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1.	  Whistler	  Waves	  

•  N:	  index	  of	  refrac-on,	  
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•  For	  vacuum,	  N	  =	  1	  

€ 

N 2 =1−
ω pe
2

ω(ω −Ωce cosθ)

•  For	  whistler	  waves	  



ELF/VLF	  range	  
(300	  Hz	  -‐	  
30kHz)	  

EM	  waves	  emiHed	  by	  lightning	  discharge.	  

Part	  of	  the	  
radia-on	  is	  
launched	  into	  
the	  magneto-‐
sphere	  as	  a	  
whistler	  wave.	  

2.	  Atmospheric	  Whistler	  Wave	  GeneraMon	  

[From	  D.	  Golden,	  Piddyachiy,	  and	  N.	  Haque]	  



[From	  D.	  Golden,	  Piddyachiy,	  and	  N.	  Haque]	  



3.	  Whistler	  Waves	  in	  RadiaMon	  Belt	  

From	  Baker	  et	  al.]	  

[Van	  Allen	  Probes]	  



[From	  Reeves	  et	  al.]	  



Perpendicular	  free	  energy	  source	  
in	  the	  electrons	  -‐>	  whistler	  wave	  
instability	  

Perpendicular	  free	  energy	  source	  
in	  the	  ions	  -‐>	  EM	  ion-‐cyclotron	  wave	  
instability	  

4.	  Whistler	  Wave	  GeneraMon	  in	  
RadiaMon	  Belt	  
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•  Growth	  rate	  for	  whistler	  instability	  
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5.	  Electron	  AcceleraMon	  by	  Whistler	  Wave	  
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•  Wave-‐induced	  diffusion	  equa:on	  



•  Electron	  accelera:on	  by	  whistler	  waves	  
through	  resonant	  wave-‐par:cle	  interac:on	  



Pitch-‐angle	  diffusion:	  Responsible	  for	  loss	  of	  radia-on	  belt	  electrons	  

Energy	  diffusion:	  Responsible	  for	  accelera-ng	  electrons	  of	  mild	  energy	  level	  to	  
rela-vis-c	  levels.	  
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•  Pitch-‐angle	  diffusion	  
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If	  Dµµ	  =	  D	  =	  const	  
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•  Energy	  (or	  v)	  space	  diffusion	  
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6.	  Whistler	  Waves	  in	  the	  Solar	  Wind	  









Transi-on	  to	  
turbulence:	  Cascade	  L1	  

L2	  

L3	  

k1	   k2	   k3	  



Typical	  Solar	  wind	  turbulence	  spectrum	  

f	  =	  ω/2π	


f ∼ fc	  

δB2	


f	  –5/3	  

Whistler/KAW	  



[From	  Salem]	  







Langmuir	  

El-‐cyclo	  
Upper-‐hyb	  

Lower-‐hyb	  

Ion-‐cyclo	  

Alfven	  

Kin	  Alfven	  

Ion-‐sound	  

X	  mode	  

O	  mode	  



[From	  Salem]	  

ALFVEN	  
IA	  

KAW	  
Whistler	  
LH,	  IC	   Langmuir	  



Lin,	  1972	  

7.	  Solar	  Wind	  Electrons	  

Halo	  

Super-‐Halo	  

Core	  



Halo	  

Super-‐Halo	  

Core	  



•  Modeling	  solar	  wind	  electrons	  

€ 

f =
ncore
ntot

fcore +
nhalo
ntot

fhalo +
ns−halo
ntot

fs−halo
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Wave-‐par-cle	  
interac-on	  with	  
whistler	  
turbulence	  

Wave-‐par-cle	  
interac-on	  with	  
Langmuir	  
turbulence	  
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•  Fokker-‐Planck	  equa:on	  for	  halo	  electrons	  

8.	  Solar	  Wind	  AcceleraMon	  by	  
Whistler	  Waves	  (Halo)	  
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•  Steady-‐State	  halo	  electron	  distribu:on	  

Whistler	  wave	  turbulence	  spectrum	  
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via	  approximate	  wave-‐par-cle	  resonance	  condi-on	  
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•  Steady-‐State	  Whistler	  Turbulence	  Spectrum	  

•  Steady-‐State	  Halo	  Electron	  Distribu:on	  
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•  Fokker-‐Planck	  equa:on	  for	  superhalo	  electrons	  

9.	  Solar	  Wind	  AcceleraMon	  by	  Langmuir	  
Waves	  (Superhalo)	  
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•  Steady-‐State	  Langmuir	  Turbulence	  Spectrum	  

•  Steady-‐State	  Superhalo	  Electron	  Distribu:on	  
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Summary	  
•  Whistler	  waves	  are	  generated	  in	  the	  planetary	  
(Earth)	  atmosphere	  and	  propagated	  through	  
magnetosphere.	  

•  Whistler	  waves	  are	  responsible	  for	  accelera-on	  
and	  loss	  of	  radia-on	  belt	  rela-vis-c	  electrons.	  

•  Whistler	  turbulence	  is	  responsible	  for	  producing	  
solar	  wind	  halo	  electrons.	  

•  Langmuir	  turbulence	  is	  responsible	  for	  
accelera-ng	  solar	  wind	  electrons	  to	  superhalo	  
energies.	  



Challenge	  
•  Turbulent	  accelera-on	  is	  easy,	  as	  long	  as	  the	  
turbulence	  intensity	  is	  GIVEN.	  

•  Real	  challenge	  is	  how	  to	  describe	  turbulence.	  

•  At	  present,	  only	  Alfvenic	  turbulence	  (MHD)	  and	  
Langmuir	  turbulence	  (kine-c)	  are	  understood.	  

•  There	  is	  no	  theory	  for	  whistler	  turbulence	  YET	  
(for	  that	  maHer,	  any	  other	  plasma	  turbulence,	  
although	  I	  am	  working	  on	  it).	  


