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Parallel Electric Fields in Reconnection
Theory



• As magnetic flux tubes expand, electron density 
should drops, while density of demagnetized ions 
stays constant resulting in positive charge 
density.
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• As magnetic flux tubes expand, electron density 
should drops, while density of demagnetized ions 
stays constant resulting in positive charge 
density.

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

E∥

•  trap electrons locally to balance charge and 
maintain quasi-neutrality.
E∥
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Electron Heating by Parallel Electric Fields

• Parallel electric fields accelerate electrons 
toward the X-line, forming beam-type 
electron VDFs.
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• 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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Electron Heating by Parallel Electric Fields

• 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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• 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 
isotropizes the flat-top VDFs.
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Electron Heating by Parallel Electric Fields

• 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 
isotropizes 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) mission†

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



• 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:


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


• Particle instruments deliver high-resolution plasma 
measurements:


• Thermal protons sampled every 150 ms and electrons 
every 30 ms.


• Spin-resolution measurements (20 s cadence) of mass-
resolved ions.


• Suprathermal particles: ions at 10 s / 30 s and electrons 
at 30 s cadence.

The Magnetospheric Multiscale (MMS) mission†
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Example

• Flat-top eVDF in the reconnection jet
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Example

• Flat-top eVDF in the reconnection jet

• Beam + thermalized core at the 
separatrix flow (producing the Hall 
current)
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Example

• Flat-top eVDF in the reconnection jet

• Beam + thermalized core at the 
separatrix flow (producing the Hall 
current)
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Modeling the electron VDFs
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• Model electron VDF (r,q) [Qureshi+2004, PoP]  for 

v⊥ ≃ 0

f(r,q) = f0 1 + (
v2

∥

ξ(r, q)v2
te,∥ )

r+1
−q

7

Modeling the electron VDFs
[Richard+2025, PRL]

10°7

10°5

10°3

f
/f

0

•̃ = 2.72

•̃ = 2.68

•̃ = 2.46

•̃ = 2.21

•̃ = 2.05

•̃ = 1.89

10°7

10°5

10°3

f
/f

0

•̃ = 1.75

•̃ = 1.58

•̃ = 1.43

•̃ = 1.30

•̃ = 1.16

•̃ = 1.04

°2 0 2

vk/vth

10°7

10°5

10°3

f
/f

0

•̃ = 0.96

•̃ = 0.86

•̃ = 0.65

°2 0 2

vk/vth

•̃ = 0.43

•̃ = 0.24

•̃ = 0.03

Electron VDFs in the Outflow



102103104

Ee [eV]

10°21

10°19

10°17

f e
[s

3
m

°
6
]

µ 2 [171±, 180±]
•̃ = 2.33 ± 0.64

(a)

102 103 104

Ee [eV]

µ 2 [0±, 9±]
e©k = 2.0 ± 0.2 keV

(b) r = 3.0, q = 2.0

15:28:39.383

°25 0 25

vk [Mm s°1]

°25

0

25

v E
£

B
[M

m
s°

1
] (c)

15:28:39.383

°25 0 25

vk [Mm s°1]

(d)

15:29:38.784

°50 0 50

vk [Mm s°1]

(e)

15:30:29.274

-14

-13

-12

-11

-10

lo
g
1
0

° f e
£ s2

m
°

5
§¢

• Model electron VDF (r,q) [Qureshi+2004, PoP]  for 
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f(r,q) = f0 1 + (
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• Model electron VDF (r,q) [Qureshi+2004, PoP]  for 

v⊥ ≃ 0

f(r,q) = f0 1 + (
v2

∥

ξ(r, q)v2
te,∥ )

r+1
−q

• Flatness factor: :
Ξ = f(vth)/f0

Ξ̃ ≡
Ξ(r,q)

ΞbM
= e (1 +

1
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• Knee velocity  corresponding to the acceleration 
potential 
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• Plasma sheet reconnection followed by 
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Acceleration potential

• Plasma sheet reconnection followed by 
lobe reconnection

• The increase in acceleration potential is 
proportional to the increase in inflow 
Alfvén speed


 eΦTLR
∥ /eΦPSR

∥ ∼ VTLR
Ae∞/VPSR

Ae∞

The acceleration potential increases 
with the inflow Alfvén speed

8

°15

0

15

30

B
[n

T
]

(a) Bx

By

Bz

|B|
B1

15:00 15:20 15:40 16:00 16:20
2017°Jul°06

°800

0

800

V
i

[k
m

s°
1
] (b)

Vix

Viy

Viz

°15

0

15

B
[n

T
]

