n, =0.001 and a
kLp = (kc/we)(ve/c); as long as the electron thermal veloc- velocity of V/c =0.3. The instability is of Cerenkov-type
ity ve is small compared to c this allows us to neglect Lan- and arises from resonant interaction of the beam meode
dau damping. The procedure to derive the dispersion relak Vpco® with the mostly electrostatic part of the whistler-
tion D(w, k) = 0 follows the same steps as described above L angmuir mode, very similar to beam-plasma interaction in
but adding a second equation of motion for the beam elecisotropic plasmas. The maximum growth rate appears at
trons and a corresponding contribution to the current into thekc/we ~ (Vp/c) L.
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Fig. 8. Excitation of both modes, the whistler-Langmuir mode and
the Z-mode G = 1.5, § = 30°), by an electron beam with param-
etersnp/n, =0.01, V/c = 0.15. The notations “b/WL" and “b/Z”
should indicate the different origins of both instabilities.

ke/w,

Fig. 9. Dispersion of beam-excited Langmuir waves, Vlasov ap-
proach: Real (top panel) and imaginary part of frequency (bottom
and the Z-mode, are not so largely separated, this mean¥/asov dispersion theory. The parameters afe=0° (parallel
~ 1. and simultan citation ne and th me el propagation),G =5, ﬂe:O_.OOLnb/nO:O.OO_S, Vb/c=0.5 apd .
G » and simultaneous excitation by one and the same e ed;b/Te:O.S. The dotted line marks the whistler mode which is

f[ron beam is possible. Such a situation is shown in Fig. 8 us'nearly undamped within the considered wave number range. The
ing G =1.5. The beam parameters aig/n, =0.01, Vp/c =

. . i - scale on top gives the wave number in units of the reciprocal Debye
0.15. The second maximum of instability &t/we > 10 S |engtha;, according toki p = G (ke/we) (Bel2)Y/2.

due to Cerenkov interaction with the Z-modewat- Qe. Be-
cause of the large wave number, however, it may happen that
the growth_ rate is strongly redu_ce_zd ano_l, possibly, the SEC  inetic simulations of beam-excited waves
ond instability is completely annihilated if Landau damping

effects are taken into account.

Next, modifications of the whistler-Langmuir wave disper- Fully electromagnetic particle-in-cell (PIC) simulations (1-
sion in thermal plasmas are discussed, which occur if resoD real space and 3-D velocity space) have been carried out
nant wave-particle interaction begin to play a role. From theusing the model described in our previous study of paral-
relationve/c = G (Be/2)~1 and G > 1, this may happen in lel propagating whistler instability driven by electron tem-
plasmas with relatively low electron beta. One example ofPerature anisotropy (Sydora et al., 2007). The background
how the beam instability is affected by finite electron tem- magnetic field lies in the x-z plane, inclined by the angle
perature effectsds = 0.001) is shown in Fig. 9 using Vlasov relative to the x-axis such thdt = Bo(co9, 0, sirp). Rel-
dispersion theory. As shown in the figure, the most pro_ativistic effects are included in the equations of motion for
nounced effect is the kinetic damping of the beam mode itselthe charged particles. Three species of plasma charged par-
which leads to a reduced growth rate of the instability com-ticles are included in the simulations: electron beam) (
pared with cold plasma conditions. With increasing electronbackground electronsz) and ions. The plasma is as-

piasma beta an increasing beam density is necessary to Corﬁumed to be cold and a realistic proton to electron mass ratio
pensate the enhanced damping. (milme=1837) used. The boundary condition on the parti-

cles and fields in the x-direction were taken to be periodic.
Particles are loaded uniformly in the x-direction and approx-
imately 100 particles per cell were used for each species.
The number of cells was taken Ag = 1024A with cell size
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Fig. 10. Temporal evolution of the electrostatic (upper blue curve) 3“ 1.0+ -0.1 _,S
and magnetic energy (red curve). The parameters used in the simu ) T bL L e
lation are:G =5, 0 =5°, np/n, =0.002, V,/c =0.5. Saturation of L ' (DS
both components occurs at abaxt = 180. 0.0 +<&== | : ’ L | : 0.0
0 1 @ 3 4
A =0.1c/we. The time steeAt = 0.05 was selected to en- kC/COe
sure the Courant conditiore £t/Ax < 1) for light waves is
satisfied. Fig. 11. Temporal evolution of the magnitude of the magnetic field
The parameters chosen are similar to that of Fig. 7, butcomponeny (logarithmic scale) versus wave number (on top) and
with 6 =5° and a larger beam velocityG = 5, np/n, = related linear dispersion (on bottom). Solid curves represent the

