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	c)	mode	conversion	
	 	I)	linear	mode	conversion	
	 	II)	three	wave	coupling	-	random	phase	approxima=on	



The	terrestrial	ionosphere	
-  UV	ioniza=on	
-  Recombina=on	
-  F-layer	200-1000km	
-  Diurnal	varia=ons	
-  Seasonal	varia=ons	

-  F-layer	peak	density	
is	~106	cm-3	

-  Corresponding	
plasma	frequency	
~10	MHz	

-  We	need	to	get	
above	~500	km	to	
get	to	lower	
frequencies	

~10	MHz	



Man-made	interference	



e/m	waves	near	fpe	in	cold	plasma	

We	also	need	Langmuir	waves	and	ion	sound	waves	
	
ω2=	ωpe

2	+3/2	k2	vth2		and	ω=k	cs	
	



Source	regions:			
Parker’s	solar	wind	model	

A	‘solar	wind’	is	accelerated	from	the	corona	

-  Hydrosta=c	solu=on	
(similar	to	Bondi	accre=on)	

-  Predicts	a	supersonic	
atmosphere	‘wind’	

-  Similar	to	‘de	Laval	nozzle’	
or	a	jet	engine	

-  Requires	energy	input	at	
the	base.		kTph	is	not	
nearly	enough!		Requires	
nonthermal	energy	

-  ‘Alfven	point’	in	
magne=zed	plasma	
determines	extent	of	
corona	-	corota=on	



Solar	wind	accelera=on	profiles	
20 Steven R. Cranmer

Figure 8: Radial dependence of solar wind outflow speeds. UVCS Doppler dimming determinations for
protons (red; Kohl et al., 2006) and O+5 ions (green; Cranmer et al., 2008) are shown for polar coronal
holes, and are compared with theoretical models of the polar and equatorial solar wind at solar minimum
(black curves; Cranmer et al., 2007) and the speeds of “blobs” measured by LASCO above equatorial
streamers (open circles; Sheeley Jr et al., 1997).

parallel kinetic temperature (for more details, see Kohl and Withbroe, 1982; Noci et al., 1987;
Kohl et al., 2006). In coronal holes, Doppler-dimmed line intensities from UVCS are consistent
with the outflow velocity for O+5 being larger than the outflow velocity for protons by as much
as a factor of two at large heights (Kohl et al., 1998; Li et al., 1998; Cranmer et al., 1999b).
Figure 8 illustrates the outflow speeds measured by UVCS in coronal holes, and compares with
the theoretical model of the fast solar wind presented by Cranmer et al. (2007). Also shown for
comparison are observational and theoretical data for the slow solar wind associated with equatorial
helmet streamers at solar minimum.

In contrast to many prior analyses of UVCS data, which concluded that there must be both
intense preferential heating of the O+5 ions and a strong field-aligned anisotropy, Raouafi and
Solanki (2004), Raouafi and Solanki (2006), and Raouafi et al. (2007) reported that there may
not be a compelling need for O+5 anisotropy depending on the assumptions made about the
other plasma properties of the coronal hole (e.g., electron density). However, Cranmer et al.
(2008) performed a detailed re-analysis of these observations and concluded that there remains
strong evidence in favor of both preferential O+5 heating and acceleration and significant O+5

ion anisotropy (in the sense T?i > Tki) above r ⇡ 2.1R� in coronal holes. In determining these
properties, it was found to be important to search the full range of possible ion temperatures and
flow speeds, and not to make arbitrary assumptions about any given subset of the parameters.

