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What have we actually learned 
from MMS about collisionless 
reconnection?
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Collisionless reconnection is intrinsically multiscale, 
structured, and often turbulent, with energy 

conversion distributed far beyond the diffusion region.
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The Earth’s Magnetotail as a Plasma Lab

Reconnection jet
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Hall reconnection

EDR – Electron Diffusion Region

IDR – Ion Diffusion Region 

2-fluid (Hall) reconnection

[Pritchett, 2002]
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Streaming at separatrices



Hall physics with Cluster

[Vaivads, Khotyaintsev et al, PRL, 2004] [Khotyaintsev, Vaivads et al, PRL, 2006]



MMS Launched on March 12, 2015 at 10:44pm



[Khotyaintsev, Graham, et al, GRL, 2016]

MMS: fast particle measurements
• LHDI fully resolved in fields and 

particles


• V = ExB/B2



Anomalous resistivity, diffusion, 
kinetics, multi-scale 3D structure
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Strong energy conversion due 
to waves.

[Tigik, Graham, et al, JGR, 2025]
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By assuming the non-fluctuating quantities slowly varying time we obtain:69

hEi + hVei ⇥ hBi = �r · hPei
hneie

� me

hneie
r · (hneihVeihVei) + D + T. (2)

Here D and T are the anomalous resistivity (or drag) and anomalous viscosity (momentum70

transport), respectively. These quantities are defined as71

D = � h�ne�Ei
hnei

, (3)
72

T = � hneVe ⇥ Bi
hnei

+ hVei ⇥ hBi. (4)

After expanding equation (4) we obtain73

TL = h�VN �BM i�h�VM�BN i+
 h�ne�VN ihBM i + h�ne�BM ihVN i � h�ne�VM ihBN i � h�ne�BN ihVM i

hnei

�
,

(5)74

TM = h�VL�BN i�h�VN �BLi+
 h�ne�VLihBN i + h�ne�BN ihVLi � h�ne�VN ihBLi � h�ne�BLihVN i

hnei

�
,

(6)75

TN = h�VM�BLi�h�VL�BM i+
 h�ne�VM ihBLi + h�ne�BLihVM i � h�ne�VLihBM i � h�ne�BM ihVLi

hnei

�
.

(7)

Both D and T can be approximated by averaging over the four spacecraft and smoothing76

or lowpass filtering. The anomalous quantities associated with the pressure divergence77

and the inertial term cannot be evaluated in this way because they rely on four-spacecraft78

measured and cannot be averaging. In addition, the spacecraft separations are comparable79

or larger than the lower hybrid wavelength.80

For lower hybrid waves the electrons are expected to remain approximately frozen81

in, while ions are unmagnetized, so the electron velocity perpendicular to B can be ap-82

proximated by83

V? ⇡ �E ⇥ B

|B|2 . (8)

If we substitute V? into equation (4) and neglect the �B terms, we obtain D ⇡ �T. This84

means that if the lower hybrid waves are purely electrostatic, k is perpendicular to B and85

electrons remain frozen in then the contribution of the anomalous terms will be negligible.86

Therefore, energy conversion from fields to particles due to anomalous fields J·(D+T) ⇡ 0.87

Di�erences between D and T can result from oblique k, resulting in a parallel elec-88

tric field Ek or magnetic field fluctuations �B associated with the lower hybrid waves be-89

comes su�ciently large to modify T. For instance, the magnitude of the parallel magnetic90

field fluctuations is given by91

�Bk
|B| =

�e
2

e�
kBTe

, (9)
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where �e is the electron plasma beta and � is the lower hybrid wave potential. Based on92

previous magnetopause observations we find that e�/kBTe ⇠ 0.5. Thus, the magnitude93

of �Bk/|B| is determined by �e. For high beta plasma, where lower hybrid waves are still94

generated we expect the contributions of �B to be more significant. In this case D , �T,95

and so the anomalous terms are more important.96

The fluctuations associated with the lower hybrid waves will also modify the elec-97

tron continuity equation, given by98

@ne
@t
+ r · (neVe) = 0. (10)

