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Abstract. The high time resolution observations obtained by of the electron beam, (2) the coalescence of the oppositely
the STEREO/WAVES experiment show that in the sourcepropagating up- and down-shifted daughter Langmuir waves
regions of solar type Il radio bursts, Langmuir waves of- excited by the OTSI probably is the emission mechanism of
ten occur as intense localized wave packets with short duthe second harmonic radiation, and (3) the Langmuir collapse
rations of only few ms. One of these wave packets showdollows the route of OTSI in some of the type Il radio bursts.
that it is a three-dimensional field structure W-}%.; ~1073,

whereW,_ is the peak energy density, an@lland Te are t-he Keywords. Solar physics, astrophysics, and astronomy (Ra-
electron density and temperature, respectively. For this wavey, - emissions)

packet, the conditions of the oscillating two-stream instabil-
ity (OTSI) and supersonic collapse are satisfied within the
error range of determination of main parameters. The den-

sity cavity, observed during this wave packet indicates that1 |ntroduction

its depth, width and temporal coincidence are consistent with

those of a caviton, generated by the ponderomotive force offhe purpose of this paper is to present combined evidence
the collapsing wave packet. The spectrum of each of the parfor (1) the oscillating two-stream instability (OTSI) of Lang-
allel and perpendicular components of the wave packet conmuir waves, which is the four-wave interactidn + L, —

tains a primary peak afye, two secondary peaks gte + fs Ly + Lp, whereL1 and L, are the beam-excited Langmuir
and a low-frequency enhancement belgg which, as in-  waves, and.y andLp are the up- and down-shifted daugh-
dicated by the frequency and wave number resonance coner Langmuir waves, respectively, and (2) the three-wave in-
ditions, and the fast Fourier transform (FFT)-based tricoher+teractionLy + Lp — T2, WhereTyy,, is the electromag-
ence spectral peak afde, fpe, fpe+ fs, fpe— fs), are cou-  netic wave at Zpe. The high time resolution observations of
pled to each other by the OTSI type of four-wave interac-the solar-type-lli-burst-associated Langmuir waves are from
tion (fpe is the local electron plasma frequency afiglis the time domain sampler (TDS) of the STEREO/WAVES
the frequency of ion sound waves). In addition to the pri- experiment Bougeret et a).2008. The unusual nature of
mary peak atfpe, €ach of these spectra also contains a peakhe event analyzed in this study is that it occurs as a three-
at 2fpe, which as indicated by the frequency and wave num-dimensional structure, with the normalized peak energy den-
ber resonance conditions, and the wavelet-based bicoheren y % _ ;2ETE ~ 10~2 satisfying the threshold conditions
spectral pea_k atfpe foe), appears to correspond to the sec- of OTSI andes?patial collapse within the range of determi-
ond harmonic eIectron_]agneUC waves ger]erated asa rgsult Wcation of main parameters and T, are the electron den-
coalescence of oppositely propagating sidebands excited b

¥ity and temperature, respectively, ards the permittivity

the OTSI. Thus, these observations for the first time provideof the free space). The peak amplitude of the wave packet

combined evidence that (1) the OTSI and related strong tur-EL is determined using the peak amplitudes of the, Ey

bulence processes play a significant role in the stabilization )
andEz waveforms asE| = \/E% + E% + EZ. The analysis
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1418 G. Thejappa et al.: Four- and three-wave interactions in type Il bursts

of the density fluctuations measured during the wave packesensus about which of these mechanisms actually occurs in
provides evidence for a density cavity, whose width, depthsolar type Il bursts. The preliminary evaluation performed
and time of occurrence are consistent with the caviton, genusing the ULYSSES observations appears to favor strong tur-
erated by the ponderomotive force of the collapsing wavebulence processe$ifejappa et a]1996.

packet. The type Il radio bursts, which are the radio signa- The in situ wave measurements have shown some signa-
tures of solar-flare-accelerated electron beams in the coron@res of the ESD in type Il burstd ip et al, 1986 Gur-

and interplanetary mediunkKgndu, 1965, are generally be- nett et al, 1993 Hospodarsky and Gurnett995 Thejappa
lieved to be excited by the plasma mechani§mgburgand and MacDowall 1998 Thejappa et al.2003 Henri et al,
Zheleznyakoy 1958, which involves the excitation of high 2009. The high time resolution observations from the Fast
levels of Langmuir waves by the flare-accelerated electrorEnvelope Sampler (FES) of the ULYSSES/URAP experi-
beams, and subsequent conversion of these Langmuir wavesent have provided some evidence for the strong Langmuir
into electromagnetic waves #te and 2fpe. turbulence processes in type Il burst sourdésllpgg et al,