0.002, Vp/c = 0.5. A higher beam velocity was chosen in or- real part of frequency; the dotted curve indicates the growth rate.
' The maximum intensity oBy at kc/we ~ 2.2 in the upper color

der to reduce the resonant wave number which follows from ) ;
the relationkc/we ~ ¢/ Vo. As a result, Fig. 10 shows the plot results frqm resonant beam-plasma |nteract.|onw@xtz 200,

€ b T ) a second maximum appears neafwe = 1 and begins the accumu-
temporal evolution of both t.he electrostatic and mggnetlc €Mation of wave energy at the Gendrin point which is related to the
ergy. After the end of the linear growth phase owing to res-¢5 mation of whistler-Langmuir oscillitons.
onant beam-plasma interaction, at abegt= 180, the sys-
tem begins to saturate and remains at nearly the same energy

level. Because of the small propagation angle and the assq2) The subsequent saturation process is accompanied by the
ciated dominance of electrostatic (Langmuir) waves, it is notnonlinear excitation of waves whose spectrum shifts during
surprising that the electrostatic energy exceeds its magnetighejr temporal evolution more and more to shorter wave num-
counterpart by more than two orders of magnitude. bers. (3) If a generalized Gendrin point exists in that range

Interesting characteristics of the beam-plasma instabilityof wave numbers, the waves may accumulate around this
and the subsequent nonlinear saturation become visible ipoint, finally forming stationary nonlinear structures there.
Fig. 11 where the temporal evolution of the magnetic field In our particular case, that means the occurrence of whistler-
componentBy is plotted versus the wave numbar/we to- Langmuir oscillitons. The described process of nonlinear
gether with the linear dispersion of the relevant wave modesyave generation in the whistler-Langmuir frequency range
in the frequency range close to the electron plasma freis also evident from Fig. 12 in which theo( k) spectrum
quency. As predicted, maximum growth rate appears abf both the electric and magnetic field, calculated over the
kc/we~ 2.2. As further observed in the figure, the instabil- whole time interval, is shown. Whereas the spectrum of the
ity saturates at abouter = 180. In this context, a remarkable electric field reflects predominately the source region around
signature is certainly the occurrence of a second maximum okc/we ~ 2.2, the shift of the magnetic field spectrum to the
By inthe vicinity ofkc/we =1 at nearly the same time. Con- Gendrin point kc/we~ 1), where the wave has mainly elec-
sistent with our preceding studies on the physical meaning otromagnetic character, is clearly visible. The rati®/E is
generalized Gendrin modes, we suggest that these waves reglose to unity there. Since waves with/we ~ 1 are gener-
resent whistler-Langmuir oscillitons. Obviously, they arise ally weakly damped, Gendrin mode waves, once generated
from the accumulation of waves at the point where phasesomewhere, may propagate over large distances without any
and group velocity coincide. great dissipation.

Altogether, we physically describe the following process Therefore, the PIC simulations have demonstrated that
of beam-plasma interaction: (1) large-amplitude electro-one has to distinguish between two types of waves which
static waves are generated by resonant Cerenkov interactiomay be essential for the interpretation of hiss phenomena in
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independent modes, become coupled and develop into mixed
modes for propagation oblique to the background magnetic
field. On the other hand, this mode coupling, leads to a par-
ticular dispersion of the lower mode (here called the whistler-
Langmuir mode) which is characterized by the occurrence
of a Gendrin point where the phase- and group velocity co-
-6 incide. Finally, this provides the requirement for the ex-
istence of stationary waves with growing oscillating struc-

- ture which, in our particular case, means the existence of
-8 whistler-Langmuir oscillitons.