The UVCS results discussed above are similar in character to in situ measurements made in
the fast solar wind, but they imply more extreme departures from thermodynamic equilibrium
in the extended corona. For example, proton velocity distributions measured in the fast solar
wind between 0.3 and 1 AU have anisotropic cores with Tp? > Tpk, and their magnetic moments
increase with increasing distance; this implies net input of perpendicular energy on kinetic scales

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2009-3

(Cranmer,	2009)	

‘Fast’	and	‘slow’	profiles	
	
Fast	wind	is	rela=vely	
uniform	
	
Slow	solar	wind	is	blobby	
	
Minor	ions	show	
enhanced	accelera=on	–	
field-aligned	flow	
	
Flux	conserva=on	gives	us	
a	density	profile…	



‘Interplanetary	radio	bursts’	-	the	inner	heliosphere	

8

Space	

Parker	spiral	field,		
spherical	expansion	

More	complicated,	
dynamic	field;	wind	
accelera=on	



Emission	mechanisms	vs	al=tude:		
plasma	emission	dominates	

Primarily	‘type	II’	and	‘type	III’	interplanetary	radio	bursts	



§  Rapid (sec → hrs) & very intense 
(→10-14 W.m-2.Hz-1) radio 
emissions 

§  Emission frequency decreases 
rapidly (GHz → kHz). 

§  Emission is a fpe and/or 2 fpe 

First observations 
by Wild,1950  

=me	



IP	Radio	Bursts	-	Phenomenology	

1
1
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Adapted	from	[Ergun	et	al.,	1998]	

In-situ	Type	III	measurements	

Bale	et	al.,	1996,	Evidence	of	three	wave-
coupling	in	the	upstream	solar	wind		

The	basic	scenario	is	right:	

•  Electron	injec=on	associated	with	flare	
•  Advec=on	creates	‘beam’	
•  Langmuir	wave	growth	
•  Mode	conversion	to	unpolarized	e/m	



Occurrence of Type III radio bursts over a Solar Cycle   

Automatic detection techniques 
•  Lobzin et al. 2010 
•  Bonnin, 2008 

cor>0.9 for smoothing window > 90 days 
A. Navrer-Agasson & D. Sperone 



1	/	filling	factor	effect.	

Peak	intensity	at	around	~1	MHz	



IP	Radio	Bursts	-	‘Type	II’	Radio	Bursts	

1
6

-	Associated	with	‘fast’	coronal	mass	ejec=ons	
-	Electrons	energized	to	1-10	keV	by	CME-driven	shock		
-	Radia=on	by	plasma	emission	(fpe	and/or	2fpe)	



IP	Radio	Bursts	-	‘Type	II’	Radio	Bursts	

1
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-	Radia=on	by	plasma	emission	(fpe	and/or	2fpe)	
-	Frequency	dril	rate	is	a	measure	of	shock	speed	
-	Fine	structure	implies	mul=ple	source	regions	



Physics	-	Shock	Structure	and	Dynamics	

1
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Real-life	type	II	shocks	give	
informa=on	about	this	
structure	



Physics	-	Electron	Energiza=on	

1
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+	 +	

=	

fast-Fermi	accelera=on	

(Pulupa	et	al.)	



e/m	waves	near	fpe	in	cold	plasma	

We	also	need	Langmuir	waves	and	ion	sound	waves	
	
ω2=	ωpe

2	+3/2	k2	vth2		and	ω=k	cs	
	



Physics	-	Plasma	Radio	Emission	

2
1

-	Mostly	understood	and	measured	
-	One	outstanding	issue	is	mode	conversion	

-	nonlinear	RPA	wave-coupling	
-	linear	mode-coupling	in	density		

gradients	

Strong	scaJering!	



Electrosta=c	Decay:	Theory	

•  Langmuir	waves	generated	by	electron	beams	at	
Landau	resonance	

•  Langmuir	waves	can	decay	into	backward	
propaga=ng	Langmuir	waves:	L	→	L’	+	S.		

•  By	assuming	the	linear	dispersion	rela=ons	
																													and																the	wave	numbers	are:	
	
	
														where		



Evidence	of	electrosta=c	decay	
•  STEREO	events	on	2011	
January	22.		

•  Panels:	waveforms	of	Epar,	
wavelet	transforms,	and	
power	spectra.		

•  Lel:	before	ES	decay.	
•  Right:	during	ES	decay.		
	
•  Observed	and	expected	
frequency	differences	
agree	(360±80Hz	versus	
300±90Hz).		