One of the outstanding issues is the identification of the1992 Thejappa et al1993 1996 1999 Thejappa and Mac-
nonlinear process behind the persistence of the electroowall, 1998 2004). Thejappa et al(20123 had reported
beams over distances of 1 AU and more against the quasithe high time resolution observations of a Langmuir wave
linear relaxation $turrock 1964). It is suggestedKaplan packet obtained by the X-antenna of the STEREO spacecratft,
and Tsytovich 1968 that the induced scattering by ther- and had shown that this wave packet satisfies the threshold
mal ions wherT, = T;, which acts as the electrostatic decay conditions for OTSI, supersonic collapse as well as forma-
(ESD) of the Langmuir wavedl( into daughter Langmuir tion of collapsing envelope soliton, and its spectrum contains
(L") and ion sound) waves wherfe > 7;, can stabilize the  the signatures of OTSI, namely, the peaks corresponding to
beam by scattering the Langmuir waves from regions of resthe beam-generated Langmuir waves, Stokes and anti-Stokes
onance toward lower wave numbei®& @nd7; are the elec- modes and ion sound waves, with frequencies and wave num-
tron and ion temperatures, respectively). However, since théers satisfying the matching rules of the four-wave inter-
intensities of the beam-excited Langmuir waves in type Il action. For the first timeThejappa et al(20120 had ap-
bursts are expected to be well above the threshold for thelied the trispectral analysis technique on this wave packet
strong turbulence processes, the weak turbulence processaad had shown that its spectral components are coupled to
are argued to be not as efficient as OTB&agadopoulos et each other with a high degree of phase coherency (high tri-
al,, 1974 Goldstein et al.1979 Smith et al, 1979 and re-  coherence)Graham et al(2012 analyzed this event using
lated spatial collapséNjcholson et al.1978 Goldman etal.  all the three components and argued that the OTSI may not
1980, which can stabilize the beam by pumping the Lang- be a viable process because the perpendicular component is
muir waves from the resonance regions toward higher wavestronger than the parallel component. However, these authors
numbers. used only the fast Fourier transform (FFT) analysis, instead

A second unresolved issue is the identification of the emis-of using the higher-order spectral analysis techniques, and
sion mechanism of the second harmonic radiatifyy,.. did not analyze the density fluctuations measured during this
Ginzburg and Zheleznyakd®958 proposed the three-wave event.
interactionL + L" — T2, as the probable emission mecha-  The purpose of this paper is to present the results of (1) the

nism, whereL is the beam-excited Langmuir wave, ahd ~ Proper analysis of three components of this wave packet,
is the oppos|te|y propagatmg thermal Langmu|r wave. How_Wthh uses the FFT, as well as the trISpeCtraI and bISpeC-
ever, if L' corresponds to thermal Langmuir waves, this pro- tral analysis techniques, and (2) the analysis of the density
cess appears to yield very weak emissidvislrose (1986 fluctuations measured during the wave packet. We show that
has suggested that if the nonlinear interactiéns S — L’ (1) the peak intensity of this wave packet satisfies the thresh-
occur in type Il bursts, then the daughtéf wave can ©ld condition of OTSI and supersonic collapse, as well as
serve as a good secondary wave, wheris the ion sound the formation of the collapsing wave packet within the error
wave. However, this process is shown to occur only whenfange of determination of main parameters, and the density
Te > 5 x 10° K for a narrowly peaked spectrum of Langmuir Cavity extracted from the low-frequency components pro-
waves Melrose 1982. In the strong turbulence regimea-  Vides evidence for the caviton generated by the ponderomo-
padopoulos et a(1974 proposed that the oppositely prop- tive force of the wave packet; (2) the spectra of the parallel
agating sidebands excited by the OTSI are ideally suited t®S Well as perpendicular components contain the sideband
participate in wave—wave merging. The coherent emission bystructures expected of OTSI, which satisfy the frequency
stable Langmuir solitonsP@apadopoulos and Freuntd7§ and wave number resonance conditions, and, as shown by
and collapsing Langmuir soliton§pldman et al.1980 and  the trispectral analysis, are coupled to each other with a
the stochastic phase mixing of strongly turbulent Langmuirhigh degree of phase coherency; and (3) these spectra also
waves at long wavelengthKiuchina et al. 1980 are a few ~ contain, in addition to the primary peak #e. an intense

other suggested emission mechanisms. Thus, there is no coR€ak at Zpe, which, as shown by the wavelet-based bispec-
tral analysis, probably corresponds to the second harmonic
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Fig. 1. Dynamic spectrum of a local type Il radio burst (fast drifting
emission from~ 5 MHz down to~ 30 kHz) and associated Lang-
muir waves (non-drifting emissions in the frequency interval 27—
32 kHZ) E, Peak: 34.3128
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electromagnetic wave excited as a result of merging of op- _
positely propagating sidebands excited by the OTSI. Thesez
findings confirm that the observed wave packet provides un-*
ambiguous evidence for OTSI and spatial collapse as cor-
rectly concluded byrhejappa et al(2012ab). Furthermore, s
these findings also suggest that (1) the OTSI probably is

responsible for the beam stabilization, (2) the coalescence

of oppositely propagating up- and down-shifted Langmuirrig 2 The £,, E, and E, components of the Langmuir wave

waves excited by OTSI probably is the excitation mechanismpacket detected by th&, ¥ and Z antennas. The waveforms are
of the second harmonic emission, and (3) Langmuir collapsen the spacecraft frame of reference.

takes the route of OTSI in at least some type Il bursts. In
Sect. 2, we present the observations; in Sect. 3, we present

