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The 50,000 ft view 

•  Since energetic space 
plasmas are basically 
collisionless, the dynamics 
have to come from 
adiabatic breaking! (i.e., 
waves) 

• That leaves us with only 2 
problems:  
1.  What is the nature of the 

wave-particle interactions? 
2.  What is the nature of the 

‘waves’? 

Thorne [2010] GRL 
“frontiers” review 



Outline 

What is the nature of wave-particle interactions? 
  

1.  Nonlinear effects 
2.  Wave generation 

 

What is the nature of the ‘waves’? i.e., translation of microphysics to 
macrophysics 

 
3. System science  

4. Dropouts 
 



1. Nature of w-p interactions: nonlinear effects 
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Example simple case: field aligned  
wave,  non-relativistic particles 

wave 



Three 
representative 
cases 
 
(a) small amplitude, 
~1 pT wave 
(b) Large amplitude 
~1 nT waves 
(c) Large amplitude, 
oblique, off-
equatorial resonance 

Bortnik et al. [2008] 



[Bortnik et al., 2014] 



Topic #1. Problems 

What is the nature of wave-particle interactions? Nonlinear effects 
  

1.  When are w-p interactions: linear, accelerating, decelerating?  
Chorus can do all 3 things ALONE!  

2.  Amplitude, coherency, and spatial dependence– need to specify this 
to get the proper ratios 

3.  What is the real timescale of radiation belt acceleration at different 
energies?  E.g., John Foster, acceleration ~1hr much too quick for 
QL diffusion. 

 
 



Topic #2: wave generation 
Meredith et al [2004] 



Growing chorus waves in the lab 



Growing chorus waves in the lab 3

FIG. 2. Mode structure of whistler waves at 4 representative frequencies corresponding to each column. The first two rows
show By in the x� y and the x� z planes, respectively. Wave amplitudes are normalized to the maximum wave amplitude in
each panel. Arrows in the second row represent the wave vector direction. The third row shows the refractive index surfaces
for each frequency in the wave number space. The wave number corresponding to each mode structure is marked by the blue
asterisk. An animation of each of these cases is available online as part of the supplemental material.

n = 1, 0,�1 (u is the initial beam velocity in the parallel
direction). Cyclotron resonance occurs in the frequency
range below 0.4⌦

e

as shown by the cluster of orange-red
points falling on the n = 1 line. Even for normal, first-
order cyclotron resonance, the WNA is seen to be close to
resonance cone in the frequency range 0.2 < !/⌦

e

< 0.3,
which decreases with increasing frequency and eventu-
ally reaches about 160o between 0.35 < !/⌦

e

< 0.4. The
cyclotron resonance mode results in the most e�cient en-
ergy transfer and hence the largest wave amplitude com-
pared to the other two resonance modes. For Landau
resonance below 0.25⌦

e

, the measured data is seen to fall
slightly below ! = k

z

u, which may be evidence that the
beam electrons are slowed down from their initial velocity
u, by the time they reach the primary wave excitation re-
gion in the experiment. The Landau resonance mode be-
low 0.25⌦

e

has a WNA of 80o or so. Such oblique WNA
implies a finite wave electric field (though small) in the
parallel direction, which allows energy transfer between
beam electrons and whistler waves through Landau reso-
nance. The WNA for Landau resonance in the frequency
range 0.4 < !/⌦

e

< 0.9 is near the edge of the resonance
cone. Anomalous cyclotron resonance co-exists with Lan-
dau resonance in the frequency range 0.4 < !/⌦

e

< 0.9.

FIG. 3. A map of resonance modes in kz�! plane, color coded
by power spectral density (a) and byWNA  (b), respectively.
Three solid lines in both (a) and (b) satisfy ! � kzu = n⌦e

with n = 1, 0,�1 from left to right.

The WNA for anomalous cyclotron resonance is in the
range between 20o and 50o.

To compare the experimental results with the predic-
tions of linear theory, the hot plasma dispersion rela-
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Topic #2. Problems 

What is the nature of wave-particle interactions? Wave excitation  
  

1.  Based on a specified distribution f(v), can we predict the wave 
properties? 
–  Wave mode: whistler-mode, ion cyclotron, electrostatic … 

–  Start frequency, stop frequency, intensity, wave normal angle 

–  Coherence, subpackets  

2.  Propagation characteristics 
–  Growth/damping 

–  Connection with other waves: chorus-hiss 

 

 
 



Topic #3: What is the nature of 
the waves?  System science  

Use THEMIS density data (from S/C potential) June 2008 – 
Oct 2014, TH-A, D, E in 5-min cadence (~106 samples) regress 
on 5-hour history of sym-H. 