[Graham	and	Cairns,	JGR,	2012]	



Envelope Plasma Oscillation

Quantization condition

Eigenmode Solutions for Langmuir Electric field

Langmuir	eigenmodes	in	density	cavi=es	(Ergun	et	al.)	



Langmuir	eigenmodes	in	density	cavi=es	(Ergun	et	al.)	

mode An

0 0.45

1 0.5

2 0.05

Param. Val. Unit

Vb 0.24*c m/s

Vsw * 
B/|B|

600 km/s

Q 0.0002 1/m

Te 4.9e5 K

fp 22.8 kHz

Length 15.8 km

Vg 311 km/s

Ve 2733 km/s

W 5e-5

k/Q 7.43

Case Study Fits (More Complex)



mode An

1 -0.06

2 -0.0006

3 -0.222

5 0.35

7 -0.26

8 -0.0013

9 -0.0059

11 0.097

Param. Val. Unit

Vb 0.2*c m/s

Vsw * 
B/|B|

280 km/s

Q 0.0012 1/m

Te 7091   
*(2-4)

K

fp 20.2 kHz

Length 3.31 km

Vg 6 km/s

Ve 328 km/s

W 1e-3

k/Q 4.99

Case Study Fits (Very Complex)

Langmuir	eigenmodes	in	density	cavi=es	(Ergun	et	al.)	



Linear	mode	conversion	
27,364 BALE ET AL.- WAVENUMBER IN THE FORESHOCK 

100.00 

10.00 

1.00 t 

0.10 

O.01 ..... 
0.96 0.98 1.00 1.02 1.04 1.06 1.08 

•/•pe 
•- •e 

1. 0 

Figure 11. The dispersion relation of electron plasma 
waves, as index of refraction (N = kc/co) against co/cope. 
The dot-dash line is the warm plasma, magnetized 
Langmuir mode, which meets the electromagnetic z- 
mode at small N. Waves with beam speeds discussed 
in this paper have a resonant refractive index marked 
by the heavy bar. As they propagate into density en- 
hancements, they must move leftward on the curve, and 
hence down to very small wavenumber. 

tering in the ambient solar wind density fluctuations. 
If waves are resonant near N • 15 and become scat- 

tered to smaller wavenumbers, say N • 1, then the 
wave amplitude will swell to E/Eo - v/No/N • 3.9. 
Hence a wave with an observed amplitude of E • 75 
mV/m may have only grown to Eo • 20 mV/m during 
resonance. On the other hand, waves encountering de- 
creasing density will scatter to larger wavenumber, and 
hence smaller. amplitude. However, owing to the shape 
of the dispersion relation (Figure 11) the effect is not 
nearly as strong. It should be noted that this effect may 
bias our observations; the TDS instrument selects the 
most intense events for input to the telemetry stream. 

As waves scatter to smaller wavenumber, the number 
of electrons available for Landau damping also decreases 
significantly (and becomes zero at N _< 1). At a given 
phase speed v• • cop,/k, waves will be Landau damped 
by electrons within a phase space region (v•- Av, v• + 
Av), where Av is from the bandwidth of the instability. 
If the waves scatter in the WKB approximation, then 
Av may be considered constant. If we assume a power 
law suprathermal electron distribution f oc 1/v •', then a 
little algebra shows that the number of electrons within 
(v• - Av, v• + Av) scales as n/no • (N/No) s, with the 
index of refraction. So for a power law index of 2 and 
N - 2 and No - 15, we see that there are relatively few 
electrons n/no • 0.02 available for Landau damping. 

cutoff above Wp•. As was discussed previously in this 
context [Muschietti et al., 1985;Kellogg, 1986; Krauss- 
Vatban, 1989; Bale et al., 1998; Kellogg et al., 1999], 
the presence of small density fluctuations in the solar 
wind plasma represents a very strong scattering agent 
for electron plasma waves. This can be seen by study- 
ing Figure 11 and considering the propagation of plasma 
waves in the WKB approximation. 

