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Observations of particle heating and acceleration 

•  Impulsive flares 
–  In solar flares energetic electrons to MeV and ions up to 

GeVs have been  measured 
•  A significant fraction of the released magnetic energy appears in the 

form of energetic electrons and ions (Lin and Hudson ‘76, Emslie et 
al ’05, Krucker et al ‘10) 

•  Powerlaw spectra of energetic electrons with spectral indices as hard 
as -1.5 ( Lin et al ’03)  

•  Quiet time solar wind 
–  Distribution functions of super Alfvenic ions in the quiet 

time solar wind take the form of powerlaws with spectral 
indices of -5 (Fisk and Gloeckler ‘06) 

•  Correspond to energy fluxes with spectra of -1.5  



Observations of ion heating and acceleration (cont.) 

•  The outer heliosphere 
–  The Voyager observations reveal Anomalous Cosmic Rays 

peak deep within the heliosheath (Stone et al ’05, ‘08) 
•  Not at the termination shock 
•  Fluxes with powerlaw spectra with indices of around -1.5 
  



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) 



RHESSI occulted flare observations 

•  Observations of a December 31, 2007, occulted flare 
–  All electrons in the flaring region are part of the energetic 

component (10keV to several MeV) 
–  The pressure of the energetic electrons approaches that of the 

magnetic field 
–  Remarkable! 

30-50keV 

17GHz 

Krucker et al 2010 



Super thermal ions in the solar wind 
 

•  Powerlaw spectra of energetic ions are measured in the 
quiet solar wind (Fisk and Gloecker ‘06) 
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The classical model: acceleration of ACRs at 
the termination shock 

•  The LISM neutrals are ionized and picked up deep within the 
heliosphere  

–  LISM pickup ions dominate the pressure in the outer heliosphere 
•  Carried by the solar wind out to the termination shock (TS) where they 

undergo diffusive shock acceleration (Fisk et al ‘74; Pesses et al ‘81) 
–  LISM particles dominate the ACRs because they start with much higher 

energy than the solar wind ions ! 

Ti ~ miVsw
2



The source of ACRs 

•  The Voyager 1 & 2 spacecraft 
observations revealed that the 
ACRs do not peak at the TS 
but continue to increase in 
intensity as the spacecraft 
move further into the 
heliosheath 
–  The local TS was not the source 

of the ACRs. 



Main Points 
•  A single x-line model of reconnection can not explain the 

observations of particle acceleration in the corona, solar wind 
and outer heliosphere 
–  Must explore reconnection and particle acceleration in a multi-x-line 

environment 
•  What is the dominant acceleration mechanism for particle 

acceleration in a multi-x-line reconnecting system? 
–  Fermi reflection in contracting and merging islands 
–  Generically during reconnectionthe local relaxation in tension in a 

kinked field both releases magnetic energy and drives particle 
acceleration 

•  What is the dominant feedback of energetic particles on a 
reconnecting system? 
–  Particle acceleration increases parallel pressure, driving anisotropy 

instabilities that profoundly alter magnetic field dynamics and particle 
acceleration. 



Single x-line model:  
the sun 

•  Can parallel electric fields in a single x-
line produce the large  number of electrons 
seen in flares? 

–  Around 1037electrons/s 
–  Downflow currents in a single x-line would 

be enormous  
•  Producing 109G fields for L ~ 104km 

–  Parallel electric fields are shorted out 
except near the x-line  

•  Magnetic energy is not released at the x-
line but downstream as the reconnected 
fields relax their stress 

–  The x-line is not where energy is released 
–  The x-line region has negligible volume 

•  Can’t explain the large number of 
energetic electrons 

 
Tsuneda 1997   Must abandon single x-line model! 



SDO/AIA flare observations  
•  Super Arcade Downflows 

(SADs) are interpreted as 
signatures of magnetic 
islands from an overlying 
reconnection site (Sheeley et 
al 2004) 

•  Such SAD events are now 
considered typical and not 
anomalies. 

•  SADs result from spatially-
localized  3-D reconnection 
(Cassak et al ‘13) 

•  Must abandon the classical 
single x-line picture!! 