::Zigzggi? and in Sect. 4, we present the discussion anguency drift of the type Il burst, and derived the beam speed

vp ~ 0.22c (c is the velocity of light). Since the pitch angle
scattering increases the path length traveled by the type Il
2  Observations electrons by a factor ok =1.3 to 1.7 (in et al, 1973
Alvarez et al, 1975, the beam speedy is corrected ac-
In Fig. 1, we present the dynamic spectrum of the type Ill cordingly; i.e.,vp in the present case probably ranges from
burst and its associated Langmuir waves, obtained by the- 0.29 to ~ 0.37¢. This method has been used to estimate
STEREO/WAVES experimentBpugeret et a).2008. This the beam speeds in several of our studiEsefappa et aJ.
type lll event is identified as the local event because of its2012¢ 20133ab).
drift from ~5MHz all the way to Zpe ~ 60kHz. The fast The non-drifting emissions in the 27-32kHz interval in
negative frequency drifts of type Il bursts are usually at- Fig. 1 are the Langmuir waves. These Langmuir waves,
tributed to the velocities of the electron beams, moving ra-which usually occur as intense isolated bursts, are resolved
dially outward along the Parker’s spiral magnetic field lines. into intense waveforms by the TD&é€llogg et al, 2009
Papagianni§1970 has derived an expression relating theseof the SWAVES experiment. The TDS gathers the A/C
frequency drifts to the velocities, of the electron beams, electric field signals on three channels simultaneously con-
assuming that the mode of emission is the second harmonigjected to three orthogonal antennas and to a fourth pseudo-
and that the electron density is described by the Radio As- dipole channel obtained by taking the difference of any two
tronomy Explorer (RAE) modeRainberg and Ston&977). monopoles. A typical waveform contains 16 384 samples, ac-
Using this expression, we have fitted a curve for the fre-quired at the rate of 250 000 samples per second (a time step
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STEREO TDS on 09-12-2010:07:08:18.342 which indicate that the observed Langmuir waveform is a
|| Peak: 25.2044

3-D wave packet.

In Fig. 4, we present the superposition of the spectra of
the parallel and perpendicular components. The total spec-
trum of each of these components from 0 to 65 kHz (Fig. 4a)
clearly shows peaks at (approximate) 30 and 60 kHz, where
the base frequency, 30 kHz, corresponds to Langmuir waves
10 20 e - 0 % excited at the local electron plasma frequengy, and the

60 kHz corresponds to the second harmonic. As shown from
these spectra, the second harmonic is weaker than the fun-
damental, which is typical of the natural signal¥alker et
al., 2002 Kellogg et al, 201Q Malaspina et a).2010. The
superposition of the logarithmic spectra in the frequency in-
terval from 29 to 31kHz (Fig. 4b) shows an intense peak
(L) of the beam-excited Langmuir waves fat ~ 30kHz, a
% e ) “ % Stokes peak) at~ 29.5kHz and an anti-Stokes peak

at~ 30.5kHz. The linear spectra from 0 to 1.4 kHz (Fig. 4c)
exhibit low-frequency enhancements belswt00 Hz, corre-
sponding probably to ion sound waves.

For electron temperaturdy), we assign a typical value of
10° K; the measurements @t are not available. Assuming
that the intense peak f in the spectra of parallel and perpen-
-40 dicular components corresponds to Langmuir waves excited
% ey % at the local electron plasma frequengy ~ 30 kHz (Fig. 4),

we estimatere ~ 1.1 x 10’ m~3. These values yield Debye
Fig. 3. The parallel (panela) and perpendicular (paneld  |ength,ipe = 6972’ %ng /> ~ 6.6 m. As far as the wave num-

T ) . >
ar_1d c¢) electric field componerjts pf the Langmuir wave packet bers of Langmuir waves; — JTfpe’ are concerned, they can
with respect to the magnetic field. The normalized vectors Ub

of magnetic field and solar wind velocity used in this trans- b€ estimated to range from 2.2x 103m~! to ~ 1.7 x
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formation are B = [—0.60918 —0.39479 —0.69389 and vsw=  1073m™1; i.e., kL Ape range from 11 x 1072 to 1.5 x 1072
[0.99335 —0.10097 —0.05536Q, respectively. The angle between for the beam speeds ranging from0.29% to ~ 0.37¢. The
the magnetic field and solar wind velocity in this case-i$22 . STEREO/PLASTIC experimentGalvin et al, 2008 has

measureds,, ~ 450 kms 1.

. ~ 3 Analysis
of 4 us for a total duration of 65ms). The transfer matrix

given byMacher et al(2007) is usually used to convert the An isotropic plasma supports two eigenmodes, Langmuir and
potential into electric field measurements. This takes the efion sound modes. The dispersion relation for the Langmuir
fective antenna lengths into account. In Fig. 2, we present thguaves can be written as

Ex, Ey andEz components of the most intense wave packet

captured by the TDS during the type Ill event of Fig. 1. 4 = wpe(1+ §kEA2De)’ (1)
The peak amplitudes of these waveforms are 48.31 and 2
~343mVm1, respectively. wherewpe = 27 fpe. In the weak turbulence regime, each fre-

We have converted théy, Ey and Ez components  quencyw, corresponds to one and only one wave nuntper
from the spacecraft into th@-aligned coordinate system |, 5 satistical sense, the Langmuir turbulence in this regime
with B along thez axis, B x vsw along thex axis, and  js homogeneous, and the energy transfer can occur only to-

