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Instrument suits for plasma (P), waves (W), and fields (F)
on board the NASA Van Allen Probes
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Among the main NASA RBSP mission objectives:

« Better understand radiation belt physics

« Validate various models and explain x10 difference between simulations & observations
How to

« Using 2 s/c measuring simulteanously the ambient wave environment and the radiation belts fluxes
« Solve for wave-particle interactions using in-situ measurements
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Motivation and objectives

Motivation
Dynamics in the radiation belts is driven by wave particle interactions

Understand and compute the dynamics of the radiation belts

Objectives of the talk:

Show some recent examples of important WPI in the radiation belts from

observations and simulations
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Observations of WPI in the radiation belts

Cold electron plasma and whistler-mode waves

Event-driven WPI simulations of radiation belt dynamics

Conclusions and Perspectives
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Observations of the radiation belts
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Van Allen Probes Observations of the radiation belts

Reeves et al. 2016
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The impenetrable barrier, Baker et al.,
Nature [2014]
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Storm and substorm injections (~250 keV Turner et al. 2015) Recent review of Radiation belt physics in :

Clear energy dependence of the location of the belt Ripoll, J.-F.,, Claudepierre, S. G., Ukhorskiy, A. Y., Colpitts, C., Li, X., Fennell, J.,
Discovery of Fennell’'s 2015 limit of the Inner RB at ~1 MeV & Crabtree, C. (2020). Particle Dynamics in the Earth's Radiation Belts:

_ Review of Current Research and Open Questions. Journal of Geophysical
E-structure discuss throthOUt the talk Research: Space Physics, 125, e2019JA026735.
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Radiation belts energy structure (RBSP/MagEIS L2 flux) formed by WPI

RBSPA/MAGEIS SPIN AVERAGED ELECTRONS (FESA)
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Ripoll et al., JGR, 2019
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50 keV

Substorm injections perturbating the radiation belts energy structure (MagEIS L2 flux)

RBSPA/MAGEIS SPIN AVERAGED ELECTRONS (FESA)
OUTBOUND:  2014/06/21 : 07:26-12:03 UT
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2014

Substorm
and HSS
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Dynamic injections
below 232 keV.

Substorm injections
(e.g. 3%and 8th)

ORB with S-shape
pattern

Slot formation

Gradual outer belt
decay
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Cold electron plasma and whistler-mode waves
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@2%ll Statistics of the cold plasma density (<10 eV) measured by RBSP (2012-2019) sorted by Dst
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Ripoll et al., 2022, submitted to GRL

» Quiet times: isotropic plasmasphere extending above L=5 (almost L=6). Asymmetry forming with Dst increasing
* Plumes expanding further than L~6

» Detached plasma pockets wrapping around the Earth between L=4 and L=6

* Loosing resolution for Dst<-90

» The Lpp as a marker of activity

» The outer electron belt lies within the plasmasphere for 40% of all times (at least for Kp<1)
+ 65% of any RBSP data at a given L-shell falls within the plasmasphere, versus 35% in the plasma trough.
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The whistler-mode waves zoo

~ Plasmasphere T
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density
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Most prominent waves:
- Plasmasphere with whistler mode hiss waves
- Chorus waves in the plasma trough

Less prominent waves:
- VLF Transmitter waves
- Lightning-generated whistler-waves (LGW)

Maximum electromagnetic power

- Hiss : RMS(B)=16 pT in 10-14 MLT for 300-650 Hz from Polar
satellite (Falkowski+17)
RMS(B)=38 pT all storms measured by the Van Allen
Probes between 9/ 2012 and 12/2018 (Malaspina+18)
Max ~200 pT for extreme hiss in plumes (Shi+19,
Millan & Ripoll 21)

- Lightning superbolt whistlers: RMS(B)~83 pT

- Chorus max. ~ 3 nT (Hospodarsky+16)

- EMICs max ~ 10 nT (Engebretson+2015)

- Whistler-mode waves (non-LGW) : RMS(E)~250 mV/m (Cattel+08)
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The whistler-mode statistical wave zoo system sorted by bins of plasmapause location

