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e Strong turbulence
(a la Zakharov)

e Weak turbulence for
unmagnetized plasmas
(Tsytovich, Melrose,
Sitenko, Davidson,
etc.). Most mature
kinetic plasma
turbulence theory

e Renormalized (strong
turbulence a la
Kadomtsev, Dupree,
etc.)

e MHD (ldeal,
Resistive, Hall, etc).
Well-developed
mature field.

e Drift-wave turb.
(Hasegawa-Mima)

e Drift Kinetic
e Gyrokinetic
(applicable for
low-frequency
regime and
for strongly
magnetized
plasmas)

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




Part 1. Electrostatic Problem
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Maksimovic et al. JGR, 110, A09104 (2005)
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Theories of “Kappa” Distribution

e 1. Collisional or Stochastic Transport Model
(Scudder, 1990s; Schwadron, 2010)

e 2. Non-Extensive Thermodynamics (Tsallis,
1980s; Treumann, 2000s; Leubner, 2000s;
Livadiotis, 2000s)

e 3. Steady-State Plasma Turbulence (Yoon,
2014)



Nonlinear Plasma Interaction
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<N, (r,v,t)>= f (r,v,1)
N, (r,v,t)=f (r,v,t)+ON (r,v,t)
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Brief Overview of Weak Turbulence Theory
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Insert back to the original equation
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(K) :linear dielectric response
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At this point we reintroduce the slow-time derivative
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of, e, d
Coupling N = m_ ov and f, =g.FE,

we obtain the particle kinetic equation
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Summary: formal equations of weak turbulence theory
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Closure
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Particle Kinetic Equation
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Wave Kinetic Equation
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Weak turbulence theory
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Beam-generated Langmuir turbulence
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Backscattered L wave
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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)
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Turbulent Equilibrium
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momentum and energy but are in dynamical
steady state.
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Self-consistent, steady-state electron
velocity and Langmuir spectrum
distributions
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Electron VDF (cont’d) [cf, Hasegawa et al., 1985]
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Self-Consistent Solution: Turbulent Equilibrium
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Balance of nonlinear terms within wave kinetic equation

Jf,
_k- v)( f, + o  I(K)k: av)

a)

4mT k' [ avolw, -w, - (k -K')- V]

x(:;z lw I(K) —w I(K)]+ IK)IK ) w, -w, ))f,



Balance of spontaneous and induced emissions
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e We now have two alternative expressions for the
steady-state turbulence intensity:
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SOLAR WIND ELECTRON DISTRIBUTION AT 1 AU
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Part 1. Conclusion

* Perturbative nonlinear kinetic theory of
Langmuir turbulence is well known [e.g.,
Tytovich, 1970; Davidson 1972; Melrose,
1980; Sitenko, 1982, etc.]

* Application of the theory to explain quiet time
solar wind electron kappa distribution [Yoon,
2014] is, however, new. Comparison between

theory (k= 6.5) and observation (x,, = 6.69)
is favorable.
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Part Il. Electromagnetic Problem
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X 1.0.3B8 flare August 24-27, 1998 SEC event
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Plasma emission scenario

(Ginzburg & Zeleznyakov, 1958; Melrose, 1970s;
Robinson, Cairns, 1980 & 1990s)

Electron beam produced during flare
Generation of Langmuir waves

Backscattered Langmuir waves by nonlinear
processes

Harmonic emission by merging of Langmuir
waves

Fundamental emission by Langmuir wave
decay
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Beam-generated Langmuir turbulence
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Backscattered L wave









F Emission

Decay of L mode into S and T at Fundamental
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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 calculation of plasma emission
from beam-plasma instability to radiation
generation [Ziebell, Yoon, Gaelzer, Pavan,

ApJL, 2014; ApJ, 2015]
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lon-acoustic wave kinetic equation

a IOS ‘lek ,

= | dvd(ow;, -k- v)|—I[f, +
P f (0w, >[ Lf, + f]

oS
+ﬂ0’a)ll(‘ k- . + M, k- i | L Spontaneous &
ov. m, Ov)u induced emission
+ E oa)l];fdk'VkS’k.é(Ga)lf -dw, -0"w;_,)
o' o'==x1

L yo"L 0S8 1 L o'L yoS8
X Ga)k k' k -K' -

Uy Uy
(S -> L+L) three wave decay
Particle kinetic equation

o, ne E E fa’k—°—c3(aa)k —k°v)(n/;;a;€kF +Il‘(’“%°

eo+1aLS




Transverse EM wave kinetic equation
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Transverse EM wave kinetic equation
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EM Weak turb simulation
[Ziebell et al., 2015]
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Transverse EM wave kinetic equation
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(a): zero initial 7 wave intensity
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EM Weak turb simulation
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Background Radiation
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Blackbody Radiation
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Bo(w,T') = m3c2 phw/kT _

In the presence of plasma [e.g., Bekefi, 1966]
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Spectrum of solar radiation
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Theory of background radiation
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Electron Velocity Distribution Function
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Langmuir Turbulence Spectrum
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Part 2. Conclusions and Discussion

- Despite 6 decades of research, the plasma
emission was not understood in complete
guantitative terms until now.

- We solved EM weak turbulence theory to
demonstrate plasma emission for the first
time and compared against few available 2D

EM PIC simulation results.



General Conclusion

* Perturbative nonlinear kinetic 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
applications, most notably, turbulent
phenomena in magnetized plasmas.