Savage et al 2012 



Multi-island reconnection with a guide field 

 
•  Narrow current layers spawn multiple magnetic islands in reconnection with a 

guide field (Drake et al 2006; Daughton et al 2011) 
•  Multi-island reconnection in the corona is generic 



Multi-island dynamics in stirred boundary 
MHD simulations  

•  MHD simulations of Parker’s 
nano-flare heating model lead to a 
multi-island reconnection 
configuration (Rappazzo et al 
2008) 

resolutions (!800 km) of the order of the granulation cells.
Hence, they do not resolve the small scales where current sheets,
magnetic reconnection, and all the dynamical features of the sys-
tem take place. Their resolution is roughly 1/5 the length of the
perpendicular cross section of our numerical box (!4000 km).
Hence, even if the system is highly dynamical on small scales
(see Fig. 17 and the electronic edition of the Journal for the as-
sociated movie), integrating over these scales has the effect of
‘‘averaging’’ the small-scale dynamics. In particular, small-scale
reconnection cannot be detected, magnetic field lines will appear
only slightly bent (Fig. 18), and their dynamicswill appear slower
(a modulation of the nonlinear timescale with the thermodynam-
ical timescales). The topological and dynamical effects associated
with magnetic reconnection should be taken into account when

modeling the thermodynamical and observational properties of
coronal loops (Schrijver 2007), recalling that most of the dynam-
ics take place at subresolution scales while we observe the inte-
grated emission.

Two density current fields that have the same ‘‘steady’’ inte-
grated ohmic dissipation, balanced by a corresponding Poynting
flux (see x 3.3, eq. [37], and Fig. 4), but with different spatial dis-
tributions will have different emissions. Consider the first with
only large-scale components, as the one that would result from a
diffusive process (x 3.3), while in the second the current has only
small-scale components, as in the simulations that we have pre-
sented. In the second case the filling factor is small (Figs. 17 and
18) so that the density of current has a far larger value, and this
would correspond to two very different thermodynamical and

Fig. 18.—RunA: (a, c) Side and (b, d ) top views of (a, b) current sheets and (c, d ) field lines of the totalmagnetic field at time t ¼ 18:47!A (same time as in Figs. 17eY17f ).
For an improved visualization, the box size has been rescaled, but the axial length of the computational box is 10 times longer that the perpendicular cross section length. The
rescaling of the box artificially enhances the structures’ inclination. To restore the original aspect ratio, the box should be stretched 10 times along z. (aYb) Two isosurfaces of
the squared current j2. The isosurface at the value j2 ¼ 2:8 ; 105 is represented in partially transparent yellow, while red displays the isosurface with j2 ¼ 8 ; 105, well
below the maximum value of the current at this time j2max ¼ 8:4 ; 106. As is typical of current sheets, isosurfaces corresponding to higher values of j2 are nested inside
those corresponding to lower values. For this reason the red isosurface appears pink. Although from the side view the sheets appear space filling, the top view shows that the
filling factor is small. (cYd ) Field lines of the total magnetic field (orthogonal plus axial), and in the midplane (z ¼ 5), field lines of the orthogonal component of the
magnetic field.
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of total energy for given loop parameters, must vary from B3/2
0 for

weak fields to B2
0 for strong fields at a given aspect ratio.

6. For a loop 40,000 km long, with an Alfvén velocity vA ¼
2000 km s"1 and a numerical density of 1010 cm"3, whose foot-
points are subject to photospheric motions of uph # 1 km s"1 on
a scale of ‘c # 1000 km, the energy flux entering the system and
being dissipated is Sz # 1:6 ; 106 erg cm"2 s"1. On the other

hand, for a coronal loop typical of a quiet-Sun region that has
the same parameters as the previous case but with a length of
100,000 km and vA ¼ 500 km s"1, the resulting Poynting flux is
Sz # 7 ; 104 erg cm"2 s"1.