Extension of Malaspina et al. GRL 2017 to the whole RBSP mission

High activity (Lpp=2-3, MLT=noon) Low activity (Lpp=5-6, MLT=noon)
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(Ripoll, Malaspina, Cunningham et al. 2021, in preparation )

» Overlap of hiss/chorus in L~2-3 and L~5-6 » Importance of plasmasphere and wave coupling
* Importance of hiss up to L~6 for quiet times » The statistical approach mixes the effects
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Other lightning waves

& F

? Extreme lightning-generated whistler wave (superbolt) recorded on

Earth and in space :

EM signal in space
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@ Estimated EM wave power

—>Electric power is
attenuated by ~8
orders of magnitude
from Earth to space
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57 173 J-F. Ripoll® 2% T. Farges® ', D. M. Malaspina®#, G. S. Cunningham®, E. H. Lay®, G. B. Hospodarsky’,

C. A Kletzing®”, ). R. Wygant® & S. Pédeboy®
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Plasmasphere and whistler-mode waves coupled response to mild substorms injections

Cold plasma density Whistler-mode hiss waves

data from EMFISIS (Kurth et al.) and SCC from EFW (S. Thaller, LASP)
Mean Hiss Frequency Hiss Wave Power

NNNERNARERREF

12 3 4 5 6 7 8 | 4 5 6 7 8 9 10
Days of July 2014 Days of July 2014

- 3 frequency populations, two for hiss (200—400 and 600-800 Hz), and
= chorus can be in the 1-2 kHz hiss band outside the plasmasphere
> 3 4 5 6 7 8 9 - Hiss power compressed inward during injections

Days of July 2014 - Wave amplitudes vary by orders of magnitude.

TNERRNEREERTTCONANE

e N LR

- The stronger hiss waves are located in the plasmasphere interior, between
L=2and L =4.
- Whna response not shown

Time bin = Av. of Ne during 8 hours (~1
RBSP path) within 0.1L Ripoll et al. 2020, JAST
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- Hiss sorted
with
plasmapause
location in
Malaspina et al.

SRS MLT 10 - 12

- New sorting 100 1000
with density em®

L=2-3 L=3-4 L=4-5 L

10-56 (cm’) 56- 316.(cm”) 316-1,778 (cm) 1,778-10,000 (cm’)

» This increase is stronger and occurs regardless of L and for all MLTs (L>~3)
» These conclusions hold for variable AEx

» This correlation pleads in favor of a local generation mechanism for hiss (open subject cf.
review Rad. Belt Physics, Ripoll et al. JGR 2020)

Malaspina, D. M., Ripoll, J.-F., Chu, X., Hospodarsky, G., Wygant, J. (2018). Variation in plasmaspheric hiss wave power with
plasma density. Geophysical Research Letters, 45. https://doi.org/10.1029/2018GL078564
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Fokker-Planck modeling, event-driven wave-particle interactions and simulations of
the radiation belt dynamics
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@27l Hiss properties and density from EMFISIS & EFW in March 2013

2004 ,
1605 [DEIEIVAS\VIZNIN]

1206
(Kurth et al.) and

SCC from EFW (S.

Thaller, UM)

Electron density (#/cm)

15 20 25
Days of March 2013
Wave frequencies and wave
normal angle from EMFISIS
(compilation Santolik et al.)

Amplitudes vary by orders of
magnitude, with stronger waves
in the plasmasphere (L=2-4)

MLT-dependence is modeled
from Spasojevic et al. 2015

Mean hiss power (nT%/Hz)

15 20
Days of March 2013
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@278 Computation of Wave-Particle Interactions in the radiation belts (QL approach)

Fokker-Planck 3D: evolution of of 0 [ Dppof N 1 0 [ . df N : ) f ) +t
I— A - - [ _ _ ross-terms
an electron at (t, L, E, (1) Ot L L2 OL ]_)2 dp PP dp (7 da ' neglected
Evolution of Transport of Acceleration of Scattering of
the electron the electron the electron the electron
distribution from WPI by from WPI by from WPI by
function ULF waves VLF waves VLF waves

The scattering of an electron at (L, E, Dao (L E, 0, t) = Bigy XP(fIXP(0) X F(Bmag(L), E, a, fres)

o, t) by an electromagnetic wave W_/ N J
(here LGW) is caused by pitch angle _

. . : Wave properties - electron properties and resonance
diffusion: Daa (L; E; Q, t) - frequency distribution - ambient mag. field

- wave normal angle distribution - cold plasma density
- wave power
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Method for determining event-driven hiss loss

We compute an event-driven pitch angle diffusion coefficient
from all wave/plasma properties from RBSP: 8h resolution,
0.1L. 50 harmonics. Non-//.

