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Main pointsMain points

►► The problemThe problem
►► Key Observational constrainsKey Observational constrains
►► Models for explosive energy release Models for explosive energy release 
(flares/(flares/CMEsCMEs) (break) (break--up model, the compact flare, CA models up model, the compact flare, CA models 

for solar flares)for solar flares)
►► Particle accelerationParticle acceleration

Turbulent current sheetTurbulent current sheet
Stressed magnetic topologiesStressed magnetic topologies
MHD turbulenceMHD turbulence--revisitedrevisited
The CA modelsThe CA models

►► Discussion and SummaryDiscussion and Summary
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Role of Theory ? Role of Theory ? (Eric Priest)(Eric Priest)

Not -- reproduce images 

Nor explain every observation

Understand Basic Processes
-- step-by-step -- simple  ->

sophisticated model
*Listen to Observers -- clues
Different Types Theory -- complement
analytical -- computational -- data interpretation.
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The problemThe problem

►► Impulsive energy release and particle acceleration Impulsive energy release and particle acceleration 
so far are leaving separate livesso far are leaving separate lives

►► We all now that in nature they are a happy coupleWe all now that in nature they are a happy couple
►► Our problem then is: Can we build models for Our problem then is: Can we build models for 

particle acceleration based on the main ingredients particle acceleration based on the main ingredients 
of the impulsive energy release?of the impulsive energy release?

►► The main reason the two problems (energy The main reason the two problems (energy 
release and particle acceleration) were treated release and particle acceleration) were treated 
separately is very well understood. Energy release separately is very well understood. Energy release 
was treated with the MHD equations (large scales was treated with the MHD equations (large scales 
evolution) and particle acceleration and transport evolution) and particle acceleration and transport 
with the Kinetic equations.with the Kinetic equations.
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The problemThe problem

►►Our main concern then is: Our main concern then is: 
►►How far can we push the MHD theory How far can we push the MHD theory 

before Kinetic effects become extremely before Kinetic effects become extremely 
important and signal the break down of the important and signal the break down of the 
MHD theory?MHD theory?

►►Using the MHD theory, ignoring the kinetic Using the MHD theory, ignoring the kinetic 
effects, we will reach (phenomenologically) effects, we will reach (phenomenologically) 
interesting but incorrect results.interesting but incorrect results.
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Key observational constrainsKey observational constrains

►► The number of electros accelerated 10^37particles /sec above 20KThe number of electros accelerated 10^37particles /sec above 20KeV eV 
and 10^35 ions/sec above 1MeV for 100 and 10^35 ions/sec above 1MeV for 100 secssecs

►► A very large fraction (40A very large fraction (40--50%) of the energy released in flares goes to 50%) of the energy released in flares goes to 
high energy particles (E_0=10high energy particles (E_0=10--15 15 KeVKeV))

►► The distribution of high energy particles (electron and ions) deThe distribution of high energy particles (electron and ions) develop velop 
very specific power laws above a certain energy very specific power laws above a certain energy 

►► Some times particles accelerated in situ have a very good connecSome times particles accelerated in situ have a very good connection tion 
with particles in space with particles in space 

►► Spatial characteristicsSpatial characteristics…… foot points and loop top sources (in a few foot points and loop top sources (in a few 
flares).flares).

►► Motion of the foot pointsMotion of the foot points
►► Fast time scale accelerationFast time scale acceleration

0E
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Energy release in Energy release in 
solar active regionssolar active regions
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The The ““standard(?)standard(?)”” solar flare model solar flare model 
and the monolithic current sheetand the monolithic current sheet



Winter School on Turbulence, Montegufon, 
Firenze, 3-7 October, 2005



Winter School on Turbulence, Montegufon, 
Firenze, 3-7 October, 2005

Fragmented loop top current sheetFragmented loop top current sheet
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The replenishment problem!The replenishment problem!

►►Can they all be accelerated at the loop Can they all be accelerated at the loop 
top?top?

For N = 10 For N = 10 3838 electrons in flare, where   electrons in flare, where   
N = V nN = V nee =                =                

►►For  nFor  nee=10=1099cmcm--33

►►N=       N=       

10 10 510 10 10 en× ×

3410
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3D flux tube simulations 3D flux tube simulations ((AmariAmari et al)et al)
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IncompressibleIncompressible cartesiancartesian codecode

We study the magnetic reconnection in an incompressible
plasma in three-dimensional slab geometry.

Different resonant surfaces are simultaneously present  in 
different positions of the simulation domain and nonlinear 
interactions are possible not only on a single resonant surface,
but also between adjoining resonant surfaces.  

