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FLUID&THEORIES KINETIC&THEORIES

•"MHD"(Ideal,"
Resistive,"Hall,"etc)."
Well6developed"
mature"field.
•"Drift6wave"turb.
(Hasegawa6Mima)

•"Strong"turbulence
(à"la"Zakharov)

•"Weak"turbulence"for"
unmagnetized"plasmas"
(Tsytovich,"Melrose,"
Sitenko,"Davidson,"
etc.)."Most"mature"
kinetic"plasma"
turbulence"theory
•"Renormalized"(strong"
turbulence"à"la"
Kadomtsev,"Dupree,"
etc.)"

REDUCED
KINETIC&THEORIES

•"Drift"Kinetic
•"Gyrokinetic"
(applicable"for"
low6frequency"
regime"and"
for"strongly"
magnetized"
plasmas)

•"Weak"turbulence"for"
magnetized"plasmas"
(incomplete,"but"some"
preliminary"works"
include"those"by"
Pustovalov"&"Silin,"
Porkolab,"etc.)



Part	1.	Electrosta+c	Problem	

Wang	et	al.,	ApJ	Le'.	(2012)	

Maxwellian	Core	

Halo	

Superhalo	

Interplanetary	
&	galac+c	cosmic	
ray	electrons	

SOLAR	WIND	ELECTRON	DISTRIBUTION	AT	1	AU	
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Theories	of	“Kappa”	Distribu+on	

•  1.	Collisional	or	Stochas@c	Transport	Model	
(Scudder,	1990s;	Schwadron,	2010)	

•  2.	Non-Extensive	Thermodynamics	(Tsallis,	
1980s;	Treumann,	2000s;	Leubner,	2000s;	
Livadio@s,	2000s)	

•  3.	Steady-State	Plasma	Turbulence	(Yoon,	
2014)	
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Brief	Overview	of	Weak	Turbulence	Theory	
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At	this	point	we	reintroduce	the	slow-@me	deriva@ve	
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Par+cle	Kine+c	Equa+on	
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Wave	Kine+c	Equa+on	
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Beam-generated	Langmuir	turbulence	
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Beam-Plasma	Instability	[Ryu	et	al.,	2007]	
Weak turbulence simulation
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Maksimovic	et	al.	JGR,	110,	A09104	(2005)	



Quasi-thermal	noise	[by	Stuart	Bale]	

I(k)
Langmuir	
Turbulence	
Spectrum	



Turbulent	Equilibrium	

Par+cles	and	wave	constantly	exchange	
momentum	and	energy	but	are	in	dynamical	
steady	state.	
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Self-consistent,	steady-state	electron	
velocity	and	Langmuir	spectrum	

distribu+ons	
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Electron	VDF	(cont’d)	
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Self-Consistent	Solu+on:	Turbulent	Equilibrium	
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•	Self-consistent	steady-state	par@cle		and	wave	distribu@ons	
leads	to	kappa	distribu@on,	but	κ	is	undetermined:	
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Balance	of	nonlinear	terms	within	wave	kine+c	equa+on	
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Solving	the	above	equa+on	one	obtains	the	steady-state	
turbulence	intensity	that	balances	the	spontaneous	and	
induced	sca_ering	processes:	
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•	We	now	have	two	alterna+ve	expressions	for	the	
steady-state	turbulence	intensity:	
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•	Balance	of	
spontaneous	and	
induced	emissions	

•	Balance	of	
spontaneous	and	
induced	sca\erings	

•	The	only	way	the	two	expressions	can	be	reconciled	is	when	



•	Turbulent	equilibrium:	
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Wang	et	al.,	ApJ	Le:.	(2012)	
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SOLAR	WIND	ELECTRON	DISTRIBUTION	AT	1	AU	
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fobservation ∝ v −γ , f theory ∝ v −2κ −2 ~ v −6.5,

γ avg
observation ≅ 6.69 γ theory ≅ 6.5



Part	1.	Conclusion	
•  Perturba@ve	nonlinear	kine@c	theory	of	
Langmuir	turbulence	is	well	known	[e.g.,	
Tytovich,	1970;	Davidson	1972;	Melrose,	
1980;	Sitenko,	1982,	etc.]	

•  Applica@on	of	the	theory	to	explain	quiet	@me	
solar	wind	electron	kappa	distribu@on	[Yoon,	
2014]	is,	however,	new.	Comparison	between	
theory	(κ	=	6.5)	and	observa@on	(κavg	=	6.69)	
is	favorable.	
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Lin	1981	



Most	type	III	bursts	do	not	have	the	
iconic	F-H	pair	emission	structure	

Type	II	emissions	are	somewhat	
more	clearly	iden@fiable	with	the	
beam-induced	F-H	pair	emissions	



Culgoora	Radio	Spectrograph	



Plasma	emission	scenario	
(Ginzburg	&	Zeleznyakov,	1958;	Melrose,	1970s;	

Robinson,	Cairns,	1980	&	1990s)	
•  Electron	beam	produced	during	flare	
•  Genera@on	of	Langmuir	waves	
•  Backsca_ered	Langmuir	waves	by	nonlinear	
processes	

•  Harmonic	emission	by	merging	of	Langmuir	
waves	

•  Fundamental	emission	by	Langmuir	wave	
decay	





Beam-generated	Langmuir	turbulence	
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Backsca_ered	L	wave	
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F	Emission	
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Decay	of	L	mode	into	S	and	T	at	Fundamental	
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H	Emission	
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Plasma	emission	scenario	

•  Many	advances	have	been	made	over	six	
decades	of	research.	

•  We	have	recently	carried	out	EM	weak	
turbulence	calcula+on	of	plasma	emission	
from	beam-plasma	instability	to	radia+on	
genera+on	[Ziebell,	Yoon,	Gaelzer,	Pavan,	
ApJL,	2014;	ApJ,	2015]	
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Langmuir	wave	kine+c	equa+on	

Spontaneous	&	induced	emission	

(L	->	L+S)	three	wave	decay	

(L	->	L+e)	spontaneous	&	
induced	sca_ering	
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Spontaneous	&	induced	emission	
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Transverse	EM	wave	kine+c	equa+on	

(L+I	->	T)	Fundamental	
emission	by	sca_ering	

(L+L	->	T)	Harmonic	emission	

(L+S	->	T)	Fundamental	emission	by	decay	

(L+T	->	T)	Higher-harmonic	emission	
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Transverse	EM	wave	kine+c	equa+on	

(L+T	->	T)	Higher-harmonic	emission	
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Background	Radia+on	



Blackbody	Radia+on	

In	the	presence	of	plasma	[e.g.,	Bekefi,	1966]	
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Theory	of	background	radia+on	
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Spectrum	of	solar	radia+on	











Part	2.	Conclusions	and	Discussion	

-  Despite	6	decades	of	research,	the	plasma	
emission	was	not	understood	in	complete	
quan@ta@ve	terms	un@l	now.	

-  We	solved	EM	weak	turbulence	theory	to	
demonstrate	plasma	emission	for	the	first	
@me	and	compared	against	few	available	2D	
EM	PIC	simula@on	results.	



General	Conclusion	

•  Perturba@ve	nonlinear	kine@c	theory	called	
“weak	turbulence	theory”	successfully	
explains	many	facets	of	space	plasma	
phenomena	–	electron	kappa	VDF,	plasma	
emission,	…	

•  Basic	methodology	can	be	extended	for	other	
applica@ons,	most	notably,	turbulent	
phenomena	in	magneOzed	plasmas.	