As a wave propagates into a density gradient with 
a scale size larger than the wavelength (L • l), the 
WKB approximation can be used to describe propaga- 
tion. WKB states that the wave frequency and energy 
flux are conserved, while the wavenumber and ampli- 
tude vary to satify the dispersion relation locally. The 
WKB approximation and its validity are discussed in 
the appendix. A change in density 5n/n represents 
a change in the local plasma frequency 5Wpe/Wpe -- 
1/2 5n/n, and the Langmuir/z-mode dispersion changes 
wavenumber rapidly under such conditions. Waves gen- 
erated with a resonant refractive index No m 3-30 (as 
discussed above) will be generated on the dark band 
marked resonance in Figure 11. Motion into a den- 
sity enhancement will move the waves to the left on 
the dispersion curve, as Wp, increases with w held con- 
stant. Hence the waves must move down along he steep 
(nearly singular) portion of the curve to very small N 
(and hence k). 

The observed large amplitude of the electric fields 
can, in part, be explained by the effect of wave scat- 

4.2. Electromagnetic Emissions 
If beam resonant Langmuir waves are indeed scat- 

tered out to long wavelengths, this presents two options 
for the generation of electromagnetic emissions that dif- 
fer from the paradigm. 

At long wavelengths, Langmuir waves become mixed- 
polarization z-mode waves; near the coupling point 
N • f•c,/(f•c, + cope), the z-mode may tunnel through 
to the freely propagating o-mode branch for small angle 
of propagation. This effect is often invoked to explain 
fundamental plasma emission in other contexts (e.g., 
coronal, ionospheric, and auroral emissions). Yin et al. 
[1998c] have recently solved the one-dimenional differ- 
ential equations that approximate this coupling. They 
find that •50% of the initial wave energy will couple to 
fundamental emission, while the other 50% is reflected 
back into the electrostatic Langmuir mode. This seems 
rather large; however, the conversion occurs at this level 
within a small regime of propagation angle so that the 
total efficiency is much smaller. One can easily calculate 
that this gives a brightness temperature of the order of 
Tb m 10 xs K (assuming a 450 half-angle cone of emis- 
sion), while observed brightness temperatures are of the 
order of Tb • 10 xs K [e.g. Burgess et al., 1987]. The 
reflection involved in this WKB violation may, however, 
produce the backward directed Langmuir waves neces- 
sary for short-wavelength coalescence to 2fp,. 

Willes et al. [1996] have recently shown that the peak 
in the emission rate of the L + L • --+ T coalescence pro- 

•  Langmuir	waves	generated	at	Landau	resonance	
•  ScaJering	in	solar	wind	density	fluctua=on	
•  WKB	propaga=on	–	conserva=on	of	energy	flux	
•  Langmuir->	z-mode	(e/m)	
•  Z-mode	tunnels	into	o-mode	(for	small	ωc/ωp)	
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Figure 1. A time series of density fluctuations reconstructed 
from an averaged spectrum [Neugebauer, 1976]. The two 
brackets at the left show the difference between the plasma fre- 
quency and the resonant frequency for electron beams of 2 and 
10 keV. 

when the density fluctuations are reduced and the trapping is 
not as extreme as that in Figure 1 and also more extreme cases. 

It is believed that the spectrum of density fluctuations de- 
creases rapidly for frequencies above about 1 Hz [Neugebauer, 
1975, 1976; Kellogg and Lin, 1997]. Therefore, as a Langmuir 
wave propagates through the varying density medium, its fre- 
quency will remain approximately constant, since it sees a me- 
dium whose time variations are nearly zero. The accuracy of 
this assumption will be discussed below. If the spatial varia- 
tions are sufficiently slow that the WKB approximation holds, 
then the wave number will change to satisfy the dispersion re- 
lation. A particularly interesting case is when the wave ap- 
proaches a density increase. In Figure 2 some calculations 
relevant to this case are shown. The left section shows the tra- 
ditional dispersion diagram for a weakly magnetized plasma 
like the solar wind, and the right section shows a detail for 
small k. We suppose that initially a wave was generated at an 
appropriate place on the curves of the left section as calculated 
above but that the plasma frequency has increased along the 
path of the wave, so that it finds itself even closer to the 
plasma frequency and in the region shown in the right section. 
In Figure 2 (right), the top section shows, as a solid line, the 
solutions of the dispersion relation for the three relevant 
waves, i.e., the left-and right-hand polarized waves and the 
longitudinal wave, in the vicinity of the plasma frequency. 