The di�usion coe�cient is given by99

neVe = �De · rne, (11)

where De is the di�usion coe�cient. By including the fluctuating terms associated with100

the lower hybrid waves and using the ensamble averaging, the cross-field di�usion in the101

normal direction is defined as102

D? = � h�ne�VN i
hrnei

. (12)

Thus, there will be a net flux of electrons in the normal to the magnetopause if h�ne�VN i ,103

0. In the limit that electrons are frozen in we obtain, D? ⇡ DM Ln/hBi, where Ln =104

ne(@ne/@N)�1 is the gradient length scale. Therefore, electron di�usion rate is determined105

by the anomalous drag in the out-of-plane direction.106

3 Observations107

In this paper we use data from MMS. Electric field E from the electric field double108

probes (EDP), magnetic field B from fluxgate magnetometer (FGM) and search coil mag-109

netometer (SCM), and particle data from fast plasma investigation (FGM). All data are in110

high-resolution burst mode. In burst mode the electron and ion data are sampled at 33 Hz111

and 8 Hz, respectively. To investigate the changes in density and the electron velocity fluc-112

tuations associated with lower hybrid waves we use the ...113

For each event we rotate the vector quantities into LMN coordinates, where N is114

normal to the magnetopause pointing outward, M is in the guide field direction, and L115

is along the reconnecting magnetic field direction. We determine the coordinate system116

using minimum variance analysis of B across the magnetopause. The reliability of the N117

–5–

Diffusion coefficient
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Anomalous flow

[Graham, Khotyaintsev et al, Nat Comm, 2022]

Energy conversion and anomalous terms



Electron crescent distributions

Agyrotropy measure  
by Swisdak, 2016.

[Norgren, Graham et al, GRL, 2016]



off-diagonal stress in the electron 
pressure tensor breaking the frozen-
in law


Contributions to the reconnection electric field

[Egedal et al, PRL, 2019]

ne (E + v × B)M ≈ − ( ∂Pe
LM

∂L
+ ∂Pe

MN

∂N )
MMS



Contributions to the reconnection electric field

• The differential pressure: 
 

  
 
shows how different parts 
of  velocity space (and thus 
different electrons 
populations and 
trajectories) contribute to 
the pressure.

dPe
xy = me f(vx, vy)(vx − v̄x)(vy − v̄y)dvxdvy X lineTailward exhaust Earthward exhaust

[Norgren et al, PoP, 2025]



Agyrotropic electron beam:  
• 5% of total density, 

perpendicular to B 
• drive UH waves 
• ~ 300 mV/m E 

[Li, Khotyaintsev et al, GRL, 2021][Graham, Khotyaintsev et al, PRL, 2017] [Li, Graham et al, Nat Comm, 2020]

Discovery: crescents generate UH and Bernstein waves



Electron heating in guide-field reconnection
Guide-field X-line (PIC)

[Munõs & Büchner, ApJ, 2018] [Khotyaintsev, Graham et al, PRL, 2020]

Debye-scale turbulence (MMS)



Development of the Debye-scale 
turbulence leads to rapid 
thermalization of the electron jet

[Khotyaintsev, Graham et al, PRL, 2020]



3D structure — CS kinking

[Cozzani, Khotyaintsev et al, PRL, 2021]

current sheet kinking propagating in the out-of-
reconnection-plane direction



Ion and electron heating
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• Ions in the reconnection jet are 
accelerated by the Hall electric field, 
forming counter-streaming beams 
[e.g., Wygant+2005, JGR].


