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Introduc/on 
•  ElectromagneBc fluctuaBons in the inerBal range of solar wind MHD turbulence 

and beyond (up to frequencies of 10Hz) have recently been studied for the first 
Bme using both magneBc field and electric field measurements on Cluster [Bale 
et al., PRL, 2005]. 

•  It has been shown that at frequencies above the spectral breakpoint at ~0.4Hz, 
in  the  so‐called dissipaBon  range,  the wave modes become dispersive  and  are 
consistent with Kine%c Alfven Waves (KAW). 

•  This  interpretaBon  is  based  on  the  simple  assumpBon  that  the  measured 
frequency spectrum is actually a Doppler shi7ed wave number spectrum        (ω ≈ 
k.VSW), commonly used in the solar wind and known as Taylor's hypothesis. While 
Taylor's hypothesis is valid in the inerBal range of solar wind turbulence, it may 
break  down  in  the  dissipaBon  range where  temporal  fluctuaBons  can  become 
important. 

•  The  (proton) whistler  is  another  possible  wave mode  in  the  solar  wind  in  this 
frequency  regime.  The  temporal  fluctuaBons  of  the  whistler  mode  combined 
with  a  slight  Doppler  shi^  can  lead  to  the  same  apparent  properBes  in  the 
spacecra^  (s/c)  frame  as  strongly  Doppler‐shi^ed  KAW.  Can  we  rule  out  the 
whistler wave interpreta%on? 



In this work 

•  We  analyze  the  effect  of  Doppler  shi^  on  KAW  as  well  as  compressional 
proton whistler waves, at kineBc scales  into the transiBon to the dissipaBon 
range of solar wind turbulence (0.1 < f/fci < 10). 

•  We  revisit  Cluster  electric  and  magneBc  field  data  using  this  approach, 
focusing  on  a  typical,  low β  (<  1),  solar wind  interval, where  the  plasma  is 
sufficiently distant from instability thresholds (in this case,                                     ) for 
such mechanisms to be likely to contribute to the turbulent dynamics. 

•  The electric and magneBc field properBes of the KAW and the whistler wave 
modes  from  linear  theory  are  used  to  construct  (both  analyBcally  and 
numerically)  spacecra^‐frame  frequency  spectra of  the electric  to magneBc 
field  raBo  (|δE|/|δB|)s/c  and  compressibility  (|δB|||/|δB|)s/c,  allowing  for  a 
direct comparison to spacecra^ data, without the use of Taylor’s hypothesis.  

•  We show that these two tests, together, provide an efficient diagnosBcs into 
the nature of the small‐scale turbulent fluctuaBons in the solar wind. 



The Use of Linear Wave Theory 
•  The fluctuaBons must saBsfy δB/B0 ≤ 0.2. This does not mean that the 

turbulence is weak!! 

•  Three aspects derived from linear theory remain valid: 

 ‐ EigenfuncBon relaBonships (polarizaBons, correlaBons between B, E, V, 
and N). 

 ‐ In a weakly collisional plasma, damping is aiributable to kineBc damping 
(Landau, cyclotron, …) 

 ‐ Nonlinear energy transfer described phenomenologically by anisotropic 
turbulence theories 

⇒  No one says the solar wind fluctuaBons are made of monochromaBc 
waves!   

⇒ We say that the fluctuaBons (at kineBc scales) seem to follow roughly 
some of  the characterisBcs of the linear eigenmodes (especially if criBcal 
balance holds).   The are wave‐like fluctuaBons, and the idea is to try to 
determine which mode(s) are dominant, among others. 



Evidence for Cri/cal Balance in the Solar Wind 

•  Weak turbulence:   

•  CriBcal Balance implies that                        ‐‐>                    at kineBc scales. 

•  Observa/onal evidence of Cri/cal Balance: 

Podesta et al. 2009 

Horbury et al. 2008 

Sahraoui et al. 2010 



Example of Cluster data interval in the solar wind 

Time interval: 
2003-01-30/03:00:00 - 05:00:00 

Plasma Parameters: 
  C4  at ~ 19 RE 

N = 9 cm-3   Te = 13 eV 
Tp = 13.6 eV   Vthi = 36.1 km/s 
B = 11 nT   VA = 78.1 km/s 
βi = 0.4    Te/Tp = 0.96 

Vsw = 427 km/s 
Vpar = -200 km/s   cos θVB = -0.47 
Vper = 377 km/s   sin θVB = 0.88 

fci = 0.16 Hz   fpi = 631.5 Hz 
fce = 302.5 Hz  fpe = 27061 Hz 



Spectral analysis of Cluster E and B field data 

Use of Windowed Fourier Transform and  
Morlet Wavelet transform of δBz and δEy 



Possible wave modes in the solar wind with fci < f < fce  

Vlasov-Maxwell plasma: 

•  Region of (k,k) inhabited by the 
linear wave mode of the Alfven wave 
branch (left) 
•  same for the Fast wave branch 
(right). 