9 Evidence of nonlinear stationary structures represents an
o important first step in plasma theory. But, it remains incom-

plete if the problem concerning their driving mechanism is
not addressed. Since Langmuir waves can easily be excited
by beam-plasma instability, it is apparent that this process
is also the dominant source of whistler-Langmuir radiation.
In contrast to the purely electrostatic Langmuir waves well
studied in past, analogous investigations in magnetized plas-
mas at oblique propagation, however, require the full appa-
ratus of electromagnetic plasma dispersion theory and less
work on this has appeared in the literature (see e.g. Kennel,

Fig. 12. (w, k) spectrogram of the electric (on top) and magnetic 1966; Maggs, 1976; Lin et al., 1984; Morgan et al., 1994;
field components (on bottom). Color scale indicates logarithmic .~ ' . . " , v '
magnitude. The dashed white lines represent the dispersion curve\*évIIIes gnd Cf’;urn_s, 2000; .Kon etal., 2010). .

from fluid theory including the beam. The dotted black line marks Our investigation consisted of two parts. In the first part,

the light curve /k = ¢, which forw > we is nearly identical with ~ We consistently applied the magnetized fluid-Maxwell the-
the L mode. Maximum electric and magnetic field intensity appearOry to both the: (i) full electromagnetic dispersion analysis
at the intersection of the whistler-Langmuir mode Wb + we) of beam-excited whistler-Langmuir waves and (ii) studies on
with the Cerenkov beam mode b ¢ kV},). A second maximum  whistler-Langmuir oscillitons as a particular type of station-
of magnetic energy appears at the Gendrin point kegwe =1,  ary nonlinear wave. In the second part, particle-in-cell (PIC)
w "~ We. simulations have been performed to understand how the two
aspects of the fluid approach (beam-plasma instability and
oscillitons) remain in relation to the evolution of the beam-
magnetospheric plasmas. One occurs in the source regioglasma instability and its nonlinear saturation.
and is directly related to the beam-plasma instability, which  There is clear evidence that the beam-instability in plas-
generates mostly electrostatic waves with relative large wavgnas with G > 1 proceeds in the following steps: in the
number,kc/we > 5, depending on the beam velocity. The |inear stage, mostly electrostatic (Langmuir) waves are ex-
other is associated with whistler-Langmuir oscillitons as acijted in the wave number range &t/we ~ ¢/ Vp Where
class of stationary nonlinear waves with/we ~ 1 which v, is the beam speed. Since the frequency at large wave
may form away from the source as consequence of (nonlinnymbers and propagation angle are related by the resonance
ear) wave number shift from the range of unstable waves tQ:one condition, this explains why a funnel-like spectrum
the Gendrin point where phase- and group velocity coincidejs a typical feature of plasma radiation originating in the
source region where electron beams are present (Gurnett et
al., 1983). The subsequent process of nonlinear saturation of
6 Discussion and summary the beam-plasma instability is characterized by the excitation
of waves whose spectral maximum shifts in time to smaller
The main focus of this paper was directed towards the deand smaller wave numbers up to the Gendrin point where the
scription of whistler-Langmuir oscillitons as a new type of phase velocity reaches its maximum. Here, an accumulation
solitary structure existing in plasmas in which the electronof wave energy in the form of whistler-Langmuir oscillitons
cyclotron frequencyQe) is larger than or comparable to the takes place. Because the oscilliton-related wave numbers are
electron plasma frequency, i.6.= Qe¢/we > 1. Another as-  kc/we~ 1, the corresponding waves are only weakly damped
pect was to show how they arise and to reveal their physi-and so may propagate over large distances without great loss.
cal relevance in interpreting plasma radiation in space, espe- The observed wave number shift from large to small val-
cially auroral hiss in planetary magnetospheres. The propues seems to be a more general feature of nonlinear plasma
erty G > 1 has the consequence that both the whistler anddynamics, completely different from linear processes owing
Langmuir wave, which intersect at parallel propagation asto density gradients as considered, for example, by Morgan

0 05 1.0 15 2.0
kc/(-,)e
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Fig. 13. Temporal evolution of the magnitude of the magnetic com-
ponentBy versus wave numbetc/we (upper panel) anddf, k)
spectrum ofBy (middle panel) from PIC simulations. The param-

eters areQe/we =2, 6 = 30°, np/ng = 0.005, Vj/c =0.15. Lower ists of the short le b ited ith lenath of
panel: Fluid dispersion of beam-excited whistler-Langmuir waves; >'5ts O e short-scale beam-excited wave with a wave 1engin o
A~ 0.9c/we, in good agreement with the value following from the

real and imaginary part of frequencwy) versus wave num- o
@ ginary p 4 WO resonance conditiobc/we ~ ¢/ Vy (Vp/c = 0.15). The average ex-

ber. The dotted curve represents the growth rate. Dashed lines on

bottom panel indicate strong damping appearing in case of kinetictenS'on of the wave packet itself is well related to the wave number

treatment. of the corresponding Gendrin mode,/we < 1; see Fig. 3.

