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Phenomenology

Magnetic reconnection is a process which takes place in
conducting fluids and plasmas.

It's a topological variation of the magnetic field,
accompanied by a fast release of magnetic energy into
heat and ordered kinetic energy.

It's a local process which causes global changes.

It's typically accompanied by the formation of intense
current density layers.



Phenomenology
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Phenomenology

» Earth’s Magnetosphere: the region of space to which the Earth's
magnetic field is confined by the solar wind plasma blowing outward

from the Sun.
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* Solar flares: tremendous explosions on the surface of the Sun. In a few minutes

(100 to 1000 secs) as much energy as 10°% ergs is released. They occur near
sunspots, usually along a neutral line.




Theory: the MHD model

The MagnetoHydroDynamic model treats the plasma
as a single fluid.

p:Znama {;: =
a

P = Z P a j:Znaana

MHD description is a rough approximation to describe
large scale and low frequency phenomena. ,



The MHD model
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The total variation of the magnetic flux @=[8-45
through a surface in motion with the fluid is °
conserved.

Frozen-in condition: two fluid elements connected by a
field line at a given time stay connected at later times.



Ideal Ohm’s law

e A 2D example

L—>o6=>J —>B,/o

S—>0=JxB—>w
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The resistive MHD

e The characteristic time for propagation of phenomena in
the MHD model is the Alfven time 7, = L/V, where

V,=B/ \/ d7mm .1, is the Alfven velocity.
e Normalizing the equation of evolution of the magnetic field
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The reduced RMHD

2D slab model with strong guide field along the ignorable direction

B = Bje, +Vy, (x)xe,

MHD equations can be reduced to:
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The reduced RMHD

Linear theory: the problem can be solved by standard asymptotic
matching techniques, identifying an inner and an outer region.

FKR, Phys. Fluids 1963

The most important linear result is the determination of a threshold

for the instability to occur

A=ly,,0)-y, 0]y, 0)>0

It turns out that the low mode numbers are the most unstable.
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The problem of fast reconnection

The main problem in magnetic reconnection is the rate at which
magnetic energy in a plasma can be converted into heat and
ordered kinetic energy in a relatively short time.
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The problem of fast reconnection

At high temperature, such as in a fusion experiment, resistivity is very
low.

Discrepancies between theoretical predictions based on the resistive
MHD and typical today's large experiments values brought the
attention to electron inertia.

From Sweet-Parker model (Wesson 1990) for the Jet parameters:
T, ~3ms; 7, =300us

Electron inertia drives the reconnection process providing the effective
impedance to the parallel electric field, relaxing the frozen-in
condition.
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The two-field model

The model by Schep & Pegoraro (PoP 1994) valid in slab geometry and
low 5 plasma has been extensively investigated in the last decade.

The magnetic field is assumed with

a strong uniform component
along the z-direction:

B=Bje +Vy, (x)xe,

Equations normalized to a macroscopic scale length, L, and to 7, are:
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The two-field model

The above equations can be combined in terms of generalized flux

and stream functions: 5 5 yo,
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Collaborators: D. Borgogno,

Numerical results F. Califano, D. Farina, F. Pegoraro,

F. Porcelli, E. Tassi

The above system has been investigated in the large A regime.

Symmetric and asymmetric equilibria for the magnetic flux function
have been chosen. Typically:

1
; =log(cosh(x))+ax; @, =0
costi(x). Vs g(cosh(x)) Peg

Perturbations have been chosen in the following way:

., =log(cosh(x)); w,, =

J(x,y,2,0),_ = I, (x) exp(ik,y +ik,,z) + &, (x) exp(ik,y + ik ,z)
wherek , =2mzm/ L, k, =2m/ L, and (m,n) are the wave numbers
and &/ ., arelocalized within a width of order d, around x, ,

A 2D mode has Kz=0. Single helicity (SH) modes have Kz1=Kz2=Kz

and evolve conserving the initial helicity Kz/Ky and are, thereof,
equivalent to 2D modes.

Multiple helicity modes (MH) correspond to a 3D setting.
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2D Iimit

Reconnection time is of order of
the inverse linear growth time.

Some numbers: for typical
parameters of present day
fusion experiments close to
thermonuclear breakeven
conditions, such as JET
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Growth rate
comparable to the
sawtooth crash time!

e

Note: the reconnected flux in SH can be
measured by the value of the flux function
at the X-point, or by the area of the 2°
magnetic island.



¢ \While the topology of
the magnetic flux
changes, the topology of
the G fields is preserved.
While the G fields
undergo a phase mixing
process inside the island,
J and U develop a )
laminar structure. J(5,3,607)

e Part of the magnetic

C.(z,y 60T1,)

small scale structures.
e A new equilibrium
state is so accessible
In spite of energy
conservation for

Hamiltonian systems. D.Grasso et al., Comp. Phys Comm. 64 (2004)
D Grasco ef 2/ PRI 2001
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Py

Occurrence of secondary
hydrodynamic (Kelvin-
Helmholtz) instability
during the nonlinear
phase in cold electron
plasmas can

lead to turbulence.

Two jets start form the
X-point and collide at the
O-point.

Disruptions of current
density and vorticity
layers.
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In the highly
nonlinear regime
velocity shear
develop such that

lp,U]~10 [J,y]

so the vorticity
equation reduces

to dU/dt=0

uoal 13771, voal f 1361,

s

ot f 13971, v oat | 144651,




Turbulence
is confined
inside the
magnetic
island.