The most advanced EUV and X-ray imagers (e.g., those on
board SOHO, TRACE, STEREO, and Hinode ) have space

Fig. 17.—Run A: (a) Streamlines of the boundary velocity fields u0
? " uL

? constant in time. (bYe) Axial component of the current j (in color) and field lines of the
orthogonal magnetic field in the midplane (z ¼ 5), at selected times covering the linear and nonlinear regimes up to t ¼ 18:47!A. ( f ) Axial component of the vorticity !
(in color) and field lines of the orthogonal magnetic field in the midplane at time t ¼ 18:47!A. During the linear stage the orthogonal magnetic field is a mapping of the
boundary forcing [cf. (a) and (b)]. After the collapse of the large-scale currents (bYd ), which in Fourier space correspond to a cascade of energy (see Fig. 6), the topology
of the magnetic field departs from the boundary velocity mapping and evolves dynamically in time. (eY f ) Current sheets are embedded in quadrupolar vorticity structure,
a clear indication of nonlinear magnetic reconnection. [This figure is available as an mpeg animation in the electronic edition of the Journal.]

RAPPAZZO ET AL.1364 Vol. 677



Sector structure of the heliospheric magnetic field 
•  Misalignment of solar rotation and 

magnetic axes causes the heliospheric 
current sheet to flap 

•  Periodic reversal of Bϕ

λ 

R 

φ 
  

! 

! 
B 



MHD model of the heliosphere 
•  3-D MHD model 
•  Structure of the sectored field 

–  Latitudinal extent ~ 30 degrees 
–  Sectors are compressed across the TS 

and as the flow slows as it approaches 
the heliopause 

–  The sectors spread to high latitudes on 
their approach to the heliopause 

•  Magnetic reconnection of the 
sectored field close to the heliopause 
is inevitable 

•  Where else does reconnection take 
place? 

B 

– 15 –

Fig. 5.— A blowup of the sector region of Figure 4

B 

Opher et al 2011 



Particle acceleration in multi-island reconnection 

•  How are electrons and ions accelerated in a multi-island 
environment? 
–  Fermi reflection in contracting magnetic islands (Kliem 94, Drake et al 

2006, 2010, Oka et al 2010, Drake et al ‘13) 

–  Increase in the parallel energy of particles 
            ⇒ same for electrons and protons 
–  Arises from the curvature drift in the direction of the reconnection 

electric field  
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Simulation of multi-island particle acceleration 

•  Simulations of 
reconnection and particle 
acceleration in 3-D while 
maintaining adequate 
separation of scales is 
challenging 
–  Carry out  2-D simulations in a 

multi-current layer system 
–  Can study particle acceleration 

in a multi-island system  

Jez 



Multi-island reconnection dynamics 

•  PIC simulations of multi-current systems 
–  First have reconnection on individual current layers  
–  Then merging of islands 



Electron and ion energy spectra 

•  Both ions and electrons gain 
energy 

•  Include 5% population hotter 
seed particles 

•  A key feature is that the rate of 
energy gain of particles 
increases with energy 

    
 
    ⇒ Fermi mechanism  
•  Note: not a powerlaw     

ions 

electrons 

Seeded ions 
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Fermi acceleration 

•  How do the most energetic particles gain energy? 
–  Reflection from the ends of contracting islands 
–  Increase of parallel energy and pressure p|| 

Schoeffler et al 2011 
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Firehose instability during island contraction 

•  Fermi reflection within islands increases p|| and leads to firehose 

Schoeffler et al 2011 



Mirror and firehose 
conditions (anti-

parallel 
•  Anti-parallel PIC 

simulation 
–  Each point corresponds to a 

grid point in the simulation 

•  As reconnection strongly 
onsets both the firehose 
and mirror stability 
boundaries are violated 

•  At late time the firehose 
and mirror conditions act 
as constraints 

β|| 
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Figure 6. Ion density, ni, for β = 2 along one current sheet between t = 41 and
66Ω−1

ci .
(A color version of this figure is available in the online journal.)

Figure 7. Fraction of grid points unstable to the firehose instability vs. time for
β = 0.2, 1, 2, 3, and 4.8.
(A color version of this figure is available in the online journal.)

