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Coronal Mass Ejections

Movie from NASA’s Solar Dynamics Observatory (SDO)

2011 /06/07 06:11:07.840




Space Weather

The Solar Wind affects the Earth’s environment




The Earth’s Magnetic Shield

s
/ Magnetosheath
Hagnetupause

Cusp
—— Magnetotail
solar F"Iasmaaht:t:t —- e‘mr@ -
T —""  reconnection
:ﬂ \ B Neutral poifnt
in
AN :
Plasmasphere <
s T «
Bow Shock <
\ QOOCOEOE
>

>



Reconnection: A Long Standing Problem

Simplest model for reconnection:
E+vxB=n [Sweet-Parker (1957)]
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Plasma Kinetic Description

The collisionless Vlasov equation:

+ Maxwell’s egs.

Vlasov-Maxwell system of equations

Can be solved numerically (P1C-codes)



Fluid Formulation (Conservation Laws)

mass: on  dlnu;
o (a 20,
! Y Sweet-Parker
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momentum:
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energy: P
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Isotropic (scalar) pressure is the standard closure!
p=nT
Add Maxwell’s egs to complete the fluid model
=» Fast Reconnection !



Two-Fluid Simulation

GEM challenge (Hall reconnection) Sﬁrtrg;‘]tplane

E + vxB = (] X B)/ne [Bim,..., Drake,... Bhattacharjee, et al. (2001)]
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Kinetic
Simulation

Two-Fluid vs Kinetic Simulations

Out of plane
current
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Wind Spacecraft Observations in
Distant Magnetotail, 60R

« Measurements within the ion
diffusion region reveal:

Strong anisotropy in f, Wind, log . (/(s*km®))

Py~ Py 40 .
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[Dieroset et al., PRL (2001)]



Observed Electron Heating

1-10 keV beam like electron
distributions often observed

% e ®
T. Nagai, et al., J. Geophys. Res., 106 ,
25.929 (2001).
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Flat-top distributions typical
In the exhaust; related beams?

Maxwellian with Isotropic Significantly

supra-thermal flat-top accelerated

components distribution beam

(‘gl‘lermalization) (scattering) (acceleration)
A A

Ion diffusion region

Y. Asano, et al., J. Geophys. Res., 113(Al),
(2008).



Cluster observations

Cluster observations on 2001-10-01, [L.-J. Chen, JGR (2008)]
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Observed Electron Heating

Cluster observations on 2001-10-01. Bi-directional Beams Flat-top
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Wind Spacecraft Observations in
Distant Magnetotall, 60R_

« Measurements within the ion
diffusion region reveal:
Strong anisotropy in f,
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Electrons in an Expanding Flux Tube

Trapped electron
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Electrons in an Expanding Flux Tube

Expanding Flux tube
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Trapped:
EJ_ = ,U,B = 5OOB/BOO
— oo = B

Passing:
E = Soo + 6(13”
— =& — Q(I)H X i
é«”_x =& — E(I'” — ,LLBC,O =0
Vlasov: of Py (x) = / TEBea
E — () f( ) { foo(f,'—e(I)H) , passing
X, V)=
Fx, V) = foo(Exo) foo(Bss) . trapped

J. Egedal et al., JGR (2009)



Wind Spacecraft Observations in
Distant Magnetotall, 60R.

foo(tBss) . trapped




Formal derivation using an “ordering”
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Formal derivation, passing electrons
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Passing electrons, lowest order equation: v -Vf+e(v-E)=5 =0

Integrate along characteristics (field lines):
f(£||~5J_) — foo(‘g o E{I)i o rUBoo ’ .-UBDO)

+oo
where s _g 16 @i—/‘ E-dl,

Quasi-neutrality at boundaries: ;,, — f fd3v = n.
(only passing electrons here)




Formal derivation, trapped electrons

Use full equation with solution: f = g(u,.J, ¢)
= foo (5”00 L“‘! J, Gﬁj]? Eloo L“"- J, O.‘J‘])
2d adiabatic invariant: J = <_f> v dl
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Kinetic Model = Fluid Closure

Theoretical distribution:
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Kinetic Model = Fluid Closure
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Kinetic Model = Fluid Closure
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Kinetic Model = Fluid Closure (EoS)

foo(g — e(I)”) , passing © 4t B/B_=05
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A. Le et al., PRL (2009)
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The Acceleration Potential in a
Kinetic Simulation

ed, /T,

Trapping potential, 0 - 8
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Confirmed 1n Kinetic Simulations