The full description of these waves requires an augmenta- 
tion of the usual Stokes parameters to take into account the 
longitudinal components of the waves, which do not exist in 
vacuum. Since these are theoretical calculations, those Stokes 
parameters which describe the orientation of the principal po- 
larization axis with respect to the observing system are not 
useful, nor is the first Stokes parameter, which is the intensity 
of the wave. In the conventional coordinate system in plasma 
physics the ambient magnetic field lies in the z direction, and 
the wave vector k lies in the x-z plane. For the augmented 
Stokes parameter system we chose axes parallel to y x k, y, and 
k. In the lower two sections of Figure 2 (right) we have shown 
Q, which is a usual Stokes parameter, 

E3xk 2 -Ey Q = (4) 
+E2 

and an augmentation of the Stokes parameters, the ratio of the 
longitudinal component of E to the total, using squares or in- 
tensities in keeping with the spirit of the original Stokes pa- 
rameters, 

RLE m = (5) 
E• 2 + E 3 + E3xk 

Value Q, which shows the degree of circular polarization of 
the transverse components, is the difference of the squares of 
the two transverse components of E divided by their sum. A 
value of Q - 0 means circular polarization, Q = -1 means linear 
polarization in the y direction, and Q = + 1 means linear polari- 
zation in the y x k direction. The lowest section in Figure 2 
(right) shows RLEm,, the ratio of the square of the longitudinal 
field to the square of the total. The phases are not shown, but 
the y component is 90 ø out of phase with the longitudinal 
component, while the y x k component is in phase with it. As a 
wave moves into a density increase and to the left along the 
dispersion curve, it begins to acquire some transverse electric 
field components. In this region the wave mode is called the Z 
mode. It is the y component which increases more rapidly at 
first, so that the electric vector traces out an ellipse, which, 
however, lies in the plane of the wave vector k, not perpen- 
dicular to it as one usually expects for elliptical polarization. 
At still smaller k the y x k component, which is in phase with 
the longitudinal component, becomes appreciable, so that the 
electric vector is no longer along k, and the ellipse begins to 
tip toward the plane perpendicular to k. 

The magnitude of k cannot generally be measured for the 
long-wavelength resonant waves which result from (1) and 
(2), still less for those of an approach of a Langmuir wave to a 
density increase. In this work, we look for circular polariza- 
tion or a transverse component to provide the clue that the 
Langmuir wave is becoming Z mode. 

However, the WKB approximation is not valid for the con- 
ditions shown in Figure 2 (right) because the wavelength be- 
comes so long. Typical density changes in Figure 1 are of or- 
der 10 'lcm -3 S '1, or 

dn _- _[_ldn _- 3 10 -9cm--4 (6) 
dx Vsw dt 

for a solar wind speed of 325 km s -1 as on November 4. The 
condition that the WKB approximation be valid is that the 
change of wavelength in one wavelength be small compared to 
a wavelength: 

l/.•__) d(2•;) 2•; dk drOp 
where it is assumed that the frequency remains constant. From 

3 k2vt2e 
rO = rop +--• (8) 2 rOp 

2 = kB T /m we have, neglecting a small term, with Vte , 

dk 1 rop 
drOp 3 kvt2e 

(9) 

The WKB approximation is then valid for 



Linear	mode	conversion:	evidence	

dK> jKþ
z–K

–
zj for X0¼ 0.7, there is only one peak in the

power spectra for X0¼ 0.7 in Figure 2(a). However, two sep-
arated peaks of oL and xR waves are clearly seen in the right
columns of Figures 2(b) and 2(c). The xR and oL mode
waves are dominant for X0¼ 1.0 and 1.5, respectively.

