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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.



Diversity of plasma — universal physics
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The Earth’s Magnetotail as a Plasma Lab
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Hall reconnection
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MMS: fast particle measurements IRF
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Anomalous resistivity, diffusion,
Kinetics, multi-scale 3D structure



Energy conversion and anomalous terms
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Electron crescent distributions ('Wﬁ@”xw
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Contributions to the reconnection electric field
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Contributions to the reconnection electric field ll‘h
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negative « W = — dE,,dM — positive

 '|'he differential pressure:

dP)fy = m,f(v,, vy)(vx — vx)(vy — \7y)dvxdv

Y Taillward exhaust X line Earthward exhaust

shows how difterent parts
of velocity space (and thus
ditferent electrons
populations and
trajectories) contribute to
the pressure.
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Discovery: crescents generate UH and Bernstein waves

01:17:39.386UT

>

Agyrotropic electron beam:

* 5% of total density,
perpendicular to B

e drive UH waves
e ~300mMV/mE

[Graham, Khotyaintsev et al, PRL, 2017]

[Li, Graham et al, Nat Comm, 2020]
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Electron heating in guide-field reconnection 'ﬁ"ﬂ"‘ﬂ

Debye-scale turbulence (MMS)

[Munos & Buchner, AplJ, 2018]
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Magnetosheath
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3D structure — CS kinking

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

[Cozzani, Khotyaintsev et al, PRL, 2021]



lon and electron heating



lon Heating in Reconnection Jets

* |ons 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]:
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(H'|"H'ﬂ||mﬂ""'\
\“]"F, Electron Heating by Parallel Electric Fields in Reconnection

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

09)
Large-scale acceleration potential e® = J E\dl
o diffusion region

associated with magnetic reconnection

[Egedal et al., 2005]
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E= =

B e,

Trapped Electron

21

[Egedal et al, JGR, 2008]
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Electron and ion heating \"lw
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[Dieroset et al, ApJ, 2023, 2024]



':"ﬂ”"ﬂ' Electron Heating in Magnetotail Reconnection
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[Richard, Khotyaintsev et al, PRL, 2025]
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Dayside

Reconnection jets IRF
] ar=

* Fully developed turbulence from Z

Injection to sub-ion scales

\ VY

* Develops within a few gyro- _ o _

periods * < E =

: 7, = 0x;/V,y

* 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
lostropization

--------- . A A

INlakamiira+1QQ

8.0[

8.0 8.0_ g

ky|\d; = f/fa,

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



Larger scales: Dissipation, ion
and electron heating



I i i
Large-scale 3D structure \"lw

Magnetotail Reconnection Jets a.k.a. Bursty Bulk Flows
L /

IMF

Magnetotail reconnection jets are
“narrow” ( ~ R}), finger-like,
transients.
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[Richard+2022a, JGR]
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[Richard, Khotyaintsev et al., JGR, 2022]
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Liminations of magnetospheric observations 'm |

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

* For larger systems: solar wind
reconnection IMF

 High guide-field cases not well ] X
developed, can look at the
lonosphere

28



Reconnection Is never alone
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Reconnection + shocks + turbulence

. shock transition
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Gingell et al., 2019; Wang et al., 2019; L. Turc
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Reconnection + KHI + turbulence
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Plasma Observatory - what do we need
from the future observations?



Reaching for the future from the shou\ders B
Of glaﬂtS Y °~  QLASM,q ' <Rt .

. //'\\ o alhe g T Flrst S|multaneous multi-
| / % ek scale measurements

3
OBSERVATOY

Electron scale lon scale Fluid scale

W e SR S Multispoint has been
- i ey transformative

Single-scale limit

GERT | o o - reached
MMS (2015-):.« - ~ Cluster (2000-2026):
first 3D electron-scale view . first 3D view of the -

magnetosphere



How many points do we need ?

4 points: single scale in 3D,

. . R----
simple plasma structures
. . ' ¢‘::--'
/ points: two scales in 3D, =* SSmaller

: ' e ., Tetrahedron
non-planar & non-stationary N

Y 4
e N , Larger

structures @& ooy Tetrahedrn

Time[s] = 0.00




How are particles energized during - . . ﬁ

magnetic reconnection?

Reconnection regions: inherently _
multi-scale structures from kinetic to

. _ . ‘ C. Norgren
fluid scales.

35-50 keV
50-68 keV

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.




Open questions

e |slands, mesoscales

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

e 3D, X-line spreading,
fragmentation

e Onset, cessation
e Partition electrons-ions

* Energy partition (thermal vs tail)
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Summary

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
iIncreasingly evident

Strong 3D at different scales

Reconnection I1s never alone
(+turbulence, + KHI, +shocks)

Sun
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IRF

Reconnection is everywhere

-
Braking Near-Earth
Region Magnetotail
Reconnection
¥ '
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Stawarz et al., SSR, 2024