EoS previously confirmed in 2D simulations,

now also in 3D simulations.
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New EoS Now Implemented
In Two-Fluid Code

New code implemented by O Ohia using the HiFi

framework developed in part by VS Lukin

Standard two-fluid equations

Anisotropic pressure model
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Isotropic
pressure

Anisotropic

Kinetic
Simulation

pressure

New EoS Implemented
In Two-Fluid Code

Out of plane current

FLUID: ISOTROPIC PRESSURE

z/d
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FLUID: NEW CLOSURE

FULLY KINETIC SIMULATION

Ohia et al., PRL 2012 (in press)



EoS for anti-parallel reconnection?

The electrons are magnetized in the inflow region:




Electron distributions in the layer [J. Ngetal., PRL2011]

x=195d,,2z=200d,

# reflections




Electron distributions in the layer [J. Ngetal., PRL2011]

x=195d,,2z=200d,

# reflections

The triangular shape + rotation
yield finite 0,P,, balancing the
reconnection electric field, E, !

J. Ng et al., PRL (2011)
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Analytic Model for Electron Jets

y/ di

3
OO LT

Anisotropic
pressure

Py —PL

Additional current term: e
JJ_extra, — [(p” _pJ_)/B}bXbe

The magnetic tension is balanced by pressure anisotropy. (e® /T )

= IMaX

py(n,B) — p1(n,B) = By

Use EoS to get scaling laws:

B = plasma pressure
’ magnetic pressure 0!




Observed Electron Heating

1-10 keV beam like electron
distributions often observed

B msasor QS e ®
T. Nagai, et al., J. Geophys. Res., 106 ,
25.929 (2001).

Flat-top distributions typical in
the exhaust; related beams?

Maxwellian with Isotropic Significantly

supra-thermal flat-top accelerated

components distribution beam

(‘gl‘lermalization) (scattering) (acceleration)
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Ion diffusion region

Y. Asano, et al., J. Geophys. Res., 113(Al),
(2008).



Observed Electron Heating

Cluster observations on 2001-10-01.

Bi-directional Beams Flat-top
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New simulation with g, ~ 0.003

» 320 d; long, 180 billion particles!
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New simulation with g, ~ 0.003

» 320 d; long, 180 billion particles!
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J. Egedal et al., Nature Physics (2012)



Flat-top Distributions

» 320 d; long, 180 billion particles!
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J. Egedal et al., Nature Physics (2012)
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EoS for Anti-Parallel Reconnection?

The electrons are magnetized in the inflow region:

& Logyo(p)
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Pitch angle diffusion is
controlled by:

k= +/Fg/pe

Depends on B, and m;/m,
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N eed Expe ri m e nt for 3 D T
Reconnection Study qEEE

Not accessible | »
to 3D codes! | ”

Magnetized exhaust
Long current layer
d)

o0
0.14F
by
%
0.1+
Magnetized inflow only
No current layer
0.07F
0.05

Magnetized inflow only
Short mner current layer

(-100d)

XX PO X X XX

)¢ J|E>< X X** X *

2

Daughton et al. [2011].



Requirements on New Experiment

» Large normalized size of experiment: L /d; ~ 10 (high n, large L)

» Low collisionallity to allow p,>>p,: T Va > d; (low n, high T, high B)
« Low electron pressure: 5. <0.05 (low n, T, high B)

« Manageable loop voltage: 0.1v, B, (2nR) < 5kV (high n, low B)

« Variable guide field: B,=0-4B,

« Symmetric inflows

Experimental window available in Hydrogen or Helium plasma with
n~10¥m3, T,~15eV, B, ~15mT, L~ 2m



Flare heating by parallel E-fields?

n3
During reconnection P, oc B A
Ton trajectory trajectory
S5 (n / n ) Va Tei
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10~ loo keV
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(n/n,)=10, (B/B,)=0.5

eCD" ~ 400T,

e 10~ 100 ReV electrons




Conclusions

« A new analytic model for electron the electron
distribution function was inspired by the VTF
experiment and has been confirmed in Kinetic
simulations.

» The model has been applied as a closure to the fluid
equations and has helped explain electron
energization in spacecraft observations.

 Long current layer can be driven by the pressure
anisotropy for magnetotail conditions and their
Investigation requires a new experimental facility.