Fig. 14. Spatial profile of the magnetic field componeBy at
wet =400 for the same run as in Fig. 13. The lower plot shows
a wave packet with an extension of aboutcAde which con-

et al. (1994). It has also been found in simulations in-dard models of auroral hiss generation and propagation suf-
cluding other wave modes, e.g. whistler waves in plasmader from the obvious discrepancy between strong Landau
with G < 1 driven by temperature anisotropy (Sydora et damping of whistler-Langmuir waves at large wave numbers
al., 2007; Schriver et al., 2010) and electromagnetic ion-within the source region and the observational fact that au-
cyclotron (EMIC) waves in single- and multi-ion plasmas roral hiss may propagate over large distances. Keeping in
(Silin et al., 2011; Usanova, 2010). In a recent study bymind, however, the PIC simulation results shown in Figs. 11
Schriver et al. (2010), which is directly relevant for whistler and 13, after which spectral shift to smaller wave numbers
emission in the inner magnetosphere, 2-D particle-in-cellis an accompanying fundamental element of nonlinear wave
simulations have been carried out showing that the linearlysaturation, the above discrepancy finds a natural solution.

stable wave modes below3R. are nonlinearly excited by Another point that should be mentioned concerns the occa-
wave-wave coupling between two different wave modes ofsjonal observation of plasma radiation above the local plasma
the unstable spectrum. frequency as discussed in the paper by Kopf et al. (2010) for
It seems that the concept of nonlinear wave number shiftauroral hiss at Saturn. They argue that such emission is not
has important implications for radiation problems. For ex- allowed and try to explain the observed effect by Doppler
ample, following the paper by Morgan et al. (1994), stan- shift owing to spacecraft and plasma motions combined with
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=~ 0.5 — Fig. 16. Whistler-Langmuir waves in plasmas wit > 1:
(a) schematic view of the two types of wave generation. Accord-
T B ing to experimental conditions in the bottom pan@l= 1.5 was
O O taken. In the source region predominantly electrostatic waves with
. ' ' ' ' ' ke/we>> 1 are generated by temperature anisotropy and/or electron
0 2 4 6 beams. The frequency of these unstable waves is approximately
given by the resonance cone condition (dotted red line). Nonlin-
kc/coe ear wave number shift into the regida/we ~ 1 drives whistler-

Langmuir oscillitons which are probably the main contribution to
Fig. 15. From beam-plasma instability to oscillitons, different electromagnetic wave emission. The solid red curve repre_sents their
steps in the generation of plasma radiation under auroral condifrequency-angle dependeno(dn) Spectrogram of the electric (up-
tions, Qe > we (schematic view). The beam-plasma instability gen- per panel) and magnetic components measured by the plasma wave
erates predominately electrostatic waves in the wave number ranglgs_trument (PW1) onboard the Polar spacecraft (adapted from San-
of kc/we~ ¢/ V> 1, whereVy, is the beam speed. After its sat- tolik and Gurnett, 2002).
uration a nonlinear wave number shift to small values takes place.
Finally, the wave energy accumulates around the point of maximum
phase velocity (Gendrin point) which ends with the formation of which is marked by the dashed red circle in the bottom panel.
whistler-Langmuir oscillitons atc/we < 1. In the second panel of Fig. 13, which shows the magnitude

of the magnetic field componerty for w versusk, there

is a clear signature that indicates the wave modes above the
the large wave numbers at the plasma resonance dy). plasma frequencye, in particular the Z-mode, becomes ex-
Our PIC simulations, however, give hints that the appear-cited. Our suggestion, supported by additional PIC simula-
ance of electromagnetic waves above the electron plasm#tons, is that the excitation is related to mode coupling that
frequency is possibly related to mode coupling which hap-happens nearby the cross-over point. However, one has to
pens near the (cross-over) point where the Langmuir modéake into consideration the weak damping of the involved
merges with the other two modes (whistler mode, L mode).wave modes in the wave number rangekofwe ~ 1. Al-
This effect of mode coupling has already been discussed withhough such mode coupling is not directly evident from the
respect to Fig. 11 and is shown once again in Fig. 13 in adispersion curves in the lower panel of Fig. 13, where both
more pronounced manner. As seen there, wave energy iwave modes, the whistler-Langmuir mode and the Z-mode
transported from the source region arougdwe ~ ¢/ Vp to appear as independent entities, their connection becomes ap-
the cross-over region near to the Gendrin pdiaitwe ~ 1, parent if the dispersion of the corresponding stationary waves
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Fig. 17. Whistler wave bands and gaps in plasmas wite: Qe/lwe < 1. Left: the schematic view illustrates that the source region and the
region of whistler-Langmuir oscillitons are well separated and that frequency bands and gaps exist below afd/2boMee red dotted

