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Context (Reeves et al., 2016, Turner et al., 2015):

(?!) The dynamics of energetic (tens to ~100+ keV) electrons and ions
during substorms is inconsistent with the traditional picture for the largescale electric field:
large-scale electric field =corotation + convection

What We Did and What We Saw

We combined 1 year of SAPS observations by:
Super Dual Auroral Radar Network (SuperDARN) + DMSP F-18 + Van Allen
Probes.
We found that:
>>> SAPS are there when energetic electrons have penetrated below L=4.

What Does it Mean?

Outside the plasmasphere in the premidnight region, potential energy is
subtracted from the ions and transmitted to the electrons when a SAPS
arises. This potential energy is converted into radial motion as the
energetic particles drift around Earth and leave the SAPS azimuthal sector.
>> Consequently, energetic electrons are injected deeper than energetic
ions when SAPS are included in the large-scale electric field picture.

Outline:
1. Observations
1.1. SAPS (?!)
1.2. SAPS + Deep Energetic
Electron Injections =
2. Interpretation
2.1. A few preliminary words
on the drifts of guiding-centers
2.2. Effect of SAPS potential
drop on energetic particle drift
trajectories
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Sub-Auroral Polarization Stream (SAPS)
E field SAPS
SAPS
ExB drift

B field
SAPS ExB drift

E field SAPS

1. SAPS seen from the ionosphere:
> persistent (hours) + latitudinally narrow ( < ~5° in mag. lat.)
band of rapid westward ExB drifts (> 500-1000 m/s).
> poleward EF present at sub-auroral latitudes
in the evening local time sector, from ~18 to 02 MLT.
2. Maps along field lines (E// = 0)
3. Observed from the magnetic equator: “in” the plasmapause
(Related to plasmasheet motion during enhanced convection)

SAPS observed on 1 March 2013 by Van Allen Probe
B during an outbound pass (13:50-18:15 UT).
E = 70kV/Re at L~4 and 22MLT
E_corotation
at L = 4 => 5.5kV/Re
E_dawn-dusk (kp6) at L = 4 => ~ 3kV/Re
>> BIG EF
>> but LOCALIZED (over ~0.6 Re)
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Sub-Auroral Polarization Stream (SAPS)

ExB/B2 of ~ 50 km.s-1 westward
L = 3.6 and MLT = 21
250keV particles have a magnetic drift velocity of ~ 40km.s-1
at L=3.6
Þ This particular SAPS is strong enough to oppose the
magnetic drift of a 250+ keV electron…
Þ Initial thoughts:
* SAPS must have an effect on energetic particles
* SAPS effect (whatever it is) depends on the charge
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SAPS observed by Van Allen Probe A on 13/03/30

18 MLT
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Meanwhile, looking at particles’ observations….

MagEIS
electrons
MagEIS
protons

“The differences between electron and ion dynamics suggest that
enhanced storm time convection alone cannot produce the observed slottime filling effects”.
large-scale electric field =corotation + convection

Adapted From Reeves et al. [2015]
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Lshell

Could SAPS play a role in the low L-shells e- injections?

SAPS events and electron flux enhancements at 110 keV are both numerous and correlated. During 2013, each time
we observed a SAPS, it corresponded to an enhancement of the electron flux at 110 keV.

SAPS => energetic electron flux injection
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Could SAPS play a role in the low L-shells e- injections?

Reciprocally, when the electron flux at 110 keV was significantly increasing at L=4, 95% of the time a SAPS was
reported by the SuperDARN, DMSP F-18 and/or by a Van Allen Probe.

Energetic electrons get injected below L = 4 => SAPS observed (95%)
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Effect of SAPS onset on energetic particle drift trajectory: prerequisite
References (+++):
“(U, B, K) Coordinates: A Natural System for Studying Magnetospheric Convection” Whipple, 1978
“Plasmasheet access to geosynchronous orbit” Korth et al., 1999
Framework
Let us consider:
• Some equatorial particles
• At the min-B surface
• In a dipole field B
• + some potential electric field
(𝛁×𝐄 = 𝟎, so 𝐄 = −𝛁V)
Corotation electric field
Convection electric field
SAPS electric field

= potential EF

• Conservation of first 2 invariants: M, J=0

The guiding-center drift velocity 𝐕𝐃 can be expressed as:
−M𝛁B×𝐁 𝐄×𝐁
+ 1
qB 1
B
𝐁
𝐁
𝐕𝐃 = −𝛁 MB + qV × 1 = −𝛁W× 1
qB
qB
𝐕𝐃 =

W =MB+qV total energy of the guiding center
0
dW 𝜕W
𝜕W
=
+ 𝐕𝐃 7 𝛁W =
dt
𝜕t
𝜕t
>>> When working in a time stationary B and E (−𝛁V), you don’t
need to bother pushing test-particles to determine drift paths.
Drift paths are readily obtained by solving the equation:

W =MB+qV = const.
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Effect of SAPS on energetic particle drift trajectory
In a time-stationary (B,V), energetic particle drift paths are obtained by solving:

W =MB+qV = const.
Bfield is known

V is not
wellknown

V 89:9; : due to the Earth rotation
V <=>?@<ABC : due to the Solar-wind
driven convection
V DEFD : due to the presence of a SAPS

V 89:9;

89.4
=−
kV
L

V <=>?@<ABC = E<=>?@<ABC (? )L sin φ

V DEFD =? ? ?

