LASME
HYSILS LABORATOR

SPPPL

Magnetic Reconnection:
Simple Ideas

Russell Kulsrud
CMSO General Meeting, July 8, 2008

In collaboration with members of MRX group and
NSF-DoE Center of Magnetic Self-organization




;)‘PRIH[ETI]I‘I PLASMA
PHVSILS LABORATORY

SOLAR FLARES

e Flux freezing:

Makes it possible to store energy in solar
magnetic fields by twisting the foot points
in the photosphere.

e Magnetic reconnection:

Allows field lines to break converting this
magnetic energy into other forms: radia-
tion, particle acceleration, and also the ki-

netic energy of the solar wind.




Ingredients

e Flux freezing:

Makes it possible to store energy in solar
magnetic fields by twisting the foot points
in the photosphere.

e Magnetic reconnection:

Allows field lines to break converting this
magnetic energy into other forms: radia-
tion, particle acceleration, and also the ki-
netic energy of the solar wind.



The magnetosphere

Solar Wind
— Van Allen Radiation Belts

Plasma Mantle

Tail Lobe

Plasmasphere

Magnetosheath
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Sweet-Parker Layer
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THE SWEET PARKER RECONNECTION
MODEL

e The basics of magnetic reconnection are
line breaking and mass conservation

e The line breaking equation is:
"

UR = s (1)

Thus, the smaller 0 the faster the line break-
ing,
e The mass conservation equation is:
%)
‘l!R = _'l"fl 2
. ©)
Thus, the larger 0 the faster mass flow.

e The best value of ¢ gives the Sweet—Parker

value
L
¢ VnL/va =

l“l-l o
SRS

e S is the Lundquist number S = v4L/n. which
is very large in space and astrophysics. =~
1012
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Magnetic field lines in Sweet
-Parker layer




EXTENSION OF THE PHYSICS %gﬁﬁg&ﬁ#ﬂ!‘:

The Sweet—Parker model turned out to be
correct, but no one liked the answer.

The Petschek model gave the desirable an-
swer but was not correct.

e In collisionless plasmas the Sweet—Parker
layer is thinner than the ion skin depth, ;.

This introduces new physics.

e The electron ion drift velocity is greater
than the ion acoustic speed making enhanced
resistivity.

However, the layer cannot be thicker than
d; which still limits the reconnection rate

because of the mass flow condition. skin
depth.
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HALL AND ELECTRON INERTIA
EFFECTS

e The ions and electrons have different veloc-
ities introducing Hall and electron inertial
effects. and electron inertial terms. This
also increases the reconnection rate.

e Recent research has mainly focused on these
two—fluid effects. Some of the results can
be traced to charge neutrality. Others to
electron inertial effects.




Two fluid Effects: The
Quadrupole Field

In the two fluid limit, the ions are
nearly unmagnetized and form an es-
sentially uniform positive density.

However, the electrons are magnetized
and under the line tying assumption their
density is need not be nonuniform. in
the absence of parallel electron veloici-
tles.

But if the Debye length is very small
charge neutrality must be preserved and
this is done by parallel electron flows
and current if one calculates these flows
one finds that they produce a torodal
field By and this field agrees quatita-
tively with the observed toroidal field.






Indeed one can show that
Bp = 4mneFEV (x, z)

where V(z, z) is the so-called volume
per flux.

dl

B

taken along a line of force from the z
axis to the point z, z.

Vie,z) =/
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2-fluid & charge neutrality
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Two fluid Effects: Magnetic
Line Breaking

The y velocity an electron attains as
it passes the X point is

el
Uy = -
where
T =d /vy,

d is the length the electron goes dur-
ing its acceleration time.

In collisional plasmas it is the mean
free path A .

In collisionless plasmas is the length of
the orbit while the electron is unmagne-
tized.






If d < A then the plasma is colli-
sionless and the current resistivity is en-
hanced over the Spitzer value by by \/d

The rate of breaking of the lines is the
electric field at X and if this £ does not
drive to large a current then the recon-
nection can proceed.

This 1s the case if d 1s short.



This line breaking is interpreted as a
off diagonal component of the pressure
tensor in Ohm’s law, at the X point
where B 18 zero, 1.e.

1 0Py,

ne 0z

Eyz

We can understand this in terms of
the electron motion as follows. On the
right side of the diagram ( z;0 ) elec-
trons with v, > 0 have passed by the
X point and been accelerated and for
them vy > 0.

On the other hand, those with v, < 0
have not passed the X point and have
not been accelerated and for them V, =
0. Thus, for z > 0



Pyz =< 'Uy'vz = > O

For z < 0 the opposite happens. Elec-
trons with v, < 0 x have vy > 0 whilc
electrons with v, > 0 have zero vy so

Pyz =< 'vaz > < 0

These estimates for the two P?J'/zs show
that Ohm’s law is satisfied.
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RECONNECTION CURRENT LENGTHS %FPP[

e In general asymmetric equilibrium, current
layer lengths may be much shorter than the
global length L leading to faster reconnec-
tion.

e This is borne out by the distribution of so-
lar flares.

e This could be a way out of the reconnection
problem




Frequency of solar ﬂares
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