Fermi acceleration of electrons bouncing in the island. Based
on the similarities in growth rate and other signatures that will be
discussed in a future paper, this mode appears to be associated
with the Weibel instability.

The anisotropies that develop during the reconnection simula-
tion do not grow without bound. In Figure 7, we plot the fraction
of grid points that are unstable to the firehose instability. As time
advances and the anisotropies begin to form, the number of grid
points unstable to the firehose instability increases. However,
at t ∼ 80Ω−1

ci , the number of unstable grid points begins to
saturate. Since it takes place soon after the onset of the kinking
of the islands, the saturation is likely because the anisotropy is
reduced via scattering by the Weibel and firehose instabilities.
Additionally, the saturation occurs soon after the unreconnected
flux is exhausted. By 60Ω−1

ci the islands have grown enough so
that the islands on adjacent current sheets begin to interact. This
is an additional reason for the saturation of the firehose unstable
area: there is no more space into which the firehose unstable
islands can expand.

At late time, the anisotropy of the system is confined within
the boundaries of the marginal firehose (Equation (2)) and
mirror-mode instabilities (Equation (3)) in a manner similar to
that seen in observations of the solar wind (Hellinger et al.

Figure 8. Two-dimensional histogram of anisotropy (α = P⊥/P‖) vs. β‖ for
β = 2 at times from top to bottom t = 80, 120, and 160Ω−1

ci . The blue
line represents the marginal condition for mirror-mode instability. Points above
this curve are unstable. The red line represents the firehose marginal stability
condition. Points below this curve are unstable. The color bar represents the
number of points with a particular α and β‖.
(A color version of this figure is available in the online journal.)

2006; Bale et al. 2009) and in earlier low-β current sheet
simulations (Drake et al. 2010). Figure 8 shows the data for
our system in the space of (α,β‖) where α = P⊥/P‖. This plot
is generated by calculating the anisotropy α and the β‖ for each
grid point. The plot is a two-dimensional histogram of grid
points in (α,β‖) space, where β‖ is calculated based on P‖. The
parallel and perpendicular pressures are calculated by taking
the diagonal components of the pressure tensor after rotating
into the frame of the local magnetic field, such that the two
perpendicular components are equal. We look at the distribution
at t = 80, 120, and 160Ω−1

ci . At early times, the anisotropies
have not yet fully developed and the plasma still occupies a
small region in (α,β‖) space. By t = 120Ω−1

ci , the anisotropy
has reached the two stability boundaries and continues to be
confined between these two boundaries at t = 160Ω−1

ci , even
as the average β increases. The anisotropy reaches the stability
boundaries at a time after the short-wavelength Weibel modes
have dissipated. Since at this point there are no longer large
regions with essentially zero magnetic fields, the firehose and
mirror-mode instabilities are what determine the boundaries of
the temperature anisotropies. There are no clear signatures of
the classical mirror-mode instability at this time. The firehose
and mirror-mode instabilities may be hard to distinguish among
the turbulent interacting magnetic islands, or the islands may

5

firehose 

mirror 

T! /T||



Wind data on solar wind turbulence 

•  Solar wind turbulence 
bumps against the the 
firehose and mirror 
stability boundaries 

•  Very similar to the 
reconnection 
simulations 
–  Why does this happen 

in the case of solar 
wind turbulence? 

β|| 

T⊥/T|| firehose 

mirror 

Bale et al 2009 



Development of anisotropy (guide field case) 

•  Simulation with a 
guide field (0.5 B0) 

•  The Fermi 
mechanism drives 
the system towards 
the firehose 
threshold even in a 
system with very 
low initial β 