The nonlinear evolution of the system is different from what 
has been observed in configurations with an antiparallel 
magnetic field.
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The MHD incompressible equations are solved to study magnetic 
reconnection in a current layer in slab geometry:

Periodic boundary conditions
along y and z directions

GeometryGeometry

Dimensions of the domain:
-lx < x < lx,  0 < y < 2πly,  0 < z 
< 2πlz
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Description of the simulations: equations and geometryDescription of the simulations: equations and geometry
Incompressible, viscous, dimensionless MHD equations:
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B B is the magnetic field, is the magnetic field, VV the plasma velocity and  the plasma velocity and  PP the the 
kinetic pressure.kinetic pressure.

MR vRand are the magnetic and kinetic  Reynolds are the magnetic and kinetic  Reynolds 
numbersnumbers.
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Marco Onofri et al.  Marco Onofri et al.  

Isosurfaces of the current at t=400
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MHD EquationsMHD Equations
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Density profile along the loopDensity profile along the loop
(Galsgaard)(Galsgaard)
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Temperature along the Temperature along the (Galsgaard)(Galsgaard)

looploop
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The stochastic loop model The stochastic loop model 
(Galsgaard)(Galsgaard)

►► 3D MHD experiment of 3D MHD experiment of 
photospherically driven slender photospherically driven slender 
magnetic flux tubesmagnetic flux tubes

►► Continued random driving of the Continued random driving of the 
foot points (incompressible foot points (incompressible 
sinusoidal large scale shear motions sinusoidal large scale shear motions 
) ) 

►► Reconnection jets generate Reconnection jets generate 
secondary perturbations in Bsecondary perturbations in B

►► Formation of stochastic current Formation of stochastic current 
sheetssheets
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Dynamic Evolution of large scale Dynamic Evolution of large scale 
current sheets current sheets 
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The XThe X--CA model based on SOC CA model based on SOC 

►► We form a 3D box filed with magnetic fields of random values.We form a 3D box filed with magnetic fields of random values.
►► We add new magnetic flux at random points and estimating the We add new magnetic flux at random points and estimating the 

current current 
►► When the current exceeds a critical threshold the rearrangement When the current exceeds a critical threshold the rearrangement of of 

currents is automatic currents is automatic 

J B= ∇×

2( )B u B B
t

η∂
= ∇× × + ∇

∂
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A New approach to an old problemA New approach to an old problem

►► From one current From one current 
sheet to millionssheet to millions
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Using the XUsing the X--CA modelCA model

►► From one current sheet to millionsFrom one current sheet to millions
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1. Active regions form and evolve by building up and releasing e1. Active regions form and evolve by building up and releasing energy in nergy in 

unstable discontinuitiesunstable discontinuities ((Vlahos+GeorgoulisVlahos+Georgoulis, , ApJLApJL, 2004), 2004)

cJ J>

4
cJ B
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cJ J>
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PDF for the energy in the unstable PDF for the energy in the unstable 
discontimuitiesdiscontimuities
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The stability of this result on timeThe stability of this result on time
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Evolving active regions build up constantly magnetic Evolving active regions build up constantly magnetic 
discontinuitiesdiscontinuities……. . 

(Vlahos et al., 2004, Fragos, (Vlahos et al., 2004, Fragos, RantziouRantziou, Vlahos, AA, 2005), Vlahos, AA, 2005)

►► P=is the probability for P=is the probability for 
generating new fluxgenerating new flux

►► D=the probability of D=the probability of 
decayingdecaying

►► E= spontaneous E= spontaneous 
generation of fluxgeneration of flux
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Evolving active regions build up constantly Evolving active regions build up constantly 
magnetic discontinuitiesmagnetic discontinuities……. . 

(Fragos, (Fragos, RantziouRantziou, Vlahos, AA, 2004), Vlahos, AA, 2004)
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Dynamic motion of the photosphere builds Dynamic motion of the photosphere builds 
constantly magnetic discontinuitiesconstantly magnetic discontinuities

(Fragos, (Fragos, RantziouRantziou, Vlahos, AA, 2004), Vlahos, AA, 2004)
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Dissipation of magnetic energy in 3DDissipation of magnetic energy in 3D

►► The ideal MHD is thought to be a good approximation away from thThe ideal MHD is thought to be a good approximation away from the points e points 
were currents concentrate. (In the language of CA it is the loadwere currents concentrate. (In the language of CA it is the loading of the ing of the 
system).  It is a good approximation for studying the formation system).  It is a good approximation for studying the formation and evolution and evolution 
of large scale structures and provide the observed organization of large scale structures and provide the observed organization of the AR of the AR 
complexcomplex

►► Natural formation of UCS in stressed topologies form locally curNatural formation of UCS in stressed topologies form locally currents above a rents above a 
critical threshold (so flares and dissipation starts, criticalitcritical threshold (so flares and dissipation starts, criticality and instability)y and instability)

►► In realistic magnetic topologies stresses which drive unstable sIn realistic magnetic topologies stresses which drive unstable structures appear tructures appear 
all the time (trigger of instabilities and rearranging of field all the time (trigger of instabilities and rearranging of field lines).lines).

