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Phenomenology

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

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

�� ItIt’’s a local process which causes global changes.s a local process which causes global changes.

�� ItIt’’s typically accompanied by the formation of intense s typically accompanied by the formation of intense 
current density layers.current density layers.
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Phenomenology
•• SawtoothSawtooth oscillations in oscillations in 
laboratory plasmas: laboratory plasmas: 
relrelaxation oscillations of axation oscillations of 
density and temperature, in density and temperature, in 
the center of the plasma:the center of the plasma:

1. abrupt loss of1. abrupt loss of
energy confinementenergy confinement
2. quenching of the2. quenching of the
plasma heatingplasma heating

•• Typical time scale of Typical time scale of 
order of 100 order of 100 microsecsmicrosecs..

Source: www.jet.uk
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Phenomenology
• EarthEarth’’ss MagnetosphereMagnetosphere:: the region of space to which the Earth's the region of space to which the Earth's 
magnetic field is confined by the solar wind plasma blowing outwmagnetic field is confined by the solar wind plasma blowing outwardard
from the Sun.from the Sun.

The ESA mission The ESA mission 
““ClusterCluster””
observedobserved

reconnection in reconnection in 
the earth the earth 

magnetotailmagnetotail
((C.J. Xiao C.J. Xiao et al.,et al.,
Nature Physics, Nature Physics, 

July 2006July 2006).).

source: www.physicstoday.org/pt/vol-54/iss-10/p16.html
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• SolarSolar flaresflares:: tremendous explosions on the surface of the Sun. In a few minutetremendous explosions on the surface of the Sun. In a few minutess
(100 to 1000 (100 to 1000 secssecs) as much energy as ergs is released. They occur near) as much energy as ergs is released. They occur near
sunspots, usually along a neutral line.sunspots, usually along a neutral line.

Source: Yohkoh and Trace missions web sites ( www.isas.jaxa.jp/home/solar/
and www.nasa.gov/missions)

3210

Phenomenology
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Theory: the MHD model
� TheThe MagnetoHydroDynamicMagnetoHydroDynamic model treats the plasma model treats the plasma 

as a single fluid.as a single fluid.

�� MHD description is a rough approximation to describe MHD description is a rough approximation to describe 
large scale and low frequency phenomena.large scale and low frequency phenomena.
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The MHD model
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The total variation  of the magnetic flux The total variation  of the magnetic flux 
through a surface in motion with the fluid is through a surface in motion with the fluid is 
conserved.conserved.

FrozenFrozen--in conditionin condition:: two fluid elements connected by a two fluid elements connected by a 
field line at a given time stay connected at later times.field line at a given time stay connected at later times.
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Ideal Ohm’s law
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���Non ideal Ohm’s law

In a non ideal plasma the frozenIn a non ideal plasma the frozen--in condition can be in condition can be 
broken on a local scale, allowing motions otherwise broken on a local scale, allowing motions otherwise 
forbidden. Magnetic field lines diffuse across the forbidden. Magnetic field lines diffuse across the 
plasma and change their topology. plasma and change their topology. 
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The resistive MHD
•• The characteristic time for propagation of phenomena in The characteristic time for propagation of phenomena in 
the MHD model is the the MHD model is the AlfvAlfvèènn time                     wheretime                     where

is the is the AlfvAlfvèènn velocity.velocity.
•• Normalizing the equation of evolution of the magnetic fieldNormalizing the equation of evolution of the magnetic field
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�� 2D slab model with strong guide field along the ignorable direct2D slab model with strong guide field along the ignorable directionion

�� MHD equations can be reduced to: MHD equations can be reduced to: 

zeqz exeBB ���
���� )(0  

The reduced RMHD
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The reduced RMHD
�� Linear theory: the problem can be solved by standard asymptotic Linear theory: the problem can be solved by standard asymptotic 

matching techniques, identifying an inner and an outer region.matching techniques, identifying an inner and an outer region.
FKR, Phys. Fluids 1963FKR, Phys. Fluids 1963

�� The most important linear result is the determination of a thresThe most important linear result is the determination of a thresholdhold
for the instability to occurfor the instability to occur

�� It turns out that the low mode numbers are the most unstable.