B x (vsw x B) along they axis (sw is the solar wind ve-  \yardi, — 0. The dispersion relation of the ion sound waves
locity). In the present case, the unit vectors of these quanjg

tities areB = (—0.60918 —0.39479 —0.69389 and vy =

(0.99335 -0.10097 —0.055360, and the angle between g = kgcy, (2)
them is~ 122. In Fig. 3, we present these transformed

waveforms, the parallel component in Fig. 3a, and the perwhereks andcg are the wave number and speed of the ion
pendicular components in Figs. 3b and c. The peak electrisound waves, respectively. When the energy density of Lang-
field strengths of the parallel and perpendicular componentsnuir wavesW,_ is very low, the Langmuir and ion sound
are ~ 25.2, and~50.1 and ~31.3mVm 1, respectively, waves are uncoupled, and they become strongly coupled to

Ann. Geophys., 31, 1417:428 2013 www.ann-geophys.net/31/1417/2013/
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Fig. 4. (a) The superposition of the complete spectra of the parallel and perpendicular components of the wavépdekeatarrow spec-

trum aroundf ~ fpe~ 30kHz, where L, D, and U correspond to the beam-excited Langmuir wave, down-shifted sideba2d &kHz,

and up-shifted sideband at30.5 kHz, respectively; an(t) the low-frequency spectrum: the enhancement below 400 Hz corresponds to ion
sound waves.

each other ifW, exceeds a certain threshold. The force be-We can verify this relationship by extracting the density fluc-
hind this coupling is the ponderomotive forfg exerted by  tuations from the low-frequency components of the wave
the Langmuir waves on the ambient plasriva£lin, 1993 packet. The density quctuatior%e in the vicinity of the
Foe —VW 3) spacecraft and the change in the spacecraft potefiial

P L are related as (Henri et al., 2011)
which creates density cavities. From the equilibrium condi-

tion between the ponderomotive pressure and excess pressu#g—e = LSQSC[V], (5)

of the plasma, one can estimate the relative depth of the den?’e TonleV]

sity cavity as Nezlin, 1993 where Tyn = 3 eV is the photo electron temperature. Using
Sne Wi this equation, we have converted the voltages observed on
n_e = nele’ (4) the X, Y and Z antennas in the frequency band from O to

www.ann-geophys.net/31/1417/2013/ Ann. Geophys., 31, 141428 2013
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P STEREOA-09-12201007.08:185842 fer in this case occurs in the direction of higher values of
L kL. In the present case, Eq. (6) is satisfied evendfar 3
within the error range of determination of main parameters,

since Y+ ~ 103 and (k. Ape)? ranges from~ 1.3 x 104

0.002 neTe

to ~ 2.1 x 10~4. The threshold for the supersonic collapse

0.0010

0.0005

(Zakharov 1972
W, 0.0000 [ 0.000 K)_Vl
nT. L \ n WL 2 E (7)
L neTe mi
7 Lome is also satisfied in the present case, sigée ~ 10~ and

-0.0010

’r:l,_? ~5.5x 1074 (me andm; are the electron and ion masses,
| respectively). This condition signifies that the compression
s bbb b oo due to ponderomotive force and self-focusing overwhelms
Time (me) the wave packet spreading due to dispersion.
The criterion for the formation of the collapsing wave
packet is Thornhill and ter Hagrl978 Gurnett et al.1987)

Fig. 5. The simultaneous observations of the collapsing Langmuir
wave packet plotted in terms of normalized energy den%ﬁy}é—),

and the density fluctuationé%. W
L

> (Akipe)?, €)

nele

. . . 5” .
1kHz into density fluctuations;, 2. We estimate the peak here nf — 21y is the wave number characteristic of the

. . e
amplitude of the three-dimensional wave packetfas= envelope. This condition is also satisfied since the observed
JE2+ Ef + E?, and calculate its normalized peak energy nW_; ~ 1073 s greater thafAkipe)? ~ 1.2x 104 estimated
density W _ cE? . for the spa_tial scal§ of ~ 232\pe. In the pr_esent case, the
"nele — 2nele observed field structure refers to a 3-D soliton.
measured!’t- and%¢ in the top and bottom panels of Fig. 5.

As seen from these time profile%’—;e and ‘SnL: show very 3-1 Four-wave interactions

good one-to-one correspondence. As far astpewer spa-  The QTS| is a four-wave interaction process, in which two
tial scales of the density cavity anEf—pocket are concerned, peam-excited Langmuir waves (pump waves) with frequen-
they are estimated as 170hpe and~ 232\pe, respectively,  cies and wave numbergi(, k.) non-linearly couple to up-
for the 1-power timescales of- 25ms and~3.4ms, re-  and down-shifted Langmuir sidebands witfy(ku) and (fo,
spectively, and for the solar wind speedvgf, = 450 kms 1. kp) through a purely growing ion sound mode witfy (k).
Thus, the spatial scales and timescales also show reasonabl@is parametric coupling process imposes the following fre-
agreement with each other. As far as the depth of the densitguency, wave number and phase matching conditions:
cavity ‘Sni: is concerned, it is~ 10-3, being in good agree-

We show the time variations of the

2f = fo+
ment with the peak value gl ~ 10-2. This indicates that 2£L _ ]J:D ]{u °
the observed density cavity probably is the caviton created<t = *D KU ©)
by the ponderomotive force of the wave packet. 2¢L = ¢p +¢u,

Thus, if

where the subscripts L, D and U correspond to the beam-
A ) excited Langmuir, down- and up-shifted sidebands, respec-
neTe > a(kLADe)", (6) tively.