Ion Heating and Acceleration During Magnetic Reconnection 237

Fig. 6 The values of β‖ and β⊥
at Ωpx t = 0, 100 and 200 from
the simulation in Fig. 4. The solid
red curves are the fluid mirror
(above) and firehose (lower)
stability boundaries. The data is
the log of the histogram of the
number of grid points with each
value of β‖ and β⊥ plus one

to release their energy and this causes the length of closed field lines to be reduced. The con-
servation of the action associated with electron and ion motion on closed field lines causes
an increase in the parallel particle energy ε‖ (from the velocity component along the local
magnetic field). The rate of energy gain is given by

dε‖
dt

= 2ε‖
vx

L

B2
x

B2
, (4)

where vx is the contraction velocity of an island of length L (Drake et al. 2006b). The appar-
ent saturation of the energy gain of electrons after Ωpxt = 100 is presently not understood.
A similar behavior has been documented during the reconnection of anti-parallel fields and
results from the scattering of electrons from instabilities driven by the pressure anisotropy
(p‖ > p⊥) that develops due to the island contraction mechanism (Schoeffler et al. 2012).
Strong pitch-angle scattering suppresses energy gain from the island contraction mechanism
(Drake et al. 2010).

It was suggested earlier that the island contraction mechanism for particle acceleration
would increase the parallel pressure until, with sufficient magnetic free energy, the plasma
would bump against the firehose stability boundary given by ε ≡ 1 − β‖/2 + β⊥/2 < 0
(Drake et al. 2006b). At this threshold magnetic tension goes to zero. Since it is the relax-
ation of the tension of reconnected field lines that drives reconnection, reconnection and
particle acceleration cease at the firehose threshold (Drake et al. 2006b, 2010; Schoeffler et
al. 2011). Of course, for sufficiently large values of the guide field, which is not a source
of free energy for driving reconnection in a 2-D system, there is not sufficient free energy
to reach this threshold. In Fig. 6 we show the distribution of the values of β‖ and β⊥ from
the entire simulation domain at Ωpxt = 0, 100, 200. The upper and lower red lines are the

firehose 

mirror 



Firehose condition 
•  Within islands bump against 

the firehose condition 
–  This condition limits island 

contraction 
•  No tension in magnetic fields 

when the firehose condition 
is violated 

•  Note the abnormally long 
islands compared with early 
time  

•  Self-consistency is crucial in 
exploring particle acceleration 
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Structure late-time magnetic islands 

β0 = 4.8 β0 = 0.25 

B 

B 

λ 

B/B0 B/B0 

! 

" = tan#1(Bt /Br )

•  Firehose halts island contraction during reconnection 



Impact of firehose on reconnection evolution 
•  Fermi acceleration of electrons leads to firehose within 

island cores (Drake et al ‘06, ‘10, Schoeffler et al ‘11) 
–  Quenches reconnection ( see also Karimabadi et al ’05) 
–  Produces island growth at very long wavelength 

L ~10 c
! pi

"e
mi
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Figure 3. Regions where the plasma anisotropy causes instability. White regions
are unstable to the firehose, black regions are unstable to the mirror mode, and
red are stable. The green lines are magnetic field lines. This plot shows one
current layer taken from the β = 2 run at (a) t = 25Ω−1

ci and (b) t = 40Ω−1
ci .

The aspect ratio is distorted to make the islands more visible.
(A color version of this figure is available in the online journal.)

run that are unstable to the firehose instability. The unstable
regions occur inside the islands and stop further growth of the
short-wavelength tearing modes. The islands that continue to
grow correspond to longer wavelength, with L ≈ 40di and
tb ≈ 8Ω−1

ci ≈ ta . Thus, the anisotropy develops slowly enough
for reconnection to develop. This can be seen in Figure 3(b).

As can be seen in Figure 4, by t = 51Ω−1
ci , β has a significant

influence on the structure of islands. The islands for β = 0.2
have much shorter wavelength than for β = 2 and 4.8. In other
words, there are more locations where reconnection proceeds
in the case of low β. This phenomenon is expected based on
the previous analysis, Lcrit ∝

