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[Egedal+2015, PoP]

* As magnetic flux tubes expand, electron density
should drops, while density of demagnetized ions —

stays constant resulting in positive charge D = NV /
density.
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Parallel Electric Fields iIn Reconnection
Theory

[Egedal+2015, PoP]

* As magnetic flux tubes expand, electron density
should drops, while density of demagnetized ions

stays constant resulting in positive charge
density.

. Parallel electric fields E” form in the
reconnection region to maintain quasi-neutrality.

. E” trap electrons locally to balance charge and
maintain quasi-neutrality.

[Egedal+2005, PRL] [Egedal+2015, PoP]
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e Parallel electric fields accelerate electrons
toward the X-line, forming beam-type
electron VDFs.
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e Parallel electric fields accelerate electrons
toward the X-line, forming beam-type
electron VDFs.

* Trapped electrons form a thermalized hot
population.
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e Parallel electric fields accelerate electrons
toward the X-line, forming beam-type
electron VDFs.

* Trapped electrons form a thermalized hot
population.

* Unstable beam + thermalized hot electron
excites electrostatic waves and forming
flat-top VDFs [Fujimoto, 2014, GRL].
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Electron Heating by Parallel Electric Fields

e Parallel electric fields accelerate electrons
toward the X-line, forming beam-type
electron VDFs.

* Trapped electrons form a thermalized hot
population.

* Unstable beam + thermalized hot electron
excites electrostatic waves and forming
flat-top VDFs [Fujimoto, 2014, GRL].

* Curvature scattering of electrons
iIsotropizes the flat-top VDFs.

What is the nature and the role of parallel
electric fields in magnetic reconnection?
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The Earth’s Magnetotail as a Plasma Lab
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The Magnetospheric Multiscale (MMS) missiont

[ 4
“ e N
< - / -
¥ - . o\ 4
M TOS C 5 T
a MeLTI:CAL:',:'ER: “.; U;)
> ¥ ¢ ,.5 .
R Tt
Q AR S Q
(o) P G
oo NS Jaat™\ 5\
‘?,90 > Y\,(O
“ SPACE FL\C
/
— '/

5 thttps://www.nasa.gov/fy-2026-budget-request/



The Magnetospheric Multiscale (MMS) missiont

 NASA mission launched in 2015, designed to study magnetic
reconnection in Earth's magnetosphere.

* Four spacecraft flying in a tetrahedral formation with ~10 km
separation, enabling 3D measurements.

* Fields instruments provide high-cadence measurements of
electromagnetic fields:

e Electric and magnetic field data at up to 64 kHz (electric)
and 8 kHz (magnetic). 7

e Particle instruments deliver high-resolution plasma SDP
measurements: \
Y

DES DIS

* Thermal protons sampled every 150 ms and electrons

every 30 ms.
DIS
DES

DES
DIS

e Spin-resolution measurements (20 s cadence) of mass-

resolved ions. SDP / SCM
e Suprathermal particles: ions at 10 s / 30 s and electrons \
at 30 s cadence. DP
ADP' AFG TS DIS DES

5 thttps://www.nasa.gov/fy-2026-budget-request/



Electron VDFs in the 0utf|ow Fiohards 2025, PRL
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Example

Electron VDFs in the QOutflow Fiohards 2025, PRL
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Electron VDFs in the 0utf|ow Fiohards 2025, PRL

Example

* Flat-top eVDF in the reconnection jet
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Electron VDFs in the 0utf|ow Fiohards 2025, PRL

Example
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Electron VDFs in the 0utf|ow Fiohards 2025, PRL
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Electron VDFs in the Outflow

Modeling the electron VDFs
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Electron VDFs in the 0utf|ow Richard+2025, PAL
Modeling the electron VDFs
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* Model electron VDF (r,q) [Qureshi+2004, PoP] for
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Electron VDFs in the 0utf|ow Richard+2025, PAL
Modeling the electron VDFs

1/ fo

* Model electron VDF (r,q) [Qureshi+2004, PoP] for
v, =~ 0
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Electron VDFs in the Outflow Richard+2025, PAL
Modeling the electron VDFs

* Model electron VDF (r,q) [Qureshi+2004, PoP] for
v, =~ 0
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Resu Its [Richard+2025, PRL]
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Resu Its [Richard+2025, PRL]
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Resu ItS [Richard+2025, PRL]
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Results

Acceleration potential

* Plasma sheet reconnection followed by
lobe reconnection
[Vaivads+2011, AnnGeo] PSR TLR

e
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* The increase Iin acceleration potential is
proportional to the increase in inflow
Alfvén speed

eCIDTLR/ eCIDP 3K VZeLOIi/ VA ot

The acceleration potential increases
with the inflow Alfvén speed
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Resu ItS [Richard+2025, PRL]
The origin of E; sH
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Results
The origin of E;

o Steady-state local electron momentum

balance along the field line
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ReSUItS [Richard+2025, PRL]
The origin of E;
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Resu ItS [Richard+2025, PRL]

Statistics
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Statistics

. e®dy increases with 7, to keep electrons

trapped.
PP [Egedal+2005, PRL]
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Results

[Richard+2025, PRL]
Statistics

. e®dy increases with 7, to keep electrons
trapped.
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Results

[Richard+2025, PRL]
Statistics

. e®dy increases with 7, to keep electrons
trapped.

ed | [eV]

[Egedal+2005, PRL]

e
= - (r
. e®d increases with V,,, to balance the flux
tube expansion

e®, increases with 7, . ,and V,,, to
maintain quasi-neutrality
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Results

[Richard+2025, PRL]
Role of £, in the energy partition
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 The acceleration potential scales as
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Results

[Richard+2025, PRL]
Role of £, in the energy partition

 The acceleration potential scales as

_ —1/2
eCIDH/TeOO = O 0os

ed | [eV]

« Electron heating: £, . + E” [Le+2016, PoP,

rec

Qieroset+2020, ApJ]
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Role of £, in the energy partition

 The acceleration potential scales as
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Resu ItS [Richard+2025, PRL]

Role of £, in the energy partition

 The acceleration potential scales as

_ —1/2
eCD”/TeOO = O 0os

ed | [eV]

« Electron heating: £, . + E” [Le+2016, PoP,

rec

Qieroset+2020, ApJ]

_ )
AT, = aemiVAioo

 lon heating: Pick-up + E” [Drake+2009, JGR,
Haggerty+2015, GRL]

AT; = ailmivf%ioo — 20e®,

 Empirical model for the ion-to-electron energy partition
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Results

[Richard+2025, PRL]
Statistics

* Fluid firehose stability condition

(P|| — P < 32/2,140) for the entire CS
requires [Le et al., 2009, 2010].
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ed) <K (eDy),,,, SUggesting that parallel

electric fields cannot produce too large
electron pressure anisotropy.
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Conclusions

 What is the nature of the parallel electric fields in magnetic reconnection?

* The field-aligned ambipolar electric field is primarily due to electron density
gradients.

 What is the role of the parallel electric fields in magnetic reconnection?

 The acceleration potential scales with inflow temperature and Alfvéen speed
to maintain quasi-neutrality.
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