►► This scenario produces the flare statistics and follows the geneThis scenario produces the flare statistics and follows the general ral promissespromisses of of 
the SOC theory.the SOC theory.

►► The realistic The realistic photosphericphotospheric structures, with a given fractal dimension, drive UCS structures, with a given fractal dimension, drive UCS 
of different size above the photosphere.of different size above the photosphere.

►► Stochastic current sheets are formed in all stressed Stochastic current sheets are formed in all stressed photosphericphotospheric magnetic magnetic 
topologies (stable and slow changing or Unstable and rapidly chatopologies (stable and slow changing or Unstable and rapidly changing)nging)
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Particle acceleration Particle acceleration 
in Turbulent electric in Turbulent electric 

fieldsfields

( , ) ( , )
j

j
j

qdp q E x t v B x t
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= + ×
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MHD EQUATIONS REVISITEDMHD EQUATIONS REVISITED

►► Let me estimate the current Let me estimate the current 

►► The Electric fieldThe Electric field

►► Follow the orbits of  a large number of ion and Follow the orbits of  a large number of ion and 
electronselectrons

J B= ∇×

E u B Jη= − × +
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ThreeThree--dimensional structure of the electric field dimensional structure of the electric field 

Isosurfaces of the electric filed at different times

t=50 t=200

t=300 t=400
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P(E)

t=200
t=300

t=400

Distribution function of the electric fieldDistribution function of the electric field

E
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Kinetic energy distribution function of electrons Kinetic energy distribution function of electrons 

P(Ek)

Ek (keV) Ek (keV)

t=50 TA T=400 TA
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Particle motion in stochastic field Particle motion in stochastic field 
lines lines (Gkioulidou, (Gkioulidou, ZimbardoZimbardo, , VeltriVeltri, Vlahos, 2005), Vlahos, 2005)

►► Magnetic field lines Magnetic field lines 
inside a loopinside a loop
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A A ‘‘TurbulentTurbulent’’ Field Model Field Model 
(stochastic but not resonant accelerator) (stochastic but not resonant accelerator) 

((Azner+VlahosAzner+Vlahos, APJL, 2004), APJL, 2004)

A A = = ΣΣkk aakk cos(cos(kk••xx −− ωω((k)k)tt + + φφkk))

〈〈||aakk||22〉〉 ∼∼ (1+ (1+ kkTTSSkk))−−νν

random random φφkk

BB = = ∇∇ ×× AA

EE = = –– ∂∂t t AA + + ηη((jj) ) j j 
∂∂y y << << ∂∂x x ,,∂∂zz

vvphph << |<< |vvptclptcl||

threshold jc

J B∇×∼
⇒
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Finding: intermittent particle orbitsFinding: intermittent particle orbits
acceleration within local dissipation regions

time / 〈gyro-time〉

deceleration between dissipation regions
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MHD turbulenceMHD turbulence

►► DmitrukDmitruk et al et al ApJApJ, , 
2003, 20042003, 2004

►► Student appearance of Student appearance of 
current sheets and current sheets and 
turbulent electric fields turbulent electric fields 
inside turbulenceinside turbulence
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Quit time acceleration:Quit time acceleration:
an example of MHD Turbulence an example of MHD Turbulence 

(Lepreti, Isliker, (Lepreti, Isliker, PetrakiPetraki, Vlahos, submitted), Vlahos, submitted)

►► The presence of electric fields in a The presence of electric fields in a 
driven magnetic field forming driven magnetic field forming 
continuously magnetic continuously magnetic 
discontinuities. The simulation was discontinuities. The simulation was 
done using a shell modeldone using a shell model

( , ) ( , )

( , )( , )

j r t B r t

v B r tE r t
c

= ∇×

×
= −
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Particle acceleration in stochastic Particle acceleration in stochastic 
current sheetscurrent sheets

(Rim Turkmani et al,  ApJL2004, AA 2005)(Rim Turkmani et al,  ApJL2004, AA 2005)
►► Particles injected at random positions Particles injected at random positions 

within an MHD box within an MHD box 
Protons 0.027 Protons 0.027 kevkev
Electron 1.16 Electron 1.16 kevkev

