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RHESSI  
observations  

•  July 23 γ-ray flare 
(Holman, et al., 2003) 

•  Double power-law fit 
with spectral indices: 

     1.5 (34-126 keV) 
     2.5 (126-300 keV) 



The computational challenge: an enormous 
separation of scales most astrophysical systems 

•  The exploration of energetic particle production during 
reconnection requires a kinetic treatment 
–  PIC simulations must resolve a range of kinetic scales 

•  Solar corona characteristic scale lengths (T ~ 100eV, n ~ 1010/cm3) 
–  Debye length ~ 0.1cm 
–  Electron skin depth ~ 5cm 
–  Ion inertial length  ~ 2.5m 
–  Coronal x-ray emission region ~ 104km 

•  Separation of scales ~ 1010 

•  PIC simulations of flares in the corona are hopeless, even using a 
PIC code embedded in an MHD model 

•  Need a new computational model for exploring reconnection-
driven particle acceleration in macro-scale systems 



Main Points 
•  Basic physics of non-relativistic reconnection 

–  Heating and particle acceleration are dominated by parallel electric 
fields and Fermi reflection 

–  Fermi reflection dominates the production of energetic particles 
•  Not parallel electric fields 

–  Particle acceleration is dominated by the dynamics of macro-scale 
magnetic islands 

•   Can dump all kinetic scales 
•  The classic picture of dissipation at small spatial scales is invalid 

•  Minimalist  MHD/kinetic model for exploring energetic 
particles during reconnection in macro-systems 
–  Order out all kinetic scales 
–  An MHD backbone controls electric and magnetic fields 
–  Include guiding center particles on the MHD grid 
–  Include the feedback of particles on the MHD dynamics 



Energy release during reconnection 
   

•  The change in magnetic topology for reconnection takes 
place in the “diffusion” region 
–  A very localized region around the x-line  
–  This is not where significant magnetic energy is released 

•  Energy release primarily takes place downstream of the x-
line where newly-reconnected field lines relax their tension 

•  Mechanisms for particle heating and energization can not 
be localized in the “diffusion region” 



Basic mechanisms for particle energy gain 
during reconnection 

•  In the guiding center limit 

•  Curvature drift 
–  Slingshot term (Fermi reflection) increases the parallel energy 

•  Grad B drift 
–  Betatron acceleration increases perpendicular energy – µ conservation 
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Electron heating during reconnection 
•  Carry out PIC simulations of electron-proton system with a range 

guide fields  
•  Focus here on 2D -- 819.2di x 409.6di 

–  Compare all of the heating mechanisms 
–  Dahlin et al ’14 

•  Do not see powerlaws in energetic particles 
•  Strong anisotropy – dominant acceleration parallel to the magnetic field 

di =
c
ω piElectron heating during reconnection 

•  Carry out 2-D PIC simulations of electron-proton system with a weak 
and strong guide fields (0.2 and 1.0 times the reconnection field) 
–  819.2di x 409.6di 
–  Compare all of the heating mechanisms 
–  Dahlin et al ‘14 

di =
c
ω pi



Electron heating mechanisms: weak guide field 

•  Slingshot term dominates (Fermi reflection) 
•  Parallel electric field term small – a surprise 
•  Grad B term is an energy sink 

–  Electrons entering the exhaust where B is low lose energy because 
µ is conserved. 
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Fig. 3.— Total heating in simulation A (bg = 0.2). Black indicates the total heating: the

solid line is the time variation of the electron thermal energy, the dashed line is the sum of

the terms on the right side of eq. 5.

Bg=0.2Br 



Electron heating mechanisms: strong guide field 
•  Fermi and parallel electric field term dominate 

–  Longer current layers where             with a guide field  

– 16 –

Fig. 4.— Total heating in simulation B (bg = 1.0). The color scheme is the same as in Fig.

3. In contrast to Fig. 3, the curvature and E� terms are comparable in magnitude.

E|| ≠ 0 Bg=1.0Br 



Acceleration mechanism for highest energy 
electrons 

•  Fermi reflection dominates energy gain for highest energy 
electrons 

 
–  Where                 

•  Recent simulations of pair and relativistic reconnection also 
see the dominance of Fermi reflection (Guo et al ’14, Sironi 
and Spitkovsky ‘14) 
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Electron heating: dependence on the guide field 

•  Fermi reflection dominates for weak guide field 
•  E|| dominates for strong guide field 

–  Consistent with gyro-kinetic ordering 

E uE

ℓα R
B

FIG. 1. Consider a curved magnetic field line of length ℓ = αR, where R is the local radius of

curvature and α is a small angle. The inward/outward advection of the field line by u
E
changes

the radius of curvature: Ṙ = u
E
· (R/R). Using κ = −R/R2, we find uE · κ = −ℓ̇/ℓ.