>>> To describe the effect of SAPS on energetic particle drift paths, we need to determine V DEFD !
>>> We examined the variations in the electric potential due to the presence of the SAPS.
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A SAPS = a potential drop with an amplitude > 10 kV (25kV seems typical)

Vstart

E SAPS

Vstart
Vstop

Vstop

The potential drop was estimated by computing -∫(E_rho·dr) along the spacecraft trajectory.
The total variation in electric potential crossing outwards a SAPS channel is a negative quantity= the SAPS potential drop.
For this example, we obtained a potential drop of -22.5 kV across the SAPS channel (from L=3.5 to L=4.1).
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The overall SAPS potential is not well known…. But we know that it
corresponds to a potential drop in a localized MLT sector
06 MLT

00 MLT
12 MLT
Delta L region of the SAPS (around L~3.5)

18 MLT
Delta MLT region of the SAPS (around 22 MLT)
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e- penetrate deeper into the magneto in the presence of SAPS than in the absence of SAPS

E dawn-dusk

SAPS

E dawn-dusk

NO SAPS

Injected particles
𝛆𝐭𝐨𝐭 = qU + MB = q V89:9; + V<=>?@<ABC + MB

Injected particles

𝛆𝐭𝐨𝐭,𝐰𝐢𝐭𝐡𝐒𝐀𝐏𝐒 = q V89:9; + V<=>?@<ABC + 𝐕𝐒𝐀𝐏𝐒 + MB

For electrons: because q<0, and VSAPS <0 outward of the SAPS, the total energy of electrons injected at the
same place, with the same kinetic energy is greater in presence of SAPS:
𝛆𝐭𝐨𝐭,𝐰𝐢𝐭𝐡𝐒𝐀𝐏𝐒 > 𝛆𝐭𝐨𝐭
Therefore, this population is going to be able to drift closer to Earth.
This process cannot apply to ions (q>0 so ε;9;,>a;bDEFD < ε;9; ).

(e-)
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Is this process significant?
Yes:
* Order of magnitude
For example, 100 keV electrons at L=4 and a potential drop of -30kV

∆𝐿 −qVDEFD
=
= −0.1
𝐿
3MB

100 keV electrons at L=4 that are in the SAPS azimuthal sector when
the SAPS arises are rapidly transported to L=3.6 (And they will gain
30keV in kinetic energy).

Yes:
*when we play with numerical models, we can convince ourselves
that:
Including SAPS in the large-scale electric field picture leads to the
deformation of the drift paths. For the energetic electrons, the
presence of SAPS leads to the opening of drift paths that would be
closed otherwise.

e- energies
at midnight

drift trajectories in the absence of SAPS = black
drift trajectories in the presence of SAPS = color-coded
+ corotation
+ convection (Volland-Stern Kp=5+)
+Goldstein et al.(2005) for the SAPS model (Kp=6)
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Overall Conclusion:
Key points for this talk:

Recent particle observations have demonstrated the need to reassess
our traditional description of plasma transport in the Earth’s inner
magnetosphere.

1. There is almost a one-to-one
correspondence between the times of
energetic electron flux enhancements
and the times of SAPS observations.

In parallel, recent analysis of electric and magnetic field measurements
demonstrated that the instruments onboard Van Allen Probes had the
accuracy required to deliver consistent evaluations of the electric drift
ExB, even below 3 Earth radii.

2. According to SuperDARN and Van Allen
Probes, SAPS electric potentials are large
enough to efficiently interact with
energetic particles.

The analysis of this unique database is under way!

3. Energetic electrons penetrate deeper
than energetic ions when SAPS are
included in the large-scale electric field
picture.

While it is well-known that electric fields are highly variable in the inner
magnetosphere, neither the extent to which the electric field can vary
nor the conditions associated with such variations have ever been
measured as extensively nor as accurately as by the Van Allen Probes.
Thus far, our analysis has highlighted the importance of the coupling
between the ionosphere and the magnetosphere:
@ Low L shells: ionosphere wind dynamo visible in ExB
@ Plasmasphere boundary layer: SAPS
=> To be continued!
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BACK UP SLIDE
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“You have been speaking about radial displacement due to SAPS, but SAPS
corresponds to an ExB in the azimuthal direction… that is weird”
𝜕𝑉
𝜕𝑟
0
𝐄=−
𝜕𝑉
𝑟𝜕𝜑

𝐄×𝐁
=
𝐁𝟐

𝜕V
𝜕𝑉
−
0
r𝜕φ
𝜕𝑟
1
0
× 1⁄𝐵 =
0
B
𝜕𝑉
𝜕V
0
𝑟𝜕𝜑
𝜕r

Proof by contrapositive (“raisonnement par l’absurde”)
• If there was no radial transport related to a SAPS, then: ∀𝜑,

SAPS electric drift
(ExB/B2)

rs
:rt

=0

• Therefore V does not depend on MLT: V r, 𝜑 = 𝑉 𝑟
𝐄×𝐁
𝐄×𝐁
• Therefore: ∀𝜑, 𝟐 ru , φ = 𝟐 ru
𝐁
𝐁
• Therefore, the electric drift cannot be localized in a localized MLT sector….
Therefore, because the SAPS is localized in a given MLT sector, the SAPS
electric drift has component in both radial and azimuthal directions.
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