In the present case, the spectra of the parallel and per-
then the weak turbulence approximation is no longer valid,pendicular components (Fig. 4) show spectral signatures of
wherea >~ 1 according toZakharov (1972 and Zakharov  strong Langmuir wave peaks with upper and lower side-
(1985. Extending the heuristic arguments &agdeev  bands, together with low-frequency enhancements, which
(1979, Shapiro and ShevchenKt985 assigned a value of can be interpreted in terms of the pump wave, and the nonlin-
3 fora. Thus, if Eq. (6) is satisfied, the OTSI and spatial col- early excited daughter sidebands and low-frequency waves,
lapse become importanZékharoy 1972, and there won't  respectively. For both parallel and perpendicular compo-
be one-to-one correspondence betwegmandk, , sincenW;e nents, the frequency matching conditiofii2= fp + fu is
determines the bandwidth. Since the Langmuir oscﬁlationseasily satisfied, since the frequency shiftg of the down-
get trapped in the self-generated density cavities, the turand up-shifted sidebands are symmetric with respect to the
bulence becomes highly inhomogeneous, consisting of loLangmuir wave pump, being 500 and~ 500 Hz, respec-
calized collapsing soliton—caviton pairs. The energy transively. These frequency differenceésf = | fi — fu.p| are also

Ann. Geophys., 31, 1417:428 2013 www.ann-geophys.net/31/1417/2013/
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in good agreement with the frequencies of the ion sound E, - 12-Sep-2010:07:08:18.342, F, = 30.00 kHz
waves of < 400 Hz. Using the expression for the Doppler 4o 242 Tricoherence — Cumulant Estimator
shift, kg = Zv”s—fws the wave numbers of the ion sound waves :
ksipe can be estimated as0.04 for fy = 400 Hz antbsy =
450kmsL. As far as the matching conditidy p = kL £ ks

is concerned, itis reasonably satisfied, yieldingp| ~ |ks|,
sincek, Ape, Which ranges from 1 x 1072 to 1.5 x 1072, is
three to four times less thaRApe ~ 0.04. 30,

oM, 1, =)

31E

L
S

Frequency (kHz)

Trispectral analysis 2 K

2‘9 ?:0 3‘1 3‘2 3‘3 3‘4 35
Frequency (kHz)

The trispectrum, which is the fourth-order spectrum of the

wave packet, decomposes the wave packet’s kurtosis over  E. ~12-Sep-2010:07:08:18.342, F; = 30.00 kHz

frequencies. The trispectral analysis is an extremely useful . 2+2 Tricoherence —~ Cumulant Estimator

tool to extract the signatures of the OTSI type of four-wave

interactions from the waveform datkravtchenko-Berejnoi

et al, 1995. The expression for the cumulant-based trispec-

trum is given by Kravtchenko-Berejnoi et 11995

P)
S
S
B

32E

oM, 1, =

[&

Frequency (kHz)

31E

T(1,2,3)=E[X1X2X5X,1—N(1,2,3,4), (20)

30F

where X1, X», X3 and X4 are the complex Fourier 3¢

components of the wave packet, anfl, f2, fz and » % Frequency kHz) 3 35
fa are the corresponding frequencies, respectively, and
N(1,2,3,4) = E[X1 X2l E[X5X}] + E[X1X3]E[X2X ] + E,, - 12-Sep-2010:07:08:18.342, F, = 30.00 kHz

E[X1X;1E[X2X3], fa= fi+ f2— f3 and E[] is the
expectation operator. The expression for the tricoherence,
which is the normalized trispectrum, can be written as
follows (Kravtchenko-Berejnoi et gl1995:

2+2 Tricoherence — Cumulant Estimator

LM, N, =P)

Frequency (kHz)

2
|T(1,2,3)] (11)

2
1“(1,2,3) = . :
(E[1X1X2X3X5114+ N (1,2,3,4)))? 20f

This quantifies the fraction of the total product of powers ‘ ‘ ‘ ‘ ‘ ‘ E
at the frequency quartets{, f2, f3, fi+ f2 — f3), which 2N ey ¥
is due to the cubicly phase-coupled modes. The method of
periodograms is usually used to estimate the tricoherenc&id- 6. The tricoherence spectrd(Fy. Fy. Fp) of the parallel and
(seeKravtchenko-Berejnoi et 311995 for details). The tri- perpe_ndicular components of the wave packet. The tricoherefices
coherence estimator is symmetric with respect to permutanibit peak values of- 0.6, ~ 0.45 and~ 0.4 at (~ 305, ~ 30,
tions of its argumentg, f» and f3. The principal domain ~ 30)kHz, which quantifies the phase relatiop 2= ¢p + gy,
for the interaction of the typefi + fo = fa+ fa is deter- wht_ere¢|_, ¢p and ¢y are the phases of the beam-_excned Lang-

. - muir wave at~ 30kHz, Stokes{ 29.5kHz) and anti-Stokes~
mined as Kravtchenko-Berejnoi et gl1995 0 < f1 < fn, 30,5 kHz) modes, respectively
0< /2= f1,0= f3 < fo,andf3 < fit+f2— f3 < fn, where
fn is the Nyquist frequency.

