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Magnetic reconnection

O

e |deal MHD condition is violated
e This is necessary to change the topology
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Resistive MHD simulations:
reconnection is sensitive 10 Nefr

e Effective resistivity
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Ohm's law in a kinetic plasma

 Which term (& what physics) violates the ideal conditione
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Thermal inertia
(Local momentum transport) Bulk inerfia
Hesse+ 1999, 2011

And some more...
- Wave-particle interaction
- Anomalous viscosity

2D particle-in-cell (PIC) simulation
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Ohm's law in a kinetic plasma

 Which term (& what physics) violates the ideal conditione

| — ' mg /dv, .
E+UeXB::__v' Pe:_ ( ) + ... %77]
. Ned | q dt
Thérmal inerfia : And some more...
(Local momentum fransporf) |5 | Bulk inertia - Wave-particle interaction
'I'-,+esse+ 1999, 2011 - Anomalous viscosity

e Thermal in,é'r’ria for 2D, symmetric cd‘s‘e (reviewed by Hesse+ 2011)
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Medium-scale Local momentum R
convection transport (diffusion)
in the outflow direction due to particle motion




Relativistic kinetic o

reconnection Y
600; + ++ + :

Questions: o

What is the dissipation mechanism to ik
break magnetic field lines ?

Kinetic sim
, How to evaluate Ohm's law
iNn relativistic kinetic reconnection ?
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Hesse & Zenitani (2007) analysis

e We started from the Vlasov equation

of u gl- u -\ 9f Problems...
6t+y.vf+m<E+‘yXB).c9iZ—O - Symmetry
- Physical meaning

e Ohm'’s law with Wright=Hadley (1974) pressure tensor
E’+<v*>><§=iv-P+@(ﬂ<ﬁ>+<ﬁ>-v<m) F=jd3uﬂf—n<6><ﬁ>
qn q \ ot Y

e Thermal inertia sustains reconnection,
similarly as nonrelativistic reconnection
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Ohm's law in a relativistic kinetic plasma

e Stress-energy tensor
Wl = / Flupueut

e Standard decomposmon

“ . heat flow
Qaﬁ = w uﬁ—kwﬁ &7

Heat flow tensor

WP = wulu® +w® + wPu®+ w*
* Energy momentum equation for relativistic plasmas

(67 1 (87 .
W ﬁZ—EF Pis

Heat flow inertia
(new in relativistic regime)

e Relativistic Ohm'’s law (with 8T=O)/,

) ™M N

Bulk inertia Thermal inertia
(including relativistic pressure) (Local momentum transport)




2D Particle-in-Cell simulation

e Relativistic electron-positron plasma
e T/mc?=1, Npg/No=0.1, Vairt/c=0.3
e 107> particles: 10% pairs in a cell (= 107 in typical works)
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2D Particle-in-Cell simulation

» Energy dissipation per plasma density (~j.E/n ~ neft j2/N)
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e Ohm’s law: heat flow term appears
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Heat flow = energy flow = mass flow




Momentum transport

e Strong particle acceleration gives rise to Qy;
e Scale hight: Q is more confined than P
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Speiser motion - relativistic focusing

Phase-space diagram Test particle tfranejctory
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* Envelope shrinks as particles are accelerated
Zmax ™~ g1/3 (Uzdensky+ 2011)
e Less pronounced in the nonrelativistic regime
Y~ —1/4 L g—1/8 (Speiser 1965 JGR, modified)




Guide-field reconnection

e The heat flow inertia may sustain the reconnection electric field

e The heat flow term cancels the bulk inertial term in the inflow sides
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2. Electron orbits
in honrelativistic reconnection




Magnetospheric MultiScale (MMS) mission

* MMS observes near-Earth reconnection sites:
the magnetopause in 2015-2016 and the magnetotail in 2017.

e MMS is the first mission to observe
at unprecedented resolution.
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Electron VDFs vs electron orbits
VDFs
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Electron VDFs vs electron orbits

VDFs

Orbits
@ _By

Super-Alfvénic
electron jet

® +By

# 4
® B R
JE R K 28 G R N B A % % B K

28 38 I8 3R 3 3

& = e

3 t
] ]
] L

&85
& i
s 68
e
L
S &3
s &8

e B
b

28 28 3 IF 3
P & & O O8N . v 1
FE BB BOO00 (C) x Crossmg'