Topic #3. Problems 

What is the nature of the waves? System science   
  

1.  Goal: Given a set of sparse measurements of some quantity Q, at 
location r and time t, we want to reconstruct Q over all r at any t 
Based on a specified distribution f(v), can we predict the wave 
properties? 
–  Input conditions in physical models  

–  Specification for space weather 
–  ‘Insight discovery’ in physical processes 

2.  The good news: there is LOTS of data!  That’s great 

3.  The bad news: data is generally not intercalibrated … not too 
glamorous but very useful 

 

 
 



Topic #4: dropouts 

represent the magnitude of the solar wind dynamic pressure. However, two proxies are used to classify the
southward IMF Bz: (1) Ts/Tt, which is the percentage of time duration with the southward IMF Bz during
each dropout event; (2) BS/BN, which is the ratio of the sum of the absolute magnitude of southward IMF
Bz to that of northward IMF Bz during each dropout event. Note that if the IMF Bz remains continuously
southward during one dropout event, BS/BN is artificially set to 104 in this study for convenience. Figure 2
displays the distributions of the dropout events in the (a) Ts/Tt-Pmax and (b) BS/BN-Pmax domains,
respectively. In the two panels, each solid circle represents one dropout event, and its color denotes the
minimum magnetopause location (r0min) during the dropout event calculated using the Shue et al. [1998]
model. The blue and red dotted lines show the first (25%) and third (75%) quartiles, respectively. In both
panels, these dropout events seem to be spread along a line from top left to bottom right, which suggests
that both the southward IMF Bz and large solar wind dynamic pressure are important, and either one can
solely result in a significant electron flux dropout. Moreover, the dropout events can occur not only when
the magnetopause is pushed inward significantly (r0min< 6 RE) but also when the magnetopause is quite
far (r0min> 10 RE). In Figure 2, it is shown that some dropout events take place with r0min~11 RE, during
which the solar wind dynamic pressure is very small. This indicates that the magnetopause is not the only
place where the relativistic electrons can be lost, and therefore, not all the dropout events can be
explained by the magnetopause shadowing. Surprisingly, there are still four events detected with the
condition that the solar wind dynamic pressure is low and the IMF Bz is northward as shown in the bottom
left of two panels. Although the cause of dropout in these events may be very interesting, it is beyond the
scope of this paper and will be left for a future study.

In order to isolate and investigate the roles of the solar wind dynamic pressure and IMF Bz, four groups
(P1, P2, B1, and B2 shown in Figure 2b) of relativistic electron dropout events are chosen to conduct the
superposed epoch analysis. The boundaries between the four groups (P1, P2, B1, and B2) are the first
(25%) and third (75%) quartiles. The dropout events in Groups P1 and P2 occur with a similar IMF Bz,
but with the significantly different solar wind dynamic pressure. Similarly, Groups B1 and B2 are
compared to isolate and show the effects primarily driven by the southward IMF Bz.

3.2. Superposed Epoch Analysis

The superposed epoch analysis triggered by the onset of dropout events is conducted on the relativistic
electron dropout events in the four groups (P1, P2, B1, and B2) selected above. Figure 3 presents the
averaged results of superposed epoch analyses for the subsolar magnetopause location r0, electron fluxes
with energies E> 0.6MeV and E> 2 MeV at GEO, IMF Bz, solar wind total speed Vt, density, dynamic
pressure Pd, AE, Dst, and Kp for Groups (a) P1 and (b) P2, respectively. The zero epoch is the onset of
dropout events and denoted by vertical dashed lines. Note that the electron fluxes were normalized by
the mean flux of 1 day prior to the onset for each event before conducting the superposed epoch analysis.
As a result, any potential nonphysical effects on the superposition, which are caused by the different

Figure 2. The distributions of the dropout events in the (a) Ts/Tt-Pmax and (b) BS/BN-Pmax domains, respectively. In two
panels, each solid circle represents one dropout event, and its color denotes the minimum magnetopause location
(r0min) during the dropout event. The blue and red dotted lines show the first (25%) and third (75%) quartiles, respectively.
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Gao et al. [2015] 



Topic #4. Problems 

What is the nature of the waves? Dropouts   
  

1.  What is the cause or radiation belt dropouts? 
–  This is a problem for models! 

–  There are 3 boundaries: L, pitch-angle, E  

2.  Are there 2 different ‘kinds’ of magnetopause shadowing?   
–  Opening up drift paths by compressing magnetopause boundary 
–  Stripping field lines by dayside reconnection  

 
 



Summary 

Since space plasmas are collisionless, dynamics can only be produced 
by ‘loss of adiabaticity’, i.e., waves.  That leaves 2 broad questions: 

  

What is the nature of wave-particle interactions? 
1.  Nonlinear effects 

2.  Wave generation 
 

What is the nature of the ‘waves’? i.e., translation of microphysics to 
macrophysics 

3. System science  

4. Dropouts 
 



Back ups 