In this study, we have calculated the tricoherence spectrum
as a function of three frequencies usiNg= 1000 (0.004 s)
and M = 16 with a Hamming window, wher&' is the seg-  One of the tricoherence spectral peaks of Ehe waveform
ment length, and/ is the number of segments. We display shown in the bottom panel wittf ~ 0.4 also corresponds to
the results obtained for the waveforms of the parallel as wellthe four-wave interaction (3630 — 30.5429.5) kHz. Thus,
as perpendicular components in Fig. 6. Each of these spectitéie computed tricoherence spectra of the parallel and perpen-
is the cross-section gf = 30 kHz of the three-dimensional dicular components of the waveform provide clear evidence
tricoherence spectrum. The tricoherence spectral peaks sedor the phase coupling between the beam-excited and the up-
at (~ 30.5, ~ 30, ~ 30) kHz in these spectra correspond to and down-shifted Langmuir waves. This indicates that the
four-wave interaction (3¢ 30 — 30.54+-29.5) kHz. The peak  resonance conditionf2 = ¢y + ¢p is satisfied in this case.
tricoherences in the case ff and E 1 waveforms, as seen Thus, the observed spectral components satisfy all the res-
from the top two panels, are 0.6 and~ 0.45, respectively. onance Eqs. (9) imposed by the OTSI.
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3.2 Three-wave interactions E | - 12-Sep-2010:07:08:18.342 - Squared Bicoherence: Wavelet

60
Figure 4a shows that the total spectrum of each of the wave-
forms of the parallel and perpendicular components exhibits£
a primary peak afpe corresponding to Langmuir waves, and
a harmonic peak ge. If we interpret the harmonic peak in
terms of the second harmonic Langmuir waves, the wave—
wave interactions between the Langmuir and second har-
monic Langmuir wave are not allowed. On the other hand, if 0 20 40 Frequeiiyp(mzfo 10 120
we interpret it in terms of the second harmonic electromag- '
netic wave emitted spontaneously either by the stab& (
padopoulos and Freunti978 or collapsing Goldman et al. o
1980 solitons, phase coherency between such a wave and the
Langmuir wave is expected to be negligible, since the phasest
would be random for spontaneously excited emissions. Fi-%
nally, if we interpret the spectral peak afsé in terms of the
second harmonic electromagnetic waves, excited by wave—
wave interactions, involving the coalescence of two oppo- .
sitely propagating Langmuir waves as discussed by several 20 40 60 80 10 120
authors (see, for examplEheleznyakoy1976 Frequency F(krz)
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- oW
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Ll + L2 — T2f (12) E ,-12-Sep-2010:07:08:18.342 - Squared Bicoherence: Wavelet
pe> : ‘ : ‘ : :

60 0.69

one expectd.1, Ly andT» foe 1O satisfy the frequency, wave _ *

- . . I
number and phase resonance conditions imposed by this <
three-wave interaction. These resonance conditions are

Dk, 1)

A+ fa=fi

k1+ ko =k; (13) S - o
0 20 40 60 80 100 120

¢1 + ¢2 = ¢l‘ ) Frequency F,(kHz)

where f1, f> and f;, k1,k» andk,, andgq, ¢» and¢, are the Fig. 7. The wavelet-based bicoherence spectra of the parallel and
frequencies, wave numbers, and phases ofltheL, and perpendicular components of the TDS event of Fig. 3. The bicoher-
Ty, respectively. IfL; and L, correspond taLy and Lp ence spectra of these components show peak value®af, ~ 0.7
pe’ ) ~ (~ ~

excited by the OTSI, then the frequency and wave numberanOI 0-3at(~30~30)kHz.
matching rules are easily satisfied, sinee= fpe+ fs and

fo = fpe— fs, and thereforefy + /o = 2fpe. Asfarasthe  r;— ¢ 4 % wheref = fo/a. The bicoherence can be ex-
wave number resonance condition is concerned, sigce pressed as

—kp and k;Ape ~ \/5272—’?’%36 ~ 2.3x 1073, the condition

ky + kp = k; is also easily satisfied. As far as the phase co- , |B(a1, a2)|?

herence is concerned, its information can be extracted fron?” (@1, 42) = [[1W (a1, T)W (a2, T)|2d7][ [ |W (a3, T)|2dT]

the bispectral analysis of the wave packet. (15)
Bispectral analysis Here the integrals should be replaced by the summations over

N points. The bispectrum and bicoherence are usually com-

The wavelet-based bispectrum can be definetiiasi( et al, puted in the following frequency intervals:

2009

/N N
B@ﬂyszm“mw%ﬁwm@ﬂm, (14) O<h<fyhrsho<g /1 (16)
where fy is the Nyquist frequency.
whereW (a, 7) is the continuous wavelet transform (CWT)  Using Eq. (15), we have computed the bicoherence spec-
at scalez and timer. This quantifies the phase coupling be- tra of the parallel and perpendicular components. As seen in
tween the wavelet components of the wavefarm with as, Fig. 7, each of these computed bicoherence spectra contains
az andas. The sum rulez3_1 = al_l +a2_2 can be interpreted anintense peak at (30, 30) kHz. The peak bicoherences of the
as the coupling between wavelets of frequencies, such thatarallel and perpendicular components00.7, and~ 0.7,
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and~ 0.3, respectively, provide unambiguous evidence forThus, for E. ~56mVm?! and ne=1.1x 10" m3,

the nonlinear interaction (36 30 — 60) kHz. This suggests we estimate the predicted emissivity asyf,, ~

that the second harmonic peaks in the spectra of the paralt, 7 x 1002°Wm=3Sr-1. Thus, with all the observa-

lel and perpendicular components probably are the harmonigonal uncertainties, the emissivity estimated using the peak
electromagnetic waves affig excited from the coalescence electric field at Zpe reasonably agrees with the predicted

of two oppositely propagating Langmuir waves. Thus, theemissivity estimated using the peak amplitude of the
spectral peak at e probably corresponds to the second har- waveform.

monic electromagnetic wave excited from the three-wave in-

teraction,L1 + Lz — T2, and the oppositely propagating

waves probably correspond to the sidebands excited by thg@ Discussion and conclusions

OTSI, which can collide head-on with each other and emit

electromagnetic waves atfg as suggested biapadopou- The STEREO/WAVES experiment has observed an intense

los et al.(1974). localized wave packet in the source region of a solar type I
. radio burst.Thejappa et al(20123 had reported the obser-
3.2.1 Flux comparison vations of theX component of this wave packet and had

. ) o shown that it is characterized by (1) a spectrum consist-

The power per unit aresy . detected by areceiver withina jny of (2) a resonant peak at the local electron plasma fre-
bandwidthAf is (Robinson and Cairnd993 guency, fpe, (b) Stokes peak at a frequency slightly lower
S2/e = €0C ngpe’ (17) than fpe, (C) anti-Stokes peak at a frequency slightly high'er

than fie, and (d) low-frequency enhancement corresponding

where Ezy,. is the peak amplitude of the electromagnetic to ion sound fluctuations, which satisfy the resonance con-
wave. The expression for the total power radiated by the obditions of oscillating two-stream instability (OTSI); and by
served source located at a distafkt@n the frequency range  (2) peak intensity, which is well above the thresholds for

Af can be written as OTSI, supersonic collapse and formation of collapsing en-
) velope solitonThejappa et a2012 have for the first time
Pafre = S21p R° AL, (18)  applied the trispectral analysis technique on this wave packet

whereAQ is the solid angle subtended by the source at theand showed that its spectral components are coupled to each

receiver. The volume of the source is other with a high degree of phase cohererigsaham et al.
' (2012 applying only the FFT analysis on all the three com-

V = R2ARAQ, (19) ponents of the wave packet, argued that the OTSI may not be
: a viable process.

where AR ~ Rs®/ is the linear depth of the source and  As shown in this study, a thorough analysis of the wave
Rs~>~1AU is the distance of the source from the sun. Thus,packet using the FFT as well as the trispectral and bispectral
the mean volume emissivity is analysis techniques, combined with the analysis of the den-
cncE2 sity fluctuations measured during the wave packet, clearly

g = P2 e ~ 0 pre. (20) shows that (1) the peak intensity of the wave packet deter-
P VAQ AQAR mined within the error range of main parameters is above

We have applied a bandpass filter of 2kHz width centeredN€ threshold for oscillating two-stream instability (OTSI)

around 2pe = 60kHz and determined the peak amplitudes as well as supersonic collapse; (2) the density fluc_tuatloqs
of the X, ¥, and Z component waveforms. From these extracted from thg Iow—frequency components provide evi-
peak fields, we estimat,, = 0.06 mVm! correspond- dence for aldensny cavity, generated most probably by the
ing probably to the peak electric field of the second har-Ponderomotive force of the wave packet; (3) the parallel as

monic emission. For this peak electric field, and fof = well as perpendicular components of the wave packet exhibit
2kHz andAQ = 27, we estimate the observed emissivity as the characteristic spectral signatures of OTSI, namely, reso-
Jope=2.9x 10-22Wm-3sr-1 nant peaks at local electron plasma frequeryfgy, Stokes

e = 2. .

Papadopoulos et a(1974 have derived an expression P€aks at a frequency slightly lower thafge, anti-Stokes
for the emissivity of the second harmonic radiation due toP€aks at a frequency slightly higher thgge, and low-
merging of the up- and down-shifted Langmuir waves ex-frequency enhancement_s below a few hundred Hz; (4) these
cited by OTSI. In order to compare the observed emissivitySPectral components satisfy the frequency and wave number
with the predicted emissivity of the second harmonic emis-"esenance conditions of the OTSI type of four-wave interac-

sion from the observed Langmuir waves, this expression halion; and (5) the tricoherence spectra of the parallel as well
been rewritten asurnett et al. 1980 as the perpendicular components contain the clear signatures