FEEEHEEAB0000000000 - vV DR-crossing X v o
: e e Ncmcrossing<>S< o
bbb R R R 'I:IFigs#2 Ve et
Pesssrsset0000000 eesdoon 10—D " v o
Soese08BOODOOODD ! Fig 6 #3 =
0080099000 BOBDOBDD I : v -
oossevsnnssBOBBBODN I RV -
coooosenscONOBORBER ! o
PO0OVSONBOBOOBENRED I V;% X @
seovseesocassssnses| V.  OfF ‘ e
soessesssvccsssesse| CZ | x X 10 % °

X &

1 ¥y v.;l W

10} X )Vx %@%ﬁ

8 X
! X
Noncrossing global I !
L x=47.7, z=1.2 24.8%
B Speiser orbit S
-20 -10 0 10 20
Egedal orbit ex

Noncrossing
eqular orbi

Dissipation
region

Global
Speiser orbit

Local
Speiser orbit

PSBL electron
outflow

/-B\

 We analyze 2 x 10/
self-consistent
electron orbits
in our PIC simulation




Electron Speiser VDFs in PIC simulation
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Noncrossing Speiser-like orbits

2D orbits —
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Midplane —> 0
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(b) Vi, t= 35.2 x10 ©

Electron regular orbits
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Noncrossing regular orbits

( Trapped on flanks of

the midplane

Chen & Palmadesso 1986 JGR
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Noncrossing regular orbits

( Trapped on flanks of
| the midplane i

/\ Chen & Palmadesso 1986 JGR
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Energetic electrons

Energetic electrons

* Midplane (super-Alfvénic e jet)
e Speiser-accelerated electrons

e Low-energy noncrossing
electrons are absent
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Observational signatures: ET diagram

| PIC simulation |

* Midplane (super-Alfvénic e jet)
e Speiser-accelerated electrons

e Low-energy noncrossing
electrons are absent

Noncrossing electrons
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/' AW Satellite observation time
(Geotail; old one)

2007-05-05 (Nagai+ 2013 JGR)

4500.0

549.4

67.1

8.2

1.0

133.0

39.2

11.5

3.4

1.0




Appendix: A small tale near Purdue




Relativistic Maxwell distributions

e JUtther=Synge distribution

1 2
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e Shifted Maxwell distribution

- Swisdak (2013), Melzani+ (2014) etc.  ocexp (- 1 ;5“30))d3u'
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Modified Sobol algorithm

[Sobol 1976, Pozdnyakov+ 1983, Zenitani 2015]

repeat e Sobol method
generate X1, Xo, X3, X4, uniform on (0, 1]

— Stationary Maxwellian
U «— —TlnX1X2X3 y

n— —Tln X1 X2 X3X4 — Reject some particles from
until n? — u? > 1. 3d-order Gamma distribution
generate X5, X6, X7, uniform on [0, 1] o SZ’S OddiﬂOﬂ
Uz — u (2X5 — 1) . . .

Uy — 2u\/Xs(1 — X5) cos(2m Xe) — Adjust parficle density

Uy — 2uy/X5(1 — X5) sin(27Xs) for Volume transform
I (=fve > X7), e — ~ue : — Without this, we will see a big
Uo — Due +BV1+w?) : error (33%) in the energy flow

Acceptance factor

A Recycle
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Summary (1/2)

e Relativistic Ohm’'s law
— Kinetic equations have been re-formulated
— A new dissipation term: heat flow inerfia is infroduced
— Anfi-parallel reconnection

e Heat flow inertia partially replaces thermal inertia at the X-line

* Heat-flow region is focused to the midplane, due o the
relaftivistic Speiser motion

— Guide-field reconnection
e Heat flow inertia may replace thermal inerfia at the X-line
|t cancels the bulk inertial term in the inflow regions

e Electron orbits in nonrelativistic reconnection
— Speiser orbits - energetic parficles
— Regular orbits - trapped in a figure-8 shaped orbit




Summary (2/2)

e Electron orbits in nonrelativistic reconnection (con'd)
— Noncrossing electrons
* A new family of particle orbits
* Modified by the polarization electric field E;
— Preferable acceleration for energetic Speiser electrons
— Consistent with Spacecraft data

o Appendix

— Sobol algorithm and volume transform algorithm

* References:
— Hesse & Zenitani, Phys. Plasmas 14, 112102 (2007) (Ohm's law; old results)
— Zenitani, in prep. (2016b) (Ohm's law; new results)
— Zenitani, Shinohara, & Nagai, in prep. (2016a) (Electron orbits)
— Zenitani, Phys. Plasmas 22,042116 (2015b) (Sobol algorithm)