√
βe. Since Lcrit is proportional

to the square root of the mass ratio
√

mi/me, we expect to find
much longer islands in the real mass ratio limit. To test this,
we perform a β = 0.2 simulation with mi/me = 100. In this
case, we reduce the y-domain by a factor of four with respect
to Figure 4(a), examining only two current sheets. We double
the resolution in order to resolve the small electron scales and
reduce the ratio of the speed of light to the Alfvén speed to
15. There is a clear dependence on mi/me shown in Figure 5,
where we compare the bottom two current sheets of Figure 4(a)
to the new simulation. We find the islands to be significantly
longer, confirming our prediction. Since mi/me % 100 in the
heliosphere, long islands are almost always expected, unless βe

is very small.
As elongated islands grow at high β, anisotropies within them

also develop even though the anisotropies do not suppress island
growth. The anisotropy surpasses the firehose condition in the
center of the islands. These anisotropies are likely caused by
the Fermi mechanism (Drake et al. 2006). The dynamics of this
acceleration mechanism will be discussed in a future paper. The
contraction of islands can be seen in Figure 6. The higher density
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(A color version of this figure is available in the online journal.)
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Figure 5. Out-of-plane current, jz, for β = 0.2 at (a) t = 40Ω−1
ci for

mi/me = 25 and (b) t = 60Ω−1
ci for mi/me = 100. The aspect ratio is

distorted to make the islands more visible.
(A color version of this figure is available in the online journal.)

regions inside of the islands move inward at Alfvénic speeds. At
around t = 61–66Ω−1

ci the islands begin to kink, which indicates
the onset of an anisotropy instability.

The short-wavelength mode is caused by the temperature
anisotropy due to the outflow from the x-line streaming through
the plasma entering the exhaust across the separatrix and the

4
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Figure 3. Regions where the plasma anisotropy causes instability. White regions
are unstable to the firehose, black regions are unstable to the mirror mode, and
red are stable. The green lines are magnetic field lines. This plot shows one
current layer taken from the β = 2 run at (a) t = 25Ω−1

ci and (b) t = 40Ω−1
ci .

The aspect ratio is distorted to make the islands more visible.
(A color version of this figure is available in the online journal.)

run that are unstable to the firehose instability. The unstable
regions occur inside the islands and stop further growth of the
short-wavelength tearing modes. The islands that continue to
grow correspond to longer wavelength, with L ≈ 40di and
tb ≈ 8Ω−1

ci ≈ ta . Thus, the anisotropy develops slowly enough
for reconnection to develop. This can be seen in Figure 3(b).

As can be seen in Figure 4, by t = 51Ω−1
ci , β has a significant

influence on the structure of islands. The islands for β = 0.2
have much shorter wavelength than for β = 2 and 4.8. In other
words, there are more locations where reconnection proceeds
in the case of low β. This phenomenon is expected based on
the previous analysis, Lcrit ∝

√
βe. Since Lcrit is proportional

to the square root of the mass ratio
√

mi/me, we expect to find
much longer islands in the real mass ratio limit. To test this,
we perform a β = 0.2 simulation with mi/me = 100. In this
case, we reduce the y-domain by a factor of four with respect
to Figure 4(a), examining only two current sheets. We double
the resolution in order to resolve the small electron scales and
reduce the ratio of the speed of light to the Alfvén speed to
15. There is a clear dependence on mi/me shown in Figure 5,
where we compare the bottom two current sheets of Figure 4(a)
to the new simulation. We find the islands to be significantly
longer, confirming our prediction. Since mi/me % 100 in the
heliosphere, long islands are almost always expected, unless βe

is very small.
As elongated islands grow at high β, anisotropies within them

also develop even though the anisotropies do not suppress island
growth. The anisotropy surpasses the firehose condition in the
center of the islands. These anisotropies are likely caused by
the Fermi mechanism (Drake et al. 2006). The dynamics of this
acceleration mechanism will be discussed in a future paper. The
contraction of islands can be seen in Figure 6. The higher density
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distorted to make the islands more visible.
(A color version of this figure is available in the online journal.)

regions inside of the islands move inward at Alfvénic speeds. At
around t = 61–66Ω−1

ci the islands begin to kink, which indicates
the onset of an anisotropy instability.