0)0(/)]0()0([ ''' &��' ��
outoutout    

It turns out that the low mode numbers are the most unstable.
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The problem of fast reconnection
The main problemThe main problem in magnetic reconnection is the rate at which in magnetic reconnection is the rate at which 
magnetic energy in a plasma can be converted into heat and magnetic energy in a plasma can be converted into heat and 
ordered kinetic energy in a relatively short time. 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, At high temperature, such as in a fusion experiment, resistivityresistivity is very is very 
lowlow..

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

�� From SweetFrom Sweet--Parker model (Parker model (Wesson 1990Wesson 1990) for the Jet parameters:) for the Jet parameters:

�� Electron inertia drives the reconnection process providing the eElectron inertia drives the reconnection process providing the effectiveffective
impedance to the parallel electric field, relaxing theimpedance to the parallel electric field, relaxing the frozenfrozen--inin
conditioncondition.. TThe plasma flows through the reconnection region where he plasma flows through the reconnection region where 
the parallel electric field is non zero. So electrons are accelethe parallel electric field is non zero. So electrons are accelerated. The rated. The 
combined effects of the finite electron mass with the finite timcombined effects of the finite electron mass with the finite time in e in 
which the region is crossed, limits the current and allow for dewhich the region is crossed, limits the current and allow for decouplingcoupling
of the plasma motion from the magnetic field line motion. The roof the plasma motion from the magnetic field line motion. The role of le of 
the electronthe electron--ion collision frequency is played now by the inverse of the ion collision frequency is played now by the inverse of the 
time in which the reconnection region is crossed.time in which the reconnection region is crossed.

sms
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The two-field model
�� The model by The model by SchepSchep && PegoraroPegoraro ((PoPPoP 19941994) valid  in slab geometry and ) valid  in slab geometry and 

low      plasma has been extensively investigated  in the last dlow      plasma has been extensively investigated  in the last decade.ecade.

�� The magnetic field is assumed withThe magnetic field is assumed with
a strong uniform component a strong uniform component 
along the zalong the z--direction:direction:

�� Equations normalized to a macroscopic scale length, Equations normalized to a macroscopic scale length, LL, and to      are:, and to      are:A!
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The two-field model
�� The above equations can be combined in terms of generalized fluxThe above equations can be combined in terms of generalized flux

and stream functions:and stream functions:
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Collaborators: D. Borgogno,
F. Califano, D. Farina, F. Pegoraro,
F. Porcelli, E. TassiNumerical results

�� The above system has been investigated in the large        regimThe above system has been investigated in the large        regime.e.
�� Symmetric and asymmetric Symmetric and asymmetric equilibriaequilibria for the magnetic flux function for the magnetic flux function 

have been chosen.  Typically:have been chosen.  Typically:

�� Perturbations have been chosen in the following way:Perturbations have been chosen in the following way:

�� A 2D mode has A 2D mode has KzKz=0. Single =0. Single helicityhelicity ((SHSH) modes have Kz1=Kz2=) modes have Kz1=Kz2=KzKz
and evolve conserving the initial and evolve conserving the initial helicityhelicity Kz/KyKz/Ky and are, thereof, and are, thereof, 
equivalent to 2D modes.equivalent to 2D modes.

�� MultipleMultiple helicityhelicity modes (modes (MHMH) correspond to a 3D setting.) correspond to a 3D setting.
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Reconnection time is of order of Reconnection time is of order of 
the inverse linear growth time.the inverse linear growth time.2D limit

regime'Large
,)(cosh/1 2

'

�� seeq dx � 

t�

X log

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

Linear

Quasi-explosive
Ottaviani & Porcelli
(PRL, 1993)

Saturation
Grasso et al.
(PRL, 2001)