(c)
Bx

By

Bz

|B|

0.15

0.30

0.45

n
e

[c
m

°
3
] (d)

°1.5

0.0

1.5

V
e

[M
m

s°
1
]

(e)
Vex

Vey

Vez

102

104

E
e

[e
V

] (f)

0.0

0.8

1.6

2.4

•̃

(g)

15:24 15:26 15:28 15:30 15:32
2017°Jul°06

0

2

4

6

e©
k

[k
eV

] (h)

105

106

107

108

[(
cm

2
s

sr
)°

1
]

Results [Richard+2025, PRL]
PSR TLR

PSR TLR[Vaivads+2011, AnnGeo]



°15

0

15

30

B
[n

T
]

(a) Bx

By

Bz

|B|
B1

15:00 15:20 15:40 16:00 16:20
2017°Jul°06

°800

0

800

V
i

[k
m

s°
1
] (b)

Vix

Viy

Viz

°15

0

15

B
[n

T
]

(c)
Bx

By

Bz

|B|

0.15

0.30

0.45

n
e

[c
m

°
3
] (d)

°1.5

0.0

1.5

V
e

[M
m

s°
1
]

(e)
Vex

Vey

Vez

102

104

E
e

[e
V

] (f)

0.0

0.8

1.6

2.4

•̃

(g)

15:24 15:26 15:28 15:30 15:32
2017°Jul°06

0

2

4

6

e©
k

[k
eV

] (h)

105

106

107

108

[(
cm

2
s

sr
)°

1
]

The origin of E∥

9

 drops @ Φ∥ |B | → B0

Results [Richard+2025, PRL]
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• Steady-state local electron momentum 
balance along the field line


eE∥ = − ∇∥Te∥

Φ∥T

− Te∥ ∇∥ln n

Φ∥n

+ (Te∥ − Te⊥)∇∥ln B

Φ∥B

• Potential drop (incremental) across the 
outflow [Haggerty+2015, GRL]


eΔΦ∥ = − ∫
a

b
E∥dl ≃ (

eΔΦ∥T

10 eV ) + (
eΔΦ∥n

160 eV ) + (
eΔΦ∥B

50 eV )
Field-aligned ambipolar electric field is 
primarily due to electron density 
gradients

The origin of E∥
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•  increases with  to keep electrons 
trapped.
eΦ∥ Te∞

•  increases with  to balance the flux 
tube expansion
eΦ∥ VAe∞

 increases with and  to 
maintain quasi-neutrality
eΦ∥ Te∞ VAe∞

Results
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[Richard+2025, PRL]
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• The acceleration potential scales as 
eΦ∥/Te∞ = αΦβ−1/2

e∞

• Electron heating:  +  [Le+2016, PoP, 
Øieroset+2020, ApJ]

Erec E∥

ΔTe = αemiV2
Ai∞

[Richard+2025, PRL]
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• The acceleration potential scales as 
eΦ∥/Te∞ = αΦβ−1/2

e∞

• Electron heating:  +  [Le+2016, PoP, 
Øieroset+2020, ApJ]

Erec E∥

ΔTe = αemiV2
Ai∞

• Ion heating: Pick-up +  [Drake+2009, JGR, 
Haggerty+2015, GRL]

E∥

ΔTi = αi1miV2
Ai∞ − 2αi2eΦ∥

[Richard+2025, PRL]
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Results
Role of  in the energy partitionE∥

• The acceleration potential scales as 
eΦ∥/Te∞ = αΦβ−1/2

e∞

• Electron heating:  +  [Le+2016, PoP, 
Øieroset+2020, ApJ]

Erec E∥

ΔTe = αemiV2
Ai∞

• Ion heating: Pick-up +  [Drake+2009, JGR, 
Haggerty+2015, GRL]

E∥

ΔTi = αi1miV2
Ai∞ − 2αi2eΦ∥

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

ΔTi

ΔTe
=

αi1

αe (1 −
αi2αΦ

αi1
βe∞)

[Richard+2025, PRL]



• Fluid firehose stability condition 
( ) for the entire CS 
requires [Le et al., 2009, 2010].





 suggesting that parallel 
electric fields cannot produce too large 
electron pressure anisotropy.

p∥ − p⊥ < B2/2μ0

(
eΦ∥

Te∞ )
max

≈
1
2 ( 4ñ

βe∞ )
1/4

−
1
2

2

eΦ∥ ≪ (eΦ∥)max
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Statistics

[Richard+2025, PRL]
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• 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 Alfvén speed 
to maintain quasi-neutrality.

Conclusions
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