of four-wave interactiorl, + L» — Ly + Lp, whereL41 and

1. —583x10-12 Ef 21 L, are the beam-excited Langmuir waves, dng and Lp
2fpe = 9-09X ﬁ (21) are the up- and down-shifted sidebands, respectively.
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Furthermore, this analysis has clearly demonstrated that S., Huttunen, K. E. J., Krucker, S., Lecacheux, A., MacDowall,
(1) the spectra of the parallel as well as the perpendicular R. J., Macher, W., Mangeney, A., Meetre, C. A., Moussas, X.,
components also contain harmonic peaksfat & addition Nguyen, Q. N., Oswald, T. H., Pulupa, M., Reiner, M. J., Robin-
to intense Langmuir-wave-associated peakgiat (2) the son, P. A, Rucker, H., Salem, C., Santolik, O., Silvis, J. M., ull-
waves of these spectral peaks satisfy the resonance condi- "ich: R., Zarka, P., and Zouganelis, I.: SIWAVES: The radio and
tions of the wave—wave mergingy + Lp — Tzfpe; (3) the plasma wave investigation on the STEREO Mission, Space Sci.

) . Rev., 136, 487-529, 2008.
bicoherence spectra of these parallel and perpendicular COIﬁr?fainberg, J. and Stone, R. G.: Type Il solar radio burst storms ob-

ponents contain intense peaks Ale( fpe), corresponding to served at low frequencies, Sol. Phys., 17, 392-401, 1971.

the three-wave interactioby + Lp — T2f,,., WhereTay,, is Galvin, A. B., Kistler, L. M., Popecki, M. A., Farrugia, C. J.,
the second harmonic electromagnetic wave; and (4) the pre- Simunac, K. D. C., Ellis, L., Mbius, E., Lee, M. A., Boehm,
dicted and measured emissivities of second harmonic emis- M., Carroll, J., Crawshaw, A., Conti, M., Demaine, P., Ellis, S.,
sions agree with each other very well. Thus, these findings Gaidos, J. A., Googins, J., Granoff, M., Gustafson, A., Heirtzler,
for the first time provide observational evidence for the three- D., King, B., Knauss, U., Levasseur, J., Longworth, S., Singer,
wave interactionLy + Lp — Tzfpe as the emission mecha- K., Turco, S., Vachon, P., Vosbury, M., Widholm, M., Blush, L.

It is important to note that the TDS events reported in  90St: J-. Opitz, A., Sigrist, M., Wurz, P., Klecker, B., Ertl, M.,
our other studiesThejappa et al.2012¢ 2013ab) have Seidenschwang, E., Wimmer-Schweingruber, R. F., Koeten, M.,

also shown clear evidence for the linear as well as non- Thompson, B., and Steinfeld, D.: The Plasma and Suprathermal
i . f h £ th lon Composition (PLASTIC) Investigation on the STEREO Ob-
inear regimes of OTSI. The TDS event of the present servatories, Space Sci. Rev., 136, 437486, 2008.

study is unique i_n the sense_that it is the three-d?mensiqnabinzburg, V. L. and Zheleznyakov, V. V.: On the possible mecha-
wave packet, which shows evidence for four-wave interaction  nisms of sporadic solar radio emission (radiation in an isotropic

(OTSI) as well as three-wave interactidn(+ Lp — T2,.) plasma), Sov. Astron., 2, 653-668, 1958.

simultaneously. Goldman, M. V., Reiter, G. F. and Nicholson, D. R.: Radiation
In spite of uncertainties, such as the assumption of a typi- from a strongly turbulent plasma: Application to electron beam-

cal value of 16K for the electron temperatur@e, and indi- excited solar emissions, Phys. Fluids, 23, 388-401, 1980.

rect estimation of the velocity of the electron beagfrom  Goldstein, M. L., Smith, R. A., and Papadopoulos, K.: Nonlinear
the frequency drift of the type Il radio burst, the findings of stability of solar type Il radio bursts. Application to observations
this study strongly support the following conclusions: (1) the _ N€&" 1AU, Astrophys. J., 237, 683-695, 1979.

observed wave packet provides unambiguous evidence fo(f;raham’ D.B., Caims, |. H., Malaspina, D. M., and Ergun, R. E..
P p 9 Evidence against the oscillating two-stream instability and spa-

_OTSI and spatial collapse as correctly Cor_]CIUdedrh‘ef tial collapse of Langmuir waves in solar type Il radio bursts,

jappa et al(20123ab), (2) the OTSI probably is responsible Astrophys. J. Lett., 753, L18-L21, 2012.

for the beam stabilization, (3) the coalescence of oppositel\urnett, D. A., Anderson, R. R., and Tokar, R. L.: Plasma oscilla-

propagating up- and down-shifted Langmuir waves excited tions and the emissivity of type Il radio bursts, in: Radio Physics

by OTSI probably is the excitation mechanism of the sec- of the Sun, edited by: Kundu, M. R. and Gergely, T. E., p. 369—

ond harmonic emission, and (4) Langmuir collapse takes the 379, 1980.

route of OTSI in type IIl bursts. Gurnett, D. A., Maggs, J. E., Gallagher, D. L., Kurth, W. S.,
Williams, D. J., and Scarf, F. L.: Parametric interaction and spa-
tial collapse of beam driven Langmuir wave in the solar wind, J.
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