Some numbers: for typicalSome numbers: for typical
parameters of present day parameters of present day 
fusion experiments close to fusion experiments close to 
thermonuclear breakeven thermonuclear breakeven 
conditions, such as JETconditions, such as JET
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2D limit: phase mixing at
•• While the topology of While the topology of 
the magnetic  flux the magnetic  flux 
changes, the topology of changes, the topology of 
the G fields is preserved. the G fields is preserved. 
While the G fields While the G fields 
undergo a undergo a phase mixingphase mixing
process inside the island, process inside the island, 
J and U develop a J and U develop a 
laminar structurelaminar structure..
•• Part of the magneticPart of the magnetic
energy is transferred to energy is transferred to 
small scale structures.small scale structures.
•• A new equilibrium A new equilibrium 
state is so accessiblestate is so accessible
in spite of energy in spite of energy 
conservation for conservation for 
Hamiltonian systems.Hamiltonian systems.
D. Grasso et al., PRL 2001.

D.Grasso et al., Comp. Phys Comm. 64 (2004)
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2D limit: KH instability at 0�s�

�� Occurrence of secondary Occurrence of secondary 
hydrodynamic (hydrodynamic (KelvinKelvin--
HelmholtzHelmholtz) instability ) instability 
during the nonlinear during the nonlinear 
phase in cold electronphase in cold electron
plasmas can plasmas can 
lead to turbulence.lead to turbulence.

�� Two jets start form the Two jets start form the 
XX--point and collide at the point and collide at the 
OO--point.point.

�� Disruptions of current Disruptions of current 
density and density and vorticityvorticity
layers.layers.
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2D limit: KH instability

�� In the highly In the highly 
nonlinear regime nonlinear regime 
velocity shear velocity shear 
develop such thatdevelop such that

so the so the vorticityvorticity
equation reduces equation reduces 
toto
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2D limit: KH instability

TurbulenceTurbulence
is confined is confined 
inside the inside the 
magneticmagnetic
island.island.
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3D limit: what changes?
�� In 3D geometry magnetic field lines don't lie on the surfacesIn 3D geometry magnetic field lines don't lie on the surfaces

�� and the Hamiltonian for the magnetic field lines,and the Hamiltonian for the magnetic field lines,
is no longer is no longer integrableintegrable. The magnetic field becomes . The magnetic field becomes cahoticcahotic..

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

where x and y play the role of conjugate variables, z the role owhere x and y play the role of conjugate variables, z the role off
time and t is a parameter. Integration of these equations gives time and t is a parameter. Integration of these equations gives 
PoincarPoincarèè maps.maps.
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3D limit: chaotic behavior

Linear
growth

Global
chaos

Local
chaos

log(A); area of the reconnected region

Poincaré plots, z plane

a) b) c)

a)a) The two modes (1,0) The two modes (1,0) 
and (1,1)and (1,1) are initiallyare initially
uncoupleduncoupled

b)b) Chaos develop Chaos develop 
locally around the locally around the 
separatrixseparatrix

c)c) Chaos extends Chaos extends 
globallyglobally

The region with a The region with a 
modified topology modified topology 
enclosed between the enclosed between the 
regular KAM surfaces regular KAM surfaces 
represents the 3D represents the 3D 
extension of the conceptextension of the concept 
of the area of the 2D of the area of the 2D 
magnetic island.magnetic island.

SuperSuper--exponentialexponential reconnection rate in the locally stochastic regimereconnection rate in the locally stochastic regime
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3D limit

3D

2D

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

Growth is faster Growth is faster 
in the 3D case. 3D case  (1,1/16), (1,-1/16)

2D case  (1,1/16)
in the 3D case.
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current and vorticity sheets

3D limit:          still persist

D. Borgogno et al., Phys. Plasmas 12, 032309 (2005)
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3D limit: KH instability at 0�s�

� 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).
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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.

z = Lz

z = 0
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3D limit: KH instability
On each plane there On each plane there 
are two jets that are two jets that 
generate in generate in 
correspondence of correspondence of 
the y where the Xthe y where the X--
points of the points of the 
dominant perturbed dominant perturbed 
helicitieshelicities face each face each 
other. The strong other. The strong 
nonlinear interaction nonlinear interaction 
due to the presence due to the presence 
of different unstable of different unstable 
modes make the modes make the 
dynamics dissimilar dynamics dissimilar 
from the 2D case. from the 2D case. 