In order to calculate the energy of each of the wave
modes, we adopt a wavenumber bandpass filter that covers
the bandwidth Kmode#dK$Kmode$Kmodeþ dK, where
Kmode is a center wavenumber of outgoing EM waves and
dK¼ 2p/ZIII, and then we calculate the electric power of
each mode according to

umode ¼
X

j

X

2dK

KmodeþdK
Kmode#dK

~EjðKÞ ~Ej
'ðKÞ; (22)

where ~E is the bandpass-filtered Fourier transform of E in the
spatial variable, Z. For the weakly case of X0¼ 0.1 and 0.7,
since Kmode¼Kþ

z(K–
z as shown in Figure 2(a), the peak in

the total electric power contains both oL and xR waves. For
the longer simulation box, the total electric power of the out-
going EM waves is sum of the power of the oL and xR waves

uEMout ¼ u#out þ uþout: (23)

C. Simulation results: X05 0.1 and 0.7

For weakly magnetized plasmas with X0¼ 0.1 and 0.7,
we calculate the power (e) and energy (ep) conversion

efficiencies without separating into oL and xR modes and
plot contours of e and ep as a function of q and d in Figure 3.

For X0¼ 0.1 in Figures 3(a) and 3(b), both conversion
efficiencies are independent of d and are similar to the
unmagnetized plasma cases33,34 and the parallel density gra-
dient case of d¼ 0).4,5 The maximum power (ep

max) and
energy (emax) conversion efficiencies are ep

max* 50% and
emax* 5%, respectively, for those parameters. Owing to the
weak B0, the ratio of the group speeds (vg

EM/vg
L) of the EM

and Langmuir/z waves can be reduced to the unmagnetized
plasma case of (cb)#1/2 in Eq. (2). Therefore, ep/e* 10
¼ (cb)#1/2 for given conditions and the simulation results are
in good agreement with theoretical ratios.

For X0¼ 0.7 in Figures 3(c) and 3(d), both conversion
efficiencies are shown maximize for the perpendicular den-
sity gradient (d¼ 90), where ep

max* 80% and emax* 8%)
and minimize for parallel orientation (d¼ 0), where
ep

max* 40% and emax* 4%), see also Ref. 6. The power
(Dqp) and energy (Dq) mode conversion q windows become
wider when d increases, which is similar to the previous sim-
ulation results of SCK13 for X0¼ 0.76. In this case, the effi-
ciency ratio, ep/e, also can be reduced to the unmagnetized
approximation, ep/e* 10¼ (cb)#1/2. We define a qmax (where
e¼ emax) and qp

max (where ep¼ ep
max) for each d. The value

of qmax and qp
max are almost constant as d varies and

qmax( qp
max( 0.5 for both X0¼ 0.1 and 0.7 in Figure 3.

By assuming that both the oL and xR modes are per-
fectly circularly polarized and analyzing hodograms in their

FIG. 2. (Left) Spatial dependence of
real Ey, which is the pure EM wave
modes for given conditions and (right)
power spectra of complex Ey for (a)
X0¼ 0.7, d¼ 40), and q¼ 1.09, (b)
X0¼ 1.5, d¼ 40), and q¼ 0.8, and (c)
X0¼ 1.5, d¼ 40), and q¼ 0.8, respec-
tively. In the left columns, the abscissa
is the Z direction and the ordinate is
the normalized electric amplitude in
arbitrary units. Simulation domains of
regions I–IV are marked as blue
dashed lines and the red dashed lines
are where mode conversion occurs. In
the right column, the power is also nor-
malized in arbitrary units and the
abscissa is normalized wavenumber
Kz¼ kz/k0. The solid red and blue verti-
cal lines are where Kz¼Kz

– and Kz
x,

respectively.
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simulations, KCR08 separated the total conversion efficiency
into separate conversion efficiencies for the oL and xR waves
for d¼ 0". However, the oL- and xR- mode waves cannot be
assumed to be 100% circularly polarized waves for d= 0"

even in weakly magnetized plasmas, and the method that
KCR08 used is not appropriate. In addition, the homogene-
ous portion of the simulation domain chosen is too small to
resolve the oL and xR mode conversion efficiencies directly
for X0¼ 0.1 and 0.7. Instead, we compose hodograms for the
outgoing waves and compare them with the polarization
ellipses analysis of the oL and xR modes.