curve corresponds to the resonance cone formalz ~ co® of the source region. The red solid curve represents the (Gendrin) oscilliton
frequency versus the propagation anglaccording taw/Qe = 0.5c0% (see e.g. Sauer and Sydora, 2010). Right: frequency spectrogram,
color coded in electric field intensity (adapted from Schriver et al., 2010). The WBD wave data show multiple bands and gaps of whistler
wave emission, in reasonable agreement with the predictions in the left panel.

in Fig. 4 is considered. There is a region of spatially growingtion of the wave generation process. In Fig. 15 a schematic
solutions which connects both of them and may explain whyview is given: (A) the first step consists of the excitation of
wave activity aboveve can also exist. quasi-longitudinal waves by beam-plasma instability; maxi-
mum instability appears at wave numberscofwe ~ ¢/ Vj.

The fact that in the final stage of the beam-plasma inter- : . .
action, as described in Fig. 13, at least two modes with dif-(B) The subsequent saturation process is accompanied by
' o a wave number shift in the direction of smaller values.

ferent wave number: mparable ampli re simul; . . . .
erent wave numbers but comparable amplitudes are simu C) If the (Gendrin) point of maximum phase velocity near

taneously present is also well seen at the spatial profiles oi )
yp P P c¢/we =1 is reached, the wave energy accumulates there

the electric and magnetic field components. As an exampleand is associated with the formation of nonlinear stationar
in Fig. 14 the magnetic fieldy(x) is shown atwer = 400 y

waves in the form of whistler-Langmuir oscillitons. These

for the same numerical run as in Fig. 13. As expected, it aves are weakly damped and mav propagate over large dis-
reveals a pronounced wave packet structure. Besides th\t%nces How theyfre uznc of the{vF\;o giffgerent wavetg s
short-scale mode due to the beam excitatior, (~ we) with ’ q y yp

a wave length ob. ~ 0.9c/we, clearly visible in the high- varies with the propagation andlés illustrated in Fig. 16 for

: ) ® P G =1.5 (upper panel) together with spectral measurements
resolution plot of one selected packet, the individual wave . o
packets possess an average extension between al 8 (bottom two panels) of the electric and magnetic field com-
and 12 /we. This corresponds to a wave number range Ofponents by the plasmaw_ave instrument (PWI) onboard of the
0.4 < ke /we < 0.8 which is in good agreement with that of a Polar spacecraft (Santolik and Gurnett, 2002). Whereas the
Geerrin mi)ae ;that one gets from Fig. 3 30° andG = 2 dominant electric field has funnel-like shape and can be ex-

are taken. Furthermore, it should be noted that the relate(‘j)IalneOI by resonance cone generation, it seems that the mag-

frequency of the Gendrin mode wave is closaste: 0.5e netic components originate from both contributions, from

. whistler-Langmuir oscillitons in the rangec/we < 1, (see
and thus well separated from the Langmuir mode atee. Fig. 3) and whistler mode waves propagating slightly off the

Next, results of our theoretical work which is relevant resonance conéc/we > 1.
to the generation of plasma radiation by electron beams
under auroral conditions, i.e. for plasmas in which the In this respect, it is interesting to show a similar repre-
electron cyclotron frequency is larger than the electronsentation as in Fig. 16, but for common whistlers in plasmas
plasma frequency, should be summarized. Joint investigawith G <1 (Qe¢ < we). Again, in the left panel of Fig. 17,
tions in which dispersion analysis of beam-excited whistler-the frequency versus propagation angle for the two wave
Langmuir waves and magnetized fluid-Maxwell approachtypes is plotted. The upper dotted red curve is the reso-
of related oscillitons have been combined with PIC sim- nance cone conditionu(~co9), the solid red curve repre-
ulations, brought about an improved understanding of basents the (Gendrin) frequeney,~ 0.5co%, of whistler oscil-
sic plasma phenomena arising during the temporal evoluiitons (Sauer and Sydora, 2010). If one additionally assumes
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