FIG. 2. (a)-(c) Cumulative electron heating due to Fermi reflection (red), E∥ (blue) and betatron

acceleration (magenta) for three different values of bg. (d) Total electron energy gain due to Fermi

and E∥ as a function of guide field.
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Production of energetic electrons: versus guide 
field  

•  Compare the production of 
energetic electrons versus the 
strength of guide field 
–  Weak to modest guide field Fermi 

dominates 
–  Large guide field E|| dominates 

•  Virtually no energetic particles 
produced in strong guide field 
reconnection 

•  Parallel electric fields are not 
the driver of the most energetic 
electrons 

the three-dimensional enhancement increases with the guide
field. The saturation above bg¼ 1 can be explained by noting
that magnetic structures are typically elongated along the
guide field for bg> 1 so that particles must move farther along
the axis to escape the island. Hence, further 3D enhancement
over what is shown in Fig. 8(b) should not occur.

The convolution of the Fermi acceleration efficiency
and the effectiveness of three-dimensional transport result in
a peak energetic electron production at bg" 0.6. Results
from a set of 3D simulations with Lx# Ly#Lz¼ 102.4
# 51.2# 25.6 (configuration SL) are shown in Fig. 10
(dashed lines indicate an earlier time). These simulations

show that the enhancement f3D/f2D increases as the spectra
extend to higher energies, suggesting that three-dimensional
transport will be even more important in physical systems
such as the corona where the length scales L$ di. The most
efficient guide field, in these simulations bg" 0.6, will likely
depend both on the system size and on other plasma parame-
ters such as the plasma beta, which can impact the relative
efficiency of Fermi and Ek-driven acceleration.

VII. AN “INJECTION CRITERION” FOR ENHANCED
ACCELERATION

A limitation of the present simulations is the use of an
artificial mass ratio, which reduces the separation between
proton and electron scales. To examine how the mass ratio
impacts particle acceleration, we performed simulations with
mi/me¼ 1, 25, and 100 (configurations S1, SM, and S100)
and bg¼ 1. Figure 11 shows the relative enhancement of the
energy spectra in the three-dimensional simulations (f3D/f2D).
For the electron-positron case (mi/me¼ 1), there is only a
slight enhancement (%2) in the energetic tail for both spe-
cies. For the electron-proton cases (mi/me¼ 25, 100), the
energetic electrons are enhanced, whereas the energetic ions
are suppressed. The enhancement (suppression) of the ener-
getic electrons (ions) is greater for the more realistic mass
ratio. This trend, along with the weak enhancement for the
electron-positron case, suggests that the separation of scales
between species plays an important role in 3D particle accel-
eration and that the impact of 3D transport should be robust
for the physical mass ratio.

We propose the following explanation: in order for a
charged particle to accelerate multiple times, it must propa-
gate upstream against the Alfv!enic outflow that ejects plasma
from the energy release regions near the X-line and at the
ends of islands. The condition v/cA$ 1 then acts as an
“injection criterion” for efficient acceleration (this is analo-
gous to the injection problem in shock-driven particle acceler-
ation). Heavy species (protons for mi/me> 1, and both

FIG. 8. Results for configuration SM
at Xcit¼ 50. Three-dimensional elec-
tron energy spectra f3D normalized to
the initial spectrum f0 (a) and quasi-2D
spectra f2D (b). (c) Quasi-2D spectra
f2D normalized to the initial spectrum
f0. (d) Electrons exceeding 30Te0 vs.
guide field. The system with bg¼ 0.65
generates the greatest number of ener-
getic electrons.

FIG. 9. Results from configuration SM. Single field lines (blue) for simula-
tions with different guide fields. Two-dimensional (z¼ 0) slices of the ener-
getic electron density are shown at the bottom of each panel.
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A measure of particle acceleration efficiency 
•  A measure of the rate of energy release and particle 

acceleration during reconnection is the parameter 

–  Dominantly positive in a reconnecting system and negative in a 
dynamo systems 

–  The dominance of positive values in a reconnecting systems 
establishes that particle acceleration is a first order Fermi 
mechanism 
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Spatial scales of energy dissipation in 
reconnection 

•  The canonical picture in MHD turbulence is that energy 
cascades to small spatial scales, where dissipation takes place 
–  What about during reconnection in collisionless plasma? 

