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Coronal	
  Hea6ng	
  by	
  Waves	

Alfven	
  waves	


Magnetosonic	
  waves	


•  incompressible,	
  transverse	
  wave	
  
•  They	
  are	
  expected	
  to	
  transport	
  energy	
  to	
  heat	
  the	
  corona.	
  

•  compressible,	
  longitudinal	
  wave	
  
•  They	
  cannot	
  easily	
  propagate	
  to	
  the	
  corona,	
  since	
  they	
  

make	
  shock	
  waves	
  and	
  then	
  dissipates	
  energy	
  rapidly.	
  
	
  	
  	
  	
  	
  The	
  cutoff	
  period	
  in	
  transiTon	
  region	
  is	
  about	
  150	
  s.	
  
	
  	
  	
  	
  	
  (Erdelyi	
  et	
  al.,	
  2007)	
  

Mode	
  conversion	
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Sound	
  wave	
  in	
  the	
  Corona	


Period	
  :	
  ~4	
  minutes	
  
(Frequency：~4	
  mHz)	
  
Distance	
  :	
  3-­‐40	
  Rs	
  
Coherence	
  Tme	
  :	
  ~30	
  minutes	
  
Occurrence	
  frequency：~20%	
  

StaTsTcal	
  analysis	
  of	
  quasi-­‐periodic	
  electron	
  density	
  fluctuaTons	
  
obtained	
  by	
  radio	
  occultaTon	
  experiments	
  (Efimov	
  et	
  al.,	
  2012)	


Frequency	
  fluctuaTon	
  spectra	
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Sound	
  wave	
  in	
  the	
  Corona	

Compressional	
  waves	
  obtained	
  by	
  SOHO	
  ultraviolet	
  coronagraph	
  
spectrometer	
  white	
  light	
  channel	
  (Ofman	
  et	
  al.,	
  2000)	


Wavelet	
  analysis	
  of	
  the	
  polarized	
  brightness	
  

Period	
  :	
  6-­‐10	
  minutes	
  
(Frequency：1.6-­‐2.5	
  mHz)	
  
Distance	
  :	
  1.9	
  Rs	
  
Coherence	
  Tme	
  :	
  ~30	
  minutes	
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Purpose	
  of	
  this	
  study	


•  Secondary	
  generaTon	
  of	
  acousTc	
  waves	
  from	
  Alfvan	
  waves	
  
might	
  play	
  an	
  important	
  role	
  in	
  coronal	
  heaTng.	


•  ObservaTons	
  of	
  acousTc	
  waves	
  in	
  corona	
  have	
  been	
  limited.	
  

The	
  purpose	
  of	
  this	
  study	
  is	
  to	
  examine	
  the	
  radial	
  
dependence	
  of	
  acousTc	
  wave	
  characterisTcs,	
  
such	
  as	
  the	
  period,	
  the	
  density	
  amplitude	
  and	
  the	
  
energy	
  flux,	
  in	
  the	
  region	
  from	
  1.5	
  to	
  20.5	
  Rs.	
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Radio	
  Occulta6on	

AKATSUKI 
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Solar Colona 

Solar Wind 

8.4GHz	
  Radio	
  wave	
   Signal	
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  fluctuaTon	
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  electron	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  column	
  density	
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   !! " !N

φ’：	
  Phase	
  fluctuaTon	
  
N’	
  :	
  Electron	
  column	
  density	
  fluctuaTon	
  
	
  f’	
  ：	
  Frequency	
  fluctuaTon	
  

①  Spectral	
  analysis	
  of	
  frequency	
  
fluctuaTon(f’)	
  

②  Column	
  density(N’)	
  →	
  Density	
  
amplitude	
  →	
  Energy	
  flux	
  

!f " d !N
dt

Usuda deep space center 
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Observa6ons	


•  Date：June	
  6,	
  2011-­‐July	
  8,	
  2011	
  (16	
  days)	
  
•  Recording	
  Tme：3.0-­‐7.5	
  hours	
  
•  Heliocentric	
  distance：1.5-­‐20.5	
  Rs	
  

Trajectory	
  of	
  the	
  Akatsuki	
  spacecran	
  
relaTve	
  to	
  the	
  sun	
  as	
  seen	
  from	
  the	
  Earth 
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Data	
  Processing	


Signal	
  (8.4	
  GHz)	


Akatsuki	


Down-­‐conversion	


500	
  kHz	
  sampling	


Sun	


125	
  kHz	
 8.4	
  GHz	


SubtracTon	
  of	
  predicted	
  Doppler	
  frequencies	
  
Down-­‐conversion	
  for	
  noise-­‐reducTon	
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Data	
  Processing	


Determination of central frequency  
•  Spectral	
  fiong	
  method	
  	
  
    (4.1-20.5 Rs) 
•  Centroid	
  method	
  
    (1.5-3.6 Rs) 

Fourier	
  analysis	
  
	
  　　Wavelet	
  analysis	
  

DFT	


Time	


Time	
  series	
  of	
  frequency	
  fluctuaTon	
  (f’)	
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Power	
  Spectra	


