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Steady magnetic reconnection

Magnetic energy => Kinetic energy
Magnetic topology changes
Two fluid picture:
Ion diffusion region (Cluster) b B 2L £ ”""”{ ‘
Flectron diffusion region (MMS) : :
Solar flare & substorm & fusion
Magnetopause & magnetotail

Guide-field reconnection
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Unsteady magnetic reconnection

@ 'Time-varying inflow speed lead to the

change of reconnection rate (unsteady)
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Fu+ 2013, Nature Physics

@ Vanable boundary => inflow speed change
@ Outflow speed => inflow speed change

$ /_-

Lakhina, 1996

___external region

Plasma sheet

singular layer

external region -




Unsteady magnetic reconnection

@ Turbulence & secondary 1sland lead to

unsteady reconnection
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inflow inflow
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inflow inflow

Chen+ 2008, Nature Phys. Fu+ 2013, Nature Phys.
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Signature of unsteady reconnection
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Dipolarization front
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Significant increase of Bz
Separate dense & tenuous plasma
Typical scale: 10n mertial length
Typical duration: 1 -4 s

Earthward & tailward
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Signature of unsteady reconnection

=\ = N Open boundary simulation:

@ Dipolarization front 1s a signature

T o =y of unsteady magnetic

reconnection.
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Signature of unsteady reconnection

Fu+ 2013, GRL

Dipolaizaion front — Observational evidence:
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Signature of unsteady reconnection

Hall magnetic field

. Fu+2013, GRL b Interpretation of observation:

‘ @ First reconnection (large Ey): C3C4
observed tailward tlow & negative DF

@ Reconnection weaken (small Ey): C3C4
close to X-line (C3 observed 1sland)

@ Second reconnection (large Ey): C3C4
observed earthward flow & positive DF
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Signature of unsteady reconnection

Wygant+, 2005JGR

E-field at
current sheet/
standing wave
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Conclusion:

@ Flow 1s produced by unsteady reconn.
@ DF 1s produced by unsteady reconn.
@ No causality between flow and DF

@ In 1on diffusion region:
frozen-in condition 1s violated

flow doe not break

DF 1s a signature of

unsteady reconnection




Acceleration by steady reconnection -

PIC simulation

Primary mechanism: Acceleration by parallel electric fields
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@ large V// related to large E//

@ Lffective in guide-hield reconn.

Observation
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Egedal+, 2012 Nature Phys.
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Acceleration by steady reconnect-

Effective S/C Trajectory

Separatrix
Layer

@ |Steady reconnection in

solar wind

Reconnection
Exhaust
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@ |Large scale (390 Re) ™[
@ 100 eV- 25 keV electrons
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Acceleration at multiple sites -

Contracting 1slands
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Magnetic 1sland 1s contracting,
leading to shrink of magnetic
field line, and then first-order
Fermi acceleration
Multiple-island assumption
Observation evidence: energetic

electrons associated with 1slands
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Acceleration at multiple sites -~

Contradictory simulation?

(a) Tag E/mec2 > 1.0 Electrons at Qt=325

Back pressure
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@ No acceleration mside 1sland

@ eclectron acceleration outside
1sland (second-order Fermi)

@ Island contraction 1s imited
by back pressure, so electron

acceleration 1s not so eflicient




Acceleration by unsteady reconnection

Observation:
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Dipolarization front

Two reconnection jets

Unsteady reconnection
Growing & decaying phase
Betatron & Fermi acceleration

Adiabatic process
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Flux pile-up region
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Acceleration by unsteady reconnection

Interpretation: Fu+ 2013, Nature Physics

agnetopause

Acceleration mechanisms: Solar wind

. — iow oW
@ Betatron acceleraton /N, o0—o W
. . —> Plasma sheet Jet @ w—p Jet
@ Global Fermi acceleration ~— — ||t X T T 7Y
Fast ! Slow
—> inflow | inflow
a Plasma lobe ]
Flux tube contraction
e ' Zss
H M
\—‘/ERiearpart
Leading part Leading part Xasm HI; Yasm
has smaller speed
than rear part
b
Volume b Expanding flux tube
S W lon diffusion region
. » Original 4
Thoton Fast  Slow
i c > inflow inflow
- =——_Jet front
i Rearpart
Leading part Leading part Current sheet \\\\\j »
hzs I;rgererrspeed thinning ClUSterg Jet 1 et2 X-line — /
than rear part Current sheet Time-varyin Jet
. thicking _ P Alfvén W ®
A - \
X $
| N\ . Ff?st ,Sflow
""""" Flux tube expansion A ‘ inflow  inflow
> \ Turbglenc_elord
- et Jet velocity Compressed flux tube secondary islan
Leading part (Alfvén velocity)

* Growing phase:
strong inflow => current sheet thinning => increasing Alfven velocity => betatron acceleration
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Acceleration by unsteady reconnection
Modelling:

@ Betatron acceleration 1s very
ethcient

@ Fermi acceleration 1s partial
balanced by betatron cooling

@ Fermi acceleration not unifor

suggest local Fermi process.
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Compare to previous studies

Two different point:
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acceleration may be
/ limited by the back
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“in Hall current region: magnetic reconnection
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1s steady.

Hoshino+, 2001JGR

Mirror point 1s more clear in our case, because there 1s dipolarization front.

As a result, accelerated electrons are easily trapped and detected by the

spacecraft




Another two similar events
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*  Growing phase:
strong inflow => current sheet thinning => increasing Alfven velocity => betatron acceleration
* Decaying phase:
weak inflow => CS thicking => decreasing Alfven velocity => weak back pressure => Fermi acceleration
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Why no acceleration at magnetopause?
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@ Usually, reconnection at
magnetopause 1s unsteady.
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@ Did not capture DF => Did not
capture mirror point => Did not

capture energetic electrons
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Other acceleration mechanism: nonadiabatic
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In our case, power-
law index does not
change => adiabatic

acceleration

In other cases,
nonadiabatic
acceleration could

be mvolved.
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1. In situ evidence: unsteady reconnection => DF

2. Unsteady |
reconnection |
can significantly !

accelerate
electrons

-€redit: ESA

3. Betatron acceleration effective, Fermi acceleration
| may be partially balanced by the betatron cooling
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