In order to construct hodograms, we choose a single spa-
tial point in region III and use a wavenumber bandpass filter
to extract the pure long wavelength EM waves. This is
because the long wavelength EM modes and short wave-
length Langmuir/z waves have comparable amplitudes in
both Ex and Ez. Then, the electric fields E¼ (Ex, Ey, Ez) are
rotated to (E\, Ey, Ejj) with

E?
Ejj

! "
¼ cos d #sin d

sin d cos d

! "
Ex

Ez

! "
; (24)

where Ejj(\) is an electric field parallel (perpendicular) to B0.
In Figure 4, we plot hodograms of the polarization of

the electric field transverse to B0 (i.e., E\ and Ey) for (a)
X0¼ 0.1 and (b) 0.7, respectively. The columns are for
d¼ 20", 40", 60", and 80" and we choose a value of
q¼ 0.425 that is close to qmax for all d. The hodograms are
normalized to the maximum value in each component so that
a circularly polarized field would appear as a circle. The
hodograms in Figure 4 confirm that in weakly magnetized
plasmas both oL and xR wave modes are produced via LMC
process in various d, as explained in detail below.

Figure 4(a) shows that the sum of the EM waves for
X0¼ 0.1 are almost purely linearly polarized and that the
polarization changes from linear to elliptical as d increases.
The ratios b/a of semi-major to semi-minor axes are 0, 0,

FIG. 3. Contour plot of the power (ep)
and total energy (e) conversion effi-
ciencies in the q-d plane for X0¼ 0.95,
xp0¼ 2$ 105 s#1, k0L¼ 1$ 103, and
cb¼ 0.01 for (a) X0¼ 0.1 and (b) 0.7.

FIG. 4. Hodograms showing the polar-
ization of the electric field transverse to
B0 (i.e., E\ and Ey) for (a) X0¼ 0.1 and
(b) 0.7. Columns represent for d¼ 20",
40", 60", and 80", respectively.
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foldings of growth, the instability can be estimated to 
be •pct • 11.5/(•//•pc)• 1278 cycles old. 

Figure 6 shows the power spectrum of a TDS wave- 
form event near the foreshock edge on April 21, 1996. 
The power spectrum is calculated with a Hanning win- 
dow. The peak amplitude of this event is 75 mV/m, 
and the bandwidth, as can be seen, is very small; the 
peak power is approximately 5.2 x 10 -4 mV2/m 2 Hz. 
The full width at half maximum (FWHM) bandwidth 
of this wave is limited by the frequency resolution of the 
instrument, Af • 58 Hz, which gives Af/f • 0.0034. 

Figure 7 shows the calculated bandwidth for 537 in- 
tense wave events near the foreshock edge; these events 
are chosen to have the peak frequency in the range 
(0.9fp•, 1.3fp•), where fp• is calculated by using the lo- 
cal proton density. In the top panel of Figure 7, the 
wave amplitude is plotted against bandwidth Af/f. 
The FWHM bandwidth is calculated by interpolating 
around the peak to plus and minus the half maximum 
power. The bottom panel is the probability distribution 
of bandwidth P(Af/f)of all 537 events. The peak 
in the probability distribution lies at Af/f • 0.006. 
Again, this number may be limited by the frequency 
resolution of the instrument and the large variation in 
values results from the variation in fp•. This observed 
narrow bandwidth is generally true of the most intense 
waves near the foreshock edge and has been shown pre- 
viously using TDS data [Bale et al., 1997] and with 
other spectral density measurements [e.g., Etcheto and 
Faucheux, 1984; Yin et al., 1998a]. It should be noted 
that spectral density instruments typically have much 
poorer frequency resolution than a waveform measure- 
ment. For example, the TNR instrument on Wind has 
frequency resolution Af/f • 1/23 • 0.044 so that the 
best resolution is approximately 1 kHz for typical solar 
wind electron densities. The most intense waves in the 

foreshock and interplanetary type III bursts, however, 
generally have much smaller bandwidths than this. 