From Watt et al. GRL 2021:

Numerical diffusion experiments are sensitive to variability time
scales, even at same time-integrated diffusion
Experiments reveal more diffusion from average of all diffusion

coefficients than when coefficient is constructed from averaged
inputs

Energy

Pitch angle diffusion coefficients
Dayo, for 61 of March 2013

L=2.5

March 6, 2013. L=2.5 March 6, 2013. L=3.5

o 60
Pitch angle (°)

40 60
Pitch angle (°)

0

Ripoll et al., JGR, 2017
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@27l On the 3D structure from VERB-3D simulations

Time=0.0 day Method

Solving for RD+PAD from Hiss

Verb3D-skelleton (v. 2.4.2) for solving radial & p.a.

Omni-Flux diffusion
D, of this work
BC & IC from MagEIS

8  Omniflux is integral of unidir. flux at the latitude of
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On the 3D structure: observations versus 3D simulations

Van Allen Probes/MagEIS VERB-3D simulations

Event S DATA 8 Trapping of high pitch
starts 130304 2 107 - angle electrons at low L
03/04 <107 L =
o306 5 10°) ~ 3 Relatively isotropic S-
= : H+
10 ™ o shaped outer belt
S 0 3 structure
% 130308 2 107 s
—~— —l' .
= m 1077 s 3 Narrower inner belt at low
— = 100 - due to 1- T
o310 2 107 . p.a. due to 1- proximity
Z 107 & with loss cone, 2-pitch
13/03/12 E 10 - apgle diffusion affects low
<107 < pitch angle at low L (small
Event ~ | .
~en 13/03/14 E 10 e nb of cyclotron harmonics)
03/15 o107

The 3 preserved zones from hiss
* |nner belt
» Quter low energy seed population
» Quter MeVich pocket or island
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Conclusions and Perspectives
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Whistlers waves

Cold plasma

QL simus

Future

Conclusions and perspectives

Ongoing work to build whistler-mode wave statistics and databases of typical events from RBSP

The plasmasphere expands further than expected from seminal models during quiet times as well as storms (by ~0.5L)
(Ripoll+, submitted to GRL, 2022)

Hiss dependence on density (fundamental for their origins). Importance of the coupling for RB simulations

The plasmasphere through plasmaspheric waves plays an important role in the dynamics of the outer belt (Ripoll+16, 19, 20)
« The outer electron belt lies within the plasmasphere for 40% of all times (i.e. Kp<1).
*  65% of any RBSP data at a given L-shell falls within the plasmasphere, versus 35% in the plasma trough.

Fokker-Planck simulations reproduce the RB energy structure for quiet times and moderate substorm activity (event-driven

for conserving couplings)
Global 3D fine MHD

12:00:00
04(03/17/2013

New generation of radiation belt codes : global
MHD codes + QL WPI + plasmasphere models
should really change our global understanding.

Testing Gamera on fine KHI MHD instabilities

: 40962, B//=0.2

Global MHD codes with coupled
plasmasphere with APL/Gamer). APL
team: Sorathia-Merkin-Ukhorskiy

Thése M. Cosmides at CEA (2020-2023)
24
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New online seminar : the RBSP seminar. Every last Friday of the month
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* RB physics

« Magnetospheric physics
« All planets

« Space weather

RBSP Science Organizing Committee:
Lauren Blum lauren.blum@lasp.colorado.edu
Wen Liwenli77@bu.edu

Yoshi Miyoshi miyoshi@isee.nagoya-u.ac.jp

Jean-Francois Ripoll jean-francois.ripoll@cea.fr
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