3D limit: KH instability
Along the layers Along the layers 
that firstthat first
destabilize we destabilize we 
find that find that 
the terms of the the terms of the 
vorticityvorticity equationsequations
are in the followingare in the following
relations:relations:
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3D limit: KH instability

The current The current 
density layers density layers 
undergo the undergo the 
same instability. same instability. 
The area The area 
hydrodynamicalhydrodynamical
unstableunstable
remainsremains
confined within confined within 
the chaotic the chaotic 
area.area.
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2D four-field model
�� The model by The model by FitzpatrickFitzpatrick et alet al. (. (PoPPoP 20042004) is derived from the ) is derived from the HazeltineHazeltine etet

alal. (Phys Fluids 1985), neglecting curvature of the magnetic field. (Phys Fluids 1985), neglecting curvature of the magnetic field andand
resistivityresistivity and including electron inertia.and including electron inertia.

�� Compression of magnetic field along the zCompression of magnetic field along the z--direction is now permitted: direction is now permitted: 

�� Plasma fluid motion along zPlasma fluid motion along z--direction is taken into account:
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2D four-field model
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�� Equations normalized to a macroscopic scale length, Equations normalized to a macroscopic scale length, LL, and to      are:, and to      are:

�� The model reduces The model reduces 
to the twoto the two--fieldfield
modelmodel
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2D four-field model
�� Again, the above equations can be reformulated as:Again, the above equations can be reformulated as:
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2D four-field model
�� Again, the reconnection time is of the order of the inverse growAgain, the reconnection time is of the order of the inverse growthth

time.time.
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2D four-field model: different regimes

UZGT
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Cold electron case:

turbulent regime (KH instability)

Hot electron case:

laminar regime (phase

mixing)

Intermediate regime:

Laminar and turbulent regimes combine 
(KH + phase mixing)
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0,0 �� �� d2D four-field reconnection:
�� TheThe lagrangianlagrangian invariants     do mix in the nonlinear phase invariants     do mix in the nonlinear phase 
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2D four-field reconnection: 0,0 �� �� d

�� The new invariants        and       do not undergo phase mixingThe new invariants        and       do not undergo phase mixing

�� Note:     is related to the Note:     is related to the ZZ field, which is physically responsible field, which is physically responsible 
for compression of the magnetic field along the  ignorable for compression of the magnetic field along the  ignorable 
direction.direction.
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2D four-field reconnection: 0,0 �� �� d

�� Velocity shear develop and are subject to hydrodynamic instabiliVelocity shear develop and are subject to hydrodynamic instabilitiesties
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0,0 �� �� d2D four-field reconnection:
�� Due to the different generalized connections that constrains theDue to the different generalized connections that constrains the plasmaplasma

the current density has a different structure from the the current density has a different structure from the vorticityvorticity..
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Conclusions
�� TwoTwo--field magnetic reconnection: field magnetic reconnection: 

1) Quasi1) Quasi--explosive behavior in 2D and 3D settingsexplosive behavior in 2D and 3D settings
2) Phase mixing process for finite electron temperatu2) Phase mixing process for finite electron temperaturere
3) Kelvin3) Kelvin--HelmholtzHelmholtz instability in the cold electron limitinstability in the cold electron limit

both in 2D and 3D settingsboth in 2D and 3D settings

�� FourFour--field magnetic reconnection:field magnetic reconnection:
1) Quasi1) Quasi--explosive behavior in 2D is confirmedexplosive behavior in 2D is confirmed
2)  The topological constraints relax allowing for p2)  The topological constraints relax allowing for phasehase

mixing and Kelvinmixing and Kelvin--HelmholtzHelmholtz instability to coexist ininstability to coexist in
a warm electron plasmaa warm electron plasma
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Open problems

�� Connection with the zero guide field limit Connection with the zero guide field limit 
�� Role of pressure of anisotropyRole of pressure of anisotropy
�� FLR effects and  kinetic effectsFLR effects and  kinetic effects
�� Inclusion of 3D effects in the fourInclusion of 3D effects in the four--field model field model 
�� …………......