Oscillator	
  noise	
  

f-­‐2/3	

Power	
  law	
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Wavelet	
  Analysis	
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3. Wavelet analysis

This section describes the method of wavelet analy-
sis, includes a discussion of different wavelet func-
tions, and gives details for the analysis of the wavelet
power spectrum. Results in this section are adapted to
discrete notation from the continuous formulas given
in Daubechies (1990). Practical details in applying
wavelet analysis are taken from Farge (1992), Weng
and Lau (1994), and Meyers et al. (1993). Each sec-
tion is illustrated with examples using the Niño3 SST.

a. Windowed Fourier transform
The WFT represents one analysis tool for extract-

ing local-frequency information from a signal. The
Fourier transform is performed on a sliding segment
of length T from a time series of time step !t and total
length N!t, thus returning frequencies from T"1 to
(2!t)"1 at each time step. The segments can be win-
dowed with an arbitrary function such as a boxcar (no
smoothing) or a Gaussian window (Kaiser 1994).

As discussed by Kaiser (1994), the WFT represents
an inaccurate and inefficient method of time–fre-
quency localization, as it imposes a scale or “response
interval” T into the analysis. The inaccuracy arises
from the aliasing of high- and low-frequency compo-
nents that do not fall within the frequency range of the
window. The inefficiency comes from the T/(2!t) fre-
quencies, which must be analyzed at each time step,
regardless of the window size or the dominant frequen-
cies present. In addition, several window lengths must
usually be analyzed to determine the most appropri-
ate choice. For analyses where a predetermined scal-
ing may not be appropriate because of a wide range
of dominant frequencies, a method of time–frequency
localization that is scale independent, such as wave-
let analysis, should be employed.

b. Wavelet transform
The wavelet transform can be used to analyze time

series that contain nonstationary power at many dif-
ferent frequencies (Daubechies 1990). Assume that
one has a time series, xn, with equal time spacing !t
and n = 0 … N " 1. Also assume that one has a wave-
let function, #0($), that depends on a nondimensional
“time” parameter $. To be “admissible” as a wavelet,
this function must have zero mean and be localized in
both time and frequency space (Farge 1992). An ex-
ample is the Morlet wavelet, consisting of a plane
wave modulated by a Gaussian:

# $ % & $ $
0

1 4 20
2

( ) = " "e ei , (1)

where &0 is the nondimensional frequency, here taken
to be 6 to satisfy the admissibility condition (Farge
1992). This wavelet is shown in Fig. 2a.

The term “wavelet function” is used generically to
refer to either orthogonal or nonorthogonal wavelets.
The term “wavelet basis” refers only to an orthogo-
nal set of functions. The use of an orthogonal basis
implies the use of the discrete wavelet transform,
while a nonorthogonal wavelet function can be used
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FIG. 2. Four different wavelet bases, from Table 1. The plots
on the left give the real part (solid) and imaginary part (dashed)
for the wavelets in the time domain. The plots on the right give
the corresponding wavelets in the frequency domain. For plotting
purposes, the scale was chosen to be s = 10!t. (a) Morlet, (b) Paul
(m = 4), (c) Mexican hat (DOG m = 2), and (d) DOG (m = 6).
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•  The	
  overall	
  spectral	
  feature	
  is	
  near	
  power-­‐law	
  at	
  large	
  heliocentric	
  
distances.	
  

•  Density	
  fluctuaTons	
  having	
  various	
  periods	
  from	
  a	
  few	
  hundred	
  to	
  a	
  few	
  
thousand	
  seconds	
  were	
  detected	
  near	
  the	
  sun.	
  

•  The	
  posiTve	
  correlaTon	
  between	
  the	
  amplitude	
  of	
  relaTve	
  density	
  
fluctuaTon	
  	
  and	
  	
  the	
  	
  heliocentric	
  distance	
  is	
  qualitaTvely	
  similar	
  to	
  that	
  
in	
  the	
  simulaTon,	
  but	
  the	
  absolute	
  values	
  are	
  smaller	
  than	
  those	
  in	
  the	
  
simulaTon.	


•  The	
  esTmated	
  energy	
  fluxes	
  are	
  also	
  smaller	
  than	
  those	
  in	
  the	
  
simulaTon.	
  	
  

•  We	
  should	
  note	
  that	
  only	
  quasi-­‐monochromaTc	
  fluctuaTons	
  were	
  
considered	
  as	
  waves	
  in	
  this	
  study.	
  

To	
  examine	
  the	
  radial	
  dependence	
  of	
  the	
  characteris6cs	
  of	
  
acous6c	
  waves,	
  we	
  analyzed	
  the	
  radio	
  occulta6on	
  data	
  near	
  the	
  
sun	
  and	
  detected	
  density	
  fluctua6ons	
  which	
  can	
  be	
  interpreted	
  
as	
  acous6c	
  waves.	
  

Summary	
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