
Working group 4

Electron and Ion Acceleration -
Observations and Theory 



Working group participants
Robert Lin

Gottfried  Mann
Nicole Vilmer

Philippa Browning
Valentina Zharkova

Gordon Emslie
Tomasz Mrozek

Ilan Roth
Hakan Onel

Procheta Mallik
Eduard Kontar

Albert Shih
David Smith

Ronald Murphy
Gerry Share 



Key questions of particle acceleration at the 
Sun

• How to accelerate such a large number of particles? 
Well known number problem:10 39 electrons > 20 keV
if ambient corona 10 9 cm-3 , this implies a volume for the acceleration region of 10 30

cm3 !!
Energetics: a significant fraction of the free magnetic energy must be converted to 

accelerated particles
Currents in e.g. thick target models of X-ray emissions 10 18 A : discussion of return 

currents since the SMM era.

• How to accelerate particles to very high energies?
• Energetic electrons vs Energetic Ions?
• Same population at low and high energies??
• Abundances of energetic particles??

• BUT Main Issue:
• How to integrate the dynamics of the large scale magne tic

field (which governs the magnetic energy) and the parti cle
acceleration processes!! (not the same spatial nor
temporal scales ) 



I: Reconnection and acceleration: general 
characteristics

II: Temporal characteristics of particle 
acceleration: When? How fast? How long? 

Time scales? etc.

III: Spatial characteristics of particle 
acceleration: Where? Spatial scales? etc.

IV: Energy/velocity space characteristics 
of particle acceleration: What is the 

angular/energy distribution of particles? 
Spectral indices? etc. A: Electrons 

B: Ions

Subtopics:



WIND
Observations

POLAR 
Observations

Acceleration in the magnetosphere





Budget estimates (The Standard Model – Magnetic Recon nection)
···· The acceleration takes place in regions with large 
Alfven speeds

of about 4900 km/s.

···· In the acceleration region, there are typical
electron number densities

of about 2.65 · 10 9cm -3 and magnetic fields of 
about 100 G

···· In the framework of magnetic reconnection, 
enough electrons are

generated if the inflow Alfven-Mach number is of 
about 0.8.

or in other words

Only a fast inflow leads to the flux and power of 
accelerated electrons

as requested by RHESSI observations.

···· A fast inflow also leads to a fast outflow jet with
Alfven-Mach numbers

of about 4.



Temporal characteristics of 
particle acceleration: When? 
How fast? How long? Time 

scales? etc.



Timescales – simple 
considerations

• Slow drift in to null point/current sheet – time of the 
order

• Rapid acceleration of unmagnetised particles. For 
2D null, acceleration time

• It 3D spine reconnection, strong acceleration of 
particles rotating round spine, close to spine
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Timescales – 3D test particle 
results

• “Standard conditions”: protons,  B = 100 
G, L = 10 km, initial T 300 eV, E0 = 1.5 
kv/m

• Time to reach steady-state energy 
spectrum � time for particles to reach 
spine/fan � 10000tc0 � 65 ms.

• Scales with E/B  - more rapid acceleration 
for stronger E/weaker B

• Local acceleration time � 6 X 10-6 s.



Physical model for PIC Physical model for PIC 
((SiverskyiSiverskyi & & ZharkovaZharkova, 2008), 2008)



• Number of particles in acceleration 
region

N = n A (2L)

• Hard X-ray intensity I(e) is proportional 
to the rate of injection of electrons at 
energy Eo > e:

dN/dt (> e) ~ 1034 I(e)
• Specific acceleration rate

g= (1/N) dN/dt (particles s-1 per particle)



Conclusions from Emslie:
• For extended coronal source events, the variation of 

source size with energy supports a nonthermal model 
with an extended acceleration region

• The size and density of the acceleration region, plus 
the hard X-ray brightness, can be used to determine 
the specific acceleration rate (particles s-1 particle-1) –
values are ~ (0.1 – 5) ´ 10-3

• Consistency with sub-Dreicer models require a very 
narrow range of accelerating electric fields

• For super-Dreicer current sheet acceleration, the 
specific acceleration rate is determined by the aspect 
ratio of the current sheet

• For stochastic acceleration models, values for the 
specific acceleration rate are generally consistent 
with the data, but more simulations are needed
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III: Spatial characteristics of 
particle acceleration: Where? 

Spatial scales? etc.



Jets – trapped and escaping 
particles

• The majority of 
particles near fan 
plane are trapped

• Escaping particles are 
in two symmetric jets 
along the spine

Dalla & Browning ApJL, 2006

escaping

trapped



IV: Energy/velocity space 
characteristics of particle 
acceleration: What is the 

angular/energy distribution of 
particles? Spectral indices? etc. 

A: Electrons 
B: Ions
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Electric Circuit Model
– The Idea – (IV)

• resistivity 
depends on 
the 
temperature

• corona:
– low resistivity
– high 

conductivity

• high currents 
through the 
corona

http://www.sunblock99.org.uk/sb99/people/KGalsgaa
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: temperature

Spitzer resistivity

flare

Reference: Priest, Solar Magnetohydrodynamics (Kluwer Academic Publishers, 2000 (p.78))
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Summary

• plasma flow velocity × magnetic flux 
density is the important parameter

• energy gain by acceleration along the loop 
and electron acceleration time

• calculated flare power and fluxes fit 
observations

Contact information:
H. Önel (honel@aip.de), G. Mann (gmann@aip.de)

September 04, 2008 – Potsdam, Germany



Post-flare, post-CME: Gradual electrons

Distinct delay between Type III 
and energetic electron injections

Impulsive

Gradual
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Inverse Compton scattering 
Could be significant in low-
density regions (Korchak
1971)

Determine electron and 
positron distributions at the 
Sun

High temperature required



Low energy cutLow energy cut--off if present should be below 12 off if present should be below 12 keVkeV

Solar flare with low energy cut-off are located 
close to the disk centre (consistent with the 
albedo model)

Isotropic albedo
correction removes low 
energy cut-off in all but 
one case

Flare at 
terminator:

A number of weak events with hard X-ray spectra 

18 events with clear low energy cut-off have been found



Spine reconnection: electrons

1~ 22 >= Eth vvm
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PIC PIC –– higher density higher density SZ08SZ08

x-Vz phase space

Energy distributions

Pitch angle distributions  



Ion acceleration >30 MeV
is correlated with 
relativistic electron 
acceleration >300 keV

Ion acceleration >30 MeV
is poorly correlated with 
electron acceleration >50 
keV, with the possibility of 
two separate classes of 
flares
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Key questions of particle acceleration at the 
Sun

• How to accelerate such a large number of particles? 
Well known number problem:10 39 electrons > 20 keV
if ambient corona 10 9 cm-3 , this implies a volume for the acceleration region of 10 30

cm3 !!
Energetics: a significant fraction of the free magnetic energy must be converted to 

accelerated particles
Currents in e.g. thick target models of X-ray emissions 10 18 A : discussion of return 

currents since the SMM era.

• How to accelerate particles to very high energies?
• Energetic electrons vs Energetic Ions?
• Same population at low and high energies??
• Abundances of energetic particles??

• BUT Main Issue:
• How to integrate the dynamics of the large scale magne tic

field (which governs the magnetic energy) and the parti cle
acceleration processes!! (not the same spatial nor
temporal scales ) 