• Multiple reflections form the 
reconnection outflows


• Predisted temperature in the outflow 
for cold inflow [Drake+2009, JGR]:

Ion Heating in Reconnection Jets



Large-scale acceleration potential  

associated with magnetic reconnection


eΦ∥ = ∫
∞

x
E∥dl

21

[Egedal et al., 2005]

Electron Heating by Parallel Electric Fields in Reconnection

[Egedal et al, JGR, 2008]

Electrons are trapped by the potential in 
order to maintain quasi-neutrality near the 
diffusion region



• Ions are more heated than 
electrons


• Electron heating scales linearly 
with available magnetic energy 
per particle


• But the ion heating does not


• Haggerty et al (2015) suggested 
this is because of the potential:
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Electron and ion heating

[Øieroset et al, ApJ, 2023, 2024]



• Parallel electric fields heat 
plasma up to 10× its initial 
temperature


• New empirical model for ion-to-
electron energy partitioning:
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Electron Heating in Magnetotail Reconnection
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[Richard, Khotyaintsev et al, PRL, 2025]



• Fully developed turbulence from 
injection to sub-ion scales 


• Develops within a few gyro-
periods


• The turbulent energy transfer rate 
accounts for a substantial fraction 
of the reconnection energy budget.


• Scattering in curved fields is the 
primary mechanism for ion 
iostropization 

τl = δxl /VA

Reconnection jets

[Nakamura+199(a) •=o.151 
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Figure 4. The x-z projections of ion orbits in the cases (a) n - 0.151 (0 - 5.0 ø, A - 3.0), (b) 

κ ≪ 1 κ ≫ 1 κ ≈ 1

[Richard et al, PRL, 2024][Richard, Khotyaintsev et al., PRL, 2023]



Larger scales: Dissipation, ion 
and electron heating
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Large-scale 3D structure
Magnetotail Reconnection Jets a.k.a. Bursty Bulk Flows
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z
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Ions with  accelerated and 
ions with  are convected 
with the jet.

ρi > Rjet
ρi < Rjet

Ion Acceleration
[Richard+2022a, JGR]Rjet
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[Richard, Khotyaintsev et al., JGR, 2022]



• Magnetopause, magnetotail - 
driven system, small system, 
both the X-line extent, and 
outflow are limited by the Earth’s 
dipole


• For larger systems: solar wind 
reconnection 


• High guide-field cases not well 
developed, can look at the 
ionosphere

Liminations of magnetospheric observations
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Reconnection is never alone
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Reconnection + shocks + turbulence

Gingell et al., 2019; Wang et al., 2019; L. Turc 



Reconnection + KHI + turbulence

[Sorathia et al, JGR, 2020] [Eriksson et al, GRL, 2016]



Plasma Observatory - what do we need 
from the future observations? 
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Reaching for the future from the shoulders 
of giants

Multi-point has been 
transformative  

Single-scale limit 
reached

Cluster (2000-2026):  
first 3D view of the 

magnetosphere 

MMS (2015-):  
first 3D electron-scale view

Fluid scaleIon scaleElectron scale

First simultaneous multi-
scale measurements



How many points do we need ?

4 points: single scale in 3D, 
simple plasma structures 

7 points: two scales in 3D, 
non-planar & non-stationary 
structures



SO2

How are particles energized during  
magnetic reconnection?

Reconnection regions: inherently 
multi-scale structures from kinetic to 
fluid scales.

Key unknowns: multi-step particle 
acceleration

PO first: Provide quantitative, cross-scale description of the drivers and processes 
of electron, proton and heavy ion energization.
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Cluster Observations

C. Norgren

Chen et  al., 2008



• Islands, mesoscales


• Guide field, i.e., contribution of 
waves, electron inertia


• 3D, X-line spreading, 
fragmentation


• Onset, cessation


• Partition electrons-ions


• Energy partition (thermal vs tail)

Open questions
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• Pressure tensor importance established: 
EDR is agyrotropy-driven. There is 
additional physics at even smaller scales, 
but the pressure-agyrotropy is robust.


• Anomalous resistivity is weak, but there 
is an anomalous transport


• Distributed energization in outflows is 
increasingly evident


• Strong 3D at different scales


• Reconnection is never alone 
(+turbulence, + KHI, +shocks)

Summary
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Stawarz et al., SSR, 2024 

Reconnection is everywhere