►► Initial velocity fixed in amplitude, Initial velocity fixed in amplitude, 
random in direction random in direction 

►► Acceleration time scale Acceleration time scale 
much shorter thanmuch shorter than
MHD time scaleMHD time scale
►► B and E are scaled; B and E are scaled; 
►► initial values:initial values:

B: Mean ~ 1.0 (0.89 B: Mean ~ 1.0 (0.89 –– 1.08)1.08)
E: Mean ~ 7eE: Mean ~ 7e--4 (e4 (e--5 5 –– ee--2)2)
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Turkmani et alTurkmani et al

►► Velocity distributionVelocity distribution
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Scaling with E and BScaling with E and B

Acceleration scales almost linearly with the Acceleration scales almost linearly with the 

values of the magnetic and electric fieldsvalues of the magnetic and electric fields

G1
G10

G100

G1000
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Using the XUsing the X--CA modelCA model

►► From one current sheet to millionsFrom one current sheet to millions
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Sporadic formation of current sheetsSporadic formation of current sheets
Vlahos, Isliker and Lepreti (Vlahos, Isliker and Lepreti (ApJApJ, June 10,2004), June 10,2004)
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Sporadic formation of current sheetsSporadic formation of current sheets
Vlahos, Isliker and Lepreti (Vlahos, Isliker and Lepreti (ApJApJ, June 10,2004), June 10,2004)
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Arzner and Vlahos (2005)Arzner and Vlahos (2005)
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Arzner and Vlahos (2005)Arzner and Vlahos (2005)
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Arzner and Vlahos (2005)Arzner and Vlahos (2005)



Winter School on Turbulence, Montegufon, 
Firenze, 3-7 October, 2005

Arzner and Vlahos (2005)Arzner and Vlahos (2005)
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Why all the spectra estimated Why all the spectra estimated 
so far are not consistent with so far are not consistent with 

observations?observations?
Are we reaching the limits of Are we reaching the limits of 

MHD theory?MHD theory?

Several resistive MHD codes Several resistive MHD codes 
existing today should be revised!existing today should be revised!
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Kinetic energy as a function of timeKinetic energy as a function of time

Ek (keV)

t (s)

electrons

protons
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Key observational constrainsKey observational constrains--
revisitedrevisited

►► The number of particles accelerated 10^37particles /sec  The number of particles accelerated 10^37particles /sec  OKOK
►► Avery large fraction (40Avery large fraction (40--50%) of the energy released in flares goes to 50%) of the energy released in flares goes to 

high energy particles (E_0=10high energy particles (E_0=10--15 15 KeVKeV) ) OKOK
►► The distribution of high energy particles (electron and ions) deThe distribution of high energy particles (electron and ions) develop velop 

very specific power laws above a certain energy  very specific power laws above a certain energy  PROBLEMPROBLEM
►► Very good connection with particles in space Very good connection with particles in space OKOK
►► Spatial characteristicsSpatial characteristics…… foot points and loop top sources (in a few foot points and loop top sources (in a few 

flares). flares). OKOK
►► Motion of the foot points Motion of the foot points OK Dynamics of the overall structureOK Dynamics of the overall structure
►► Fast time scale acceleration Fast time scale acceleration OKOK

0E
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SummarySummary

►►Why the sun is so efficient accelerator?Why the sun is so efficient accelerator?
►►Do we expect loop tops and foot points in Do we expect loop tops and foot points in 

complex magnetic topologies?complex magnetic topologies?
►►Does the sun accelerate particles all the Does the sun accelerate particles all the 

time?time?
►►Are flares continuous in the sun?Are flares continuous in the sun?
►►Do turbulent electric fields produce hot and Do turbulent electric fields produce hot and 

non thermal particles?non thermal particles?
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HistoryHistory……..
►► Vlahos(1992/1993), Vlahos and Anastasiadis (1991Vlahos(1992/1993), Vlahos and Anastasiadis (1991--92)92)
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Plans for the featurePlans for the feature

►►Can we combine large scale evolution using Can we combine large scale evolution using 
Ideal MHD and CA at the discontinuities?Ideal MHD and CA at the discontinuities?

►►Can we develop better and more efficient Can we develop better and more efficient 
extrapolation techniques so we can drive extrapolation techniques so we can drive 
the fields from realistic the fields from realistic photospericphotosperic
magnetic fields and motions?magnetic fields and motions?

►►Can turbulent electric fields be the answer Can turbulent electric fields be the answer 
to coronal heating and particle acceleration? to coronal heating and particle acceleration? 