In the simulations of Yin et al. [1998b], the elec- 
trostatic waves did not succumb to either parametric 
decay instability or modulational instability, consistent 
with the results of Cairns et al. [1998]. The instabil- 
ity plateaued the unstable electron distribution function 
quasi-linearly, and nonlinear Landau damping broad- 
ened the k space spectrum of the waves. In the work 
of Yin et al. [1998bl, the spectrum was broadened 
to about Ak/k • 0.5 after approximately •pe t •.• 550 
plasma periods. This corresponds to a Doppler-shifted 
frequency spread of A f /f - (Ak/k) (vs•,/vb) • 0.0125 
(assuming a beam speed vb • 10 vtn); this is a fac- 
tor of 2 more than the peak in our observed bandwidth 
distribution. 

The electrostatic decay instability would also broaden 
the power spectrum. As a backwar• propag•ating Lang- 
muir wave grows at a wave vector kL, • -kL, it would 
appear at a Doppler-shifted frequency of w • wpc + ks,. 
v•,. Since the initial and daughter waves have approx- 
imately oppositely directed wave vectors, the Doppler 

splitting should be Aw • 2k5 vs•, cos•9•B, where •9•B 
is the angle between the IMF and solar wind directions 
(assuming a field-aligned beam, and hence field-aligned 
initial wave vector). Since k5 • w•/v•, this gives split- 
ting Aw/wpe • 2v•/v• COS•)•B .• 0.05 COS•)•B for typ- 
ical parameters. Although we do occasionally observe 
splitting and structure in the power spectrum [e.g., Kel- 
logg et al., 1996], the largest events observed by the 
TDS tend to be very monochromatic [Bale et al., 1997]. 
Growth rates of the electrostatic decay instability are, 
however, typically quite low. Goldman et al. [1996] find 
evidence of backscattered Langmuir waves only after 
several thousand plasma periods, in a one-dimensional 
Vlasov simulation. 

3.6. Polarization of Electron Plasma Waves 

In previous papers [Bale et al., 1998; Kellogg et al., 
1999], we showed that the observed polarization of the 
electron plasma waves in the foreshock is not strictly 
longitudinal but is a function of the angle to the IMF. 
Figure 8 is an example of the plasma wave polarization 
of a TDS event during the interval of Plate 1 (April 20, 
1996, 0313:37 UT). The top two panels correspond to 
the measured X and Y electric fields; the third panel 
shows the phase between X and Y, and the bottom 
panel consists of hodograms of the two components. It 
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Figure 8. TDS waveform event at 0313'37 on April 
20, 1996, an interval with a greater than 1-keV electron 
beam. The top two panels are the X and Y antenna 
measurements; the third panel shows the instantaneous 
phase shift between X and Y, and the bottom panel is 
a hodogram. As shown previously [Bale et al., 1998], 
the wave electric field does not appear to be described 
by a simple longitudinal electrostatic wave. The rotat- 
ing electric field could be due to mode conversion to 
z-mode, or tunneling in electron density fluctuations. 

It’s	linear!	
polariza=on	signatures	



Three-wave	RPA	processes	
!L1 + !L2 = !T

kL1 + kL2 = kT ⌧ kL

L+L->T	

L+L->T	(2fpe)	
L+S->T	(fpe)	



Some	outstanding	issues	
•  Type	III	electron	beam	genera=on:		flare	physics,	reconnec=on	
•  Type	III	beam	regenera=on	and	propaga=on	(Sturrock,	Kontar)	
•  Mode	conversion	problem:		linear	vs	nonlinear	(including	4	wave)	
•  Are	Langmuir	eigenmodes	important?	
•  Fundamental	vs	harmonic	emission	in	type	II	and	III	
•  Is	foreshock	structure	important	to	type	II	emission?	