The short-wavelength mode is caused by the temperature
anisotropy due to the outflow from the x-line streaming through
the plasma entering the exhaust across the separatrix and the

4



Suppression of electron heating by anisotropy instabilities 

•  Electron scattering by anisotropy instability suppresses 
acceleration β = 0.2, 1.0, 2.0, 3.0, 4.8. (Schoeffler et al ’13) 
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Figure 1. Out-of-plane current, jz, at t = 51Ω−1
ci for β of (a) 0.2, (b) 2, and

(c) 4.8.
(A color version of this figure is available in the online journal.)

ions (change in average pressure from that at t = 0), ∆Pi ,
is nearly independent of β. The slight dependence observed is
expected due the slowing of the outflow caused by the approach
to fire-hose instability. The electron heating, ∆Pe, on the other
hand is strongly dependent on β. This observation leads to the
conclusion that something is occurring on the spatial scale of
electrons.

We will examine the trajectory of a typical electron, but in
order to understand the trajectory of the electron itself, we need
to look at what the island in which the electron is located is doing.
Figure 3 shows islands contracting in the β = 2 simulation for a
particular current sheet. The walls of the islands move inward at
Alfvénic speeds, and after t = 60Ω−1

ci the islands begin to show
evidence of the Weibel instability, which will be discussed in
the next section. The electron of interest is located in the island
between x = 100 and 150di .

Figure 4 shows the trajectory of the electron. As shown in
Figures 4(a) and (b), before t = 60, whenever the electron
changes directions by bouncing off the end of the island, there is
an increase in its energy. As shown in Figure 4(c), the velocity vx

along x̂ rotates to the z-direction vz each time the bounce occurs.
The x̂ direction is essentially the parallel direction, since the
magnetic fields are mostly in the x̂ direction. The gain in energy
is caused by the reconnection electric field which is parallel to
the out-of-plane velocity during the bounce.

After the Weibel instability begins to grow around t = 60Ω−1
ci ,

the energy stops increasing. The structure of Bz is shown
in Figure 4(e). The structures near the ends of the island at
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Figure 2. Change in average pressure for β = 0.2, 1, 2, 3, and 4.8 (black, red,
green, blue, cyan, respectively) contained in the ions (a) and the electrons (b),
where the pressure is calculated as 1/3 of the trace of the pressure tensor.
(A color version of this figure is available in the online journal.)

t < 55Ω−1
ci are the first onset signature of the Weibel instability.

The structure near the center of the island after t = 55Ω−1
ci

is the more developed Bz signature of the Weibel instability.
The Weibel magnetic fields divert vx , which is parallel to the
reconnecting field, into vy , which is perpendicular. The primary
Bx then rotates the perpendicular velocity as the particle travels
in Larmor orbits. The signature of this perpendicular velocity
can be seen in vy , shown in Figure 4(d).

Figure 5 shows the trajectory of an ion in the same island. This
ion, unlike the electron, continues to gain energy throughout the
time period where the Weibel instability is present. The ion acts
in the same way as the electron did before t = 60. The higher
inertia of the moving ions causes the Larmor radius to exceed
the length scale of the out-of-plane Weibel field, allowing the
ions to pass through without being deflected into the ŷ direction.

The trajectory shown in Figure 4 is a typical example of
energetic electrons in the system. Nearly all of the tracked
electrons are trapped within islands and gain energy. Many of
them are deflected in a similar way. The ion in Figure 5 was
chosen to be in the same island as the electron from Figure 4,
but its behavior is generally similar to others in the system. Like
the electrons, nearly all of the ions were trapped within islands,
and gained energy.

To better understand the dependence of the heating with β,
we examine the change in the average of the components of the

3
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Figure 3. Ion density, ni, for β = 2, along one current sheet between t = 41 and 76Ω−1
ci .