•  Normalized linear damping rate for 
the Alfven wave branch (left) 

•  Same for the Fast wave branch 
(right) 



Linear Wave Theory 

•  The Kinetic Alfven Wave (KAW) mode: 
 Dispersion relation with finite Larmor radius and finite frequency effects 
   [Lysak & Lotko, 1996; Stasiewicz et al., 2000] 

•  The Whistler wave mode: 
 Use of Cold Plasma Approximation (ω << ωce) 
 [Sazhin, 1993; Swanson, 2003] 

=> Analytical determination of Ω and |δE|/|δB| as functions of K and θ. 

•  Vlasov-Maxwell Theory:  
 Comparison to a numerical solution of the Vlasov-Maxwell hot plasma 

dispersion relation.  And derivation of the compressibility |δB|||/|δB|. 

(s/c frame) frequency range considered:  0.1 < f/fci < 10 

Angle of propagation: 

B0 along z 



KAW/Whistler: dispersion curves 

KAW mode Whistler mode 



KAW/Whistler: |δE|/|δB| ra/o 



Doppler ShiQ: Frequency in the s/c frame 

Frequency in the s/c frame given by:  

One can express the Doppler-shift term as 

If 

In our dimensionless parameters (Ω, K, and θ), the 
frequency in the s/c frame becomes: 



Lorentz Transforma/on: the Electric Field in the s/c frame 

Since the electric field measurements are made in the s/c frame, we need to 
express the Electric field in the s/c frame (Esc) as a function of E in the plasma 
frame using the Lorentz transformation: 

If we assume the following decomposition: 

and 

then 

We get (omitting the “δ”):  

z-direction along B0, x and y perpendicular to B0: 

=> 
Determination of |E/B|s/c for 
both KAWs and Whistlers 
as a function of (K, θ, φ, θVB) 



Wave proper/es in the s/c frame 

Dependence in φ


We assume uniform azimuthal 
distribution of wave power about 
the magnetic field, we average 
over the full 2π distribution in φ, 
leaving θ as a parameter that 
characterizes the model of the 
turbulent fluctuations. 

=> The averaged parameters 
yield a prediction for the 
observed electromagnetic 
fields. 



|δE|/|δB| ra/o in the spacecraQ frame 



Theore/cal predic/ons versus s/c data (1): 
Iden/fica/on of the nature of the fluctua/ons 

|δE|/|δB| ratio 
KAWs in red for θ = 88/92° and 89.9/90.1° 
Whistlers in black (θ = 0, 30, 70, 89°) 
Whistlers in blue (θ = 180, 150, 110, 91°) 

=> KAWs with nearly perpendicular angles or highly oblique whistlers 
appear to be consistent with the observations  



Theore/cal predic/ons versus s/c data (2): 
Iden/fica/on of the nature of the fluctua/ons 

Compressibility: |δB|||/|δB| ratio to break the degeneracy 

•  The measured parallel 
magnetic field fluctuations 
are inconsistent with the 
whistler wave for any angle 
of the wavevector.  

•  There is remarkably good 
agreement with the 
prediction for the KAW with 
a nearly perpendicular 
angle. 



Conclusions 

•  KAW and whistler wave properBes (dispersion, |δΕ|/|δΒ|, |δΒ|||/|δΒ| raBos) 
in the s/c frame, taking properly into account the effect of Doppler Shi^ have 
been determined analyBcally and numerically at kineBc scales into the 
transiBon to the dissipaBon range of solar wind turbulence (0.1 < f/fci < 10). 

•  We show that this technique provides an efficient diagnosEcs for wave‐mode 
idenEficaEon in the dissipaEon range of solar wind turbulence, as this it 
allows for a direct comparison with (single s/c) measurements in the solar 
wind. 

•  This technique was applied to a typical, low beta, unconnected solar wind 
interval from Cluster at 19.5 RE.  The two new tests we developed, together, 
show that the measured proper%es of the small‐scale turbulent fluctua%ons 
are found to be inconsistent with  the whistler wave model but agree well 
with the predic%on of a spectrum of kine%c Alfvén waves with nearly 
perpendicular wavevectors. 