•  Parallel electric field 
–  Linked to the electron skin depth c/ωpe 

•  Fermi reflection   
–  Not linked to any kinetic scale 
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Correlation scales of electron dissipation 

•  Calculate the correlation function of electron dissipation 
from reconnection simulations 
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Cε (x)
Cε (y)

Cε (x)

Cε (y)

!ε|| !εc



Particle acceleration in multi-island reconnection 
•  Single x-line reconnection can not explain the most energetic 

particles seen in solar flares 
–  Energy gain limited to around 10keV 

•  Greater energy gain in contracting and merging magnetic 
islands 

Tajima and Shibata ’97 
Drake et al ’06 
Oka et al ‘10 

CAx 



Energy gain in a bath of merging islands 

•  Total area preserved during merger
•  Magnetic flux of largest island is 

preserved  
•  Merging islands shorten field lines 
•  Parallel action is conserved  p|| L 

–  L goes down during merger so P|| goes up 
–  Not valid  for relativistic reconnection 

•  The merger of two equal sized islands 
doubles the parallel energy of particles 
within the islands 
 

Drake et al ‘13, Montag et al ‘17  



MeV electrons in a coronal hard x-ray source 

•  How to get MeV electrons in the corona? 
–  A two-step process – heating in single x-line reconnection 

following by island merging 

•  First step: single x-line reconnection splits released energy 
between electrons, ions and bulk flow 
–  βe ~ ¼ 
–  For B ~ 50G, with n ~ 109cm-3, obtain Thot ~ 15keV 

•  Second step: island mergers 
–  Each merger doubles the electron energy – field line shortening 
–  How many island mergers takes 10keV electrons to 1MeV? 

–   Take typical island of  size W ~ 103km  
–  Two island merging time 
–  1MeV electrons in   

 

15keV ×2N =1MeV ⇒ N = 6

tmerge ~ (W / 2) / 0.1cA ~1.5s
t1MeV ~ 6tmerge = 9s



Modeling reconnection-driven particle 
acceleration in macro-scale systems 

•  Eliminate all kinetic scales 
–  Kinetic scales are needed to accurately describe parallel electric fields 
–  They don’t control the production of the most energetic particles 
–  Particle production controlled by the dynamics of macro-islands 

•  Multi-island reconnection in MHD models produces fast 
reconnection (Bhattacharjee+ ‘09, Cassak+ ’09, Huang+ ‘10) 

 
•  Test particle modeling in MHD fields (Onofri+ ‘06, Kowal+ 

’11, Guidoni+ ‘16) 
–  Energy in energetic particles can run away 
–  Need feedback of particles on MHD fields, e.g., firehose condition 

(Drake+ ‘13) 



A self-consistent MHD/guiding-center kinetic 
model 

•  A model with an MHD backbone and with macro-particles 
evolved in parallel using the guiding center equations  
–  All kinetic scales ordered out 
–  Energetic component evolved in the MHD fields 
–  Energetic particle feedback on the MHD fluid through the pressure 

driven currents of the energetic component 
–  Total energy of the MHD system plus the energetic component is 

conserved 
–  Not appropriate for shock acceleration where particle scattering is 

essential 

•  Similar models  
–  Park et al ’92, gyrokinetic description – no Fermi contributions 
–  Bai et al ’15, full kinetic description for shocks 



Basic equations 

•  MHD momentum equation with MHD pressure P and the 
energetic particle current Jh 

 
 
•  Order out the Hall terms 
 
•  Particles – guiding center equations 
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Basic Equations (cont.) 

•  Particle Moments 

•  Energy Conservation 
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Main Points 

•  Solar observations suggest that magnetic energy conversion into 
energetic electrons is extraordinarily efficient  

•  Fermi reflection the dominant driver of energetic electron 
production during reconnection 
–  E|| is not the main driver of the energetic component 
–  Fermi reflection is dominated by the dynamics of island formation and 

merger 

•  Energetic particle production can be modeled without including 
the kinetic boundary layers necessary for describing E|| 

•  A new hybrid model with an MHD backbone and but with macro-
particles evolved in parallel using guiding center equations is 
being developed 
–  The particles self-consistently feed back on the MHD fluid through their 

perpendicular currents 
–  The total fluid plus energetic particle energy is conserved 

 



Main Points (cont.) 

•  The particle-in-cell code p3d is being modified to advance 
the new hybrid equations 
–  p3d is already set up to evolve the MHD equations 
–  The coupling of the MHD equations to the particle stepping 

algorithm is now undergoing development 

•  Stay tuned for test results of the new model 