(A color version of this figure is available in the online journal.)
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Figure 4. Trajectory of an electron; with (a) the x position vs. t, (b) the kinetic
energy vs. t, (c) v2

x (black) and v2
z (red) vs. t, (d) v2

y (black) and v2
z (red)

vs. t, and (e) the out-of-plane magnetic field Bz in a cut along the center of
the current sheet of the island vs. t. The tracked particle is from a run with
β = 2, t = 43.5 − 80Ω−1

ci . The green dotted lines are the times where the x
velocity changes sign.
(A color version of this figure is available in the online journal.)

electron pressure tensor from that at t = 0, ∆Peij. In Figure 6,
we see the growth of the pressure in the x̂ direction Pexx for both
small and large β. Within islands where much of the temperature
anisotropy develops, the magnetic field is predominantly in the
x̂ direction. So again, x̂ corresponds to the parallel direction
in which the Fermi process accelerates particles. In Figure 6,
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Figure 5. Trajectory of an ion; with (a) the x position vs. t, (b) the kinetic energy
vs. t, and (c) v2

x (black) and v2
z (red) vs. t. The tracked particle is from a run

with β = 2, t = 43.5 − 80Ω−1
ci . The green dotted lines are the times where the

x velocity changes sign.
(A color version of this figure is available in the online journal.)
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(A color version of this figure is available in the online journal.)
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3-D structure of magnetic islands 
•  Exploration of 3-D reconnection, particle acceleration and 

transport 
–  Little change in particle acceleration but big change in transport 

characteristics 



Particle dynamics in 3-D reconnetion 

•  Exploring particle acceleration in 3-D fields 
–  Little change in particle spectra in 3-D versus 2-D 
–  3-D magnetic island trap particles for a finite time 
–  Why so little change? 
 

 



Measuring energy release during reconnection 

•  Energy release as field lines shorten 
–  What is a measure of this in a general 3-D system? 

–  In a reconnecting system       and           are on average in phase 
–  This is the slingshot that drives reconnection 

•  Particle energy gain is linked to magnetic energy release 

 
•  First order Fermi acceleration in a reconnecting system 

–  Ongoing exploration of                   during 2-D and 3-D 
reconnection 
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Fermi acceleration in contracting islands 

•  Area of the island Lw is preserved 
           
•  Magnetic field line length L decreases 
•  Parker’s transport equation 

•  Retaining anisotropy is critical for reconnection 
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Fermi acceleration in contracting islands 

•  Area of the island Lw is preserved
•  Magnetic flux Bw is preserved  
•  Particle conservation laws 

 V|| L 

•  Energy gain for initially isotropic plasma 
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Energy gain in merging islands 

•  Total area preserved
•  Magnetic flux of largest island is 

preserved  
•  Particle conservation laws 

 V|| L 
•  Field line shortening drives energy gain 

 
–  No energy gain when isotropic 
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Particle acceleration in a multi-island 
reconnecting system 

•  Average over the merging of a bath of magnetic islands 
•  Kinetic equation for                  with ζ = v||/v 

–  Equi-dimensional equation – no intrinsic scale 
–   powerlaw solutions 
–  Drake et al 2013 
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Benchmarking with simulations 

•  Model particle energy gain in simulations 
–  No convective loss 
–  No diffusive loss 
–  Weak scattering 

initial 

final 



Energetic particle distributions 

•  Solutions in the strong drive limit  
–  heating time short compared with loss time 
–  feedback from the high pressure (firehose) and convective loss 
–  Powerlaw solutions for the particle flux  

 
 

–  Upper limit on spectral hardness  

•  Pressure of energetic particles rises until it is comparable to 
the remaining magnetic energy 
–  Equipartitian  
–  Consistent with flare and outer heliosphere observations  

 
 

 
 

j ~ v2 f (v) ~ v!3 ~ E!1.5



Conclusions 

•  Efficient particle acceleration to high energies requires multi-x-
line reconnection 

•  All electrons and ions with Alfvenic thermal speeds are  
accelerated by contracting and merging islands 
–  Island contraction and merging drives strong anisotropy with 
–  Firehose instability limits reconnection drive and controls the spectral 

index of the particle energy flux 
•  A transport equation describing particle heating and 

acceleration in a bath of merging magnetic islands generalizes 
the Parker transport equation to include anisotropy  

•  Powerlaw spectra from multi-x-line reconnection are consistent 
with energetic electron spectra in the strongest flares, ion 
spectra in the the quiet time solar wind and the ACR spectra in 
the outer heliosphere 
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