J ot =

1207,

J oot =

T30
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3D limit: what changes?

In 3D geometry magnetic field lines don't lie on the surfaces ¥ = consi

B -V # 0 and the Hamiltonian for the magnetic field lines,
IS no longer integrable. The magnetic field becomes cahatic.

Magnetic field lines can be represented by the Hamiltonian
equations of the following dynamical system:

dc. 1 oy B,
dz B, &y B.
dv 1 oy B,
Z__BO ox B

where x and y play the role of conjugate variables, z the role of
time and t is a parameter. Integration of these equations gives
Poincare maps.

V4
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3D limit

The magnetic
reconnected flux
attains a
significant value
over a time
scale of the
order of the
exponential
growth time
found in the
small amplitude,
linear phase.

Growth is faster
in the 3D case.

log(®)




current and vorticity sheets

still persist
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3D limit: KH instability at p, =0

Strong velocity shear develop

In the cold electron case, Kelvin-Helmholtz like instabilities
develop also in a full 3D setting (Grasso et al., PoP, 2007).

z=L1z

- Vortex formation

The closer the plane to z=0 (z=Lz) the
sooner the instability develops. The
nonlinear interaction between the
helicities produces the most intense

shear flows on this plane. 29




On each plane there
are two jets that
generate in
correspondence of
the y where the X-
points of the
dominant perturbed
helicities face each
other. The strong
nonlinear interaction
due to the presence
of different unstable
modes make the
dynamics dissimilar
from the 2D case.

Y

Ufx,y, Or) @ t=171071,
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U at t=180v, at =z= 0On 0 at t=1807, at =z=48n
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Along the layers
that first
destabilize we
find that 0
the terms of the
vorticity equations

are in the following
relations:
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The current
density layers
undergo the

same instability.

The area
hydrodynamical
unstable
remains
confined within
the chaotic
area.
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2D four-field model

The model by Fitzpatrick et a/ (PoP 2004) is derived from the Hazeltine et

al. (Phys Fluids 1985), neglecting curvature of the magnetic field and
resistivity and including electron inertia.

Compression of magnetic field along the z-direction is now permitted:
. . yoi nT
B=(B,+c,L)e.+Vy, (x)xe_; c:/—; =—
( 0 )i ) z Weq( ) z p 1—|—IB IB B2

Plasma fluid motion along z-direction is taken into account:

—

v=e xVp+ve,
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2D four-field model

Equations normalized to a macroscopic scale length, L, and to r, are:

oly +d2J) .
ot

Wwrd J|-dlw,Z|=0
[q’ vorde ] plv.z] The model reduces

07 to the two-field
E"‘[{D,Z]_cﬂ[V,W]‘F dﬂ[']9W]:O m0d6|

ilpul-w]-o for  f—0
ov and dz‘_)oo

—+lp.v]- €p [z.y]=0 Indeed, in this limit:

U =Vip; dy =dcg cﬁ—)\/ﬁ—ﬂ)

J=-Viy; c,p = /1f,8 d, = p,

E=I( Vil +Vo|' +d2? + 22+ ) dv 2




Again, the above equations can be reformulated as:

8D
81‘ [(0 D]— 0 D:w+d62J+diV
= /o
80) , wo=U+7
v tlo o]+ d 7y .D1=0 4oy icdia
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2 _ T+ T T— ale2 — -I—@
v +d.J = 5 +d.2D Ps (ﬂ—dew
I — T
U = — +
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2D four-field model

Again, the reconnection time is of the order of the inverse growth
time.

ﬂ IIIIIIIII |||||£“l:;:.|.'_ 4= L TR -
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2D tour-tield model: ditferent regimes

. f—0, dy=p, #0= Hot electron case:
T, >G.,, ®w—>0, Z->pU laminarregime (phase

mixing)

i. p—>0, d,=p,—>0 = Cold electron case:

turbulent regime (KH instability)

i. f#0, d;#0= Intermediate regime:

Laminar and turbulent regimes combi3|71e
(KH + phase mixing)




p#0, dy;#0

The lagrangian invariants 7, do mix in the nonlinear phase




p#0, d;#0

The new invariantsD and @ do not undergo phase mixing

w ® t=557, D@ {=55 7,

-3 -2 —1 0 / 2 3
£

Note: @ is related to the Z field, which is physically responsible

for compression of the magnetic field along the ignorable

direction.
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p#0, d;#0

Velocity shear develop and are subject to hydrodynamic instabilities

@ i=7150v,

3
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p#0, d;#0

Due to the different generalized connections that constrains the plasma
the current density has a different structure from the vorticity.

@ =35 07 s
J @ 1=55.07, J @ t=55.0T1,

3 2 7 0 1 2 3
J + —ILD
2d’ d> 4 Absent in the two-
g oo L.-T w// field limit
2cydd, "




Conclusions

Two-field magnetic reconnection:

1) Quasi-explosive behavior in 2D and 3D settings

2) Phase mixing process for finite electron temperature

3) Kelvin-Helmholtz instability in the cold electron limit
both in 2D and 3D settings

Four-field magnetic reconnection:

1) Quasi-explosive behavior in 2D is confirmed

2) The topological constraints relax allowing for phase
mixing and Kelvin-Helmholtz instability to coexist in
a warm electron plasma
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Open problems

Connection with the zero guide field limit
Role of pressure of anisotropy

FLR effects and kinetic effects

Inclusion of 3D effects in the four-field model
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