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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 most of the magnetic energy is released 

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

•  How is magnetic energy dissipated in the reconnection 
exhaust? 
–  What about the Zenitani et al dissipation measure, which peaks in 

the diffusion region and not in the exhaust? 



The dissipation measure 

•  Zenitani et al proposed a dissipation measure that is 
defined by writing the dissipation in the electron frame 

•  This dissipation parameter is effective in defining the 
location of the dissipation region 
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Using a 4-velocity ðu!Þ ¼ #ðc;vÞ, where # is the Lorentz
factor # ¼ ½1" ðv=cÞ2&"1=2, we obtain a 4-vector of the
rest-frame electric field e! [14],

e! ¼ F!"u" ¼ !"!
" e0": (3)

Here the prime sign 0 denotes the properties in the rest
frame of an arbitrary motion u!, and !" is the inverse
Lorentz transformation from the moving frame. The com-
ponents of e! and e0! are given by

ðe!Þ ¼
!
#v 'E

c
;#ðEþv)BÞ

"
; ðe0!Þ ¼ ð0;E0Þ: (4)

We also use the 4-current ðJ!Þ ¼ ð$cc; jÞ, where $c is the
charge density. The current can be split into the conduction
current j! and the convection current, a projection of the
motion of the non-neutral frame [15],

J! ¼ j! þ $0
cu

! ¼ j! þ c"2ð"J"u"Þu!; (5)

such that ðj0!Þ ¼ ð0; j0Þ is purely spacelike.
Let us define a dissipation measure D , the energy con-

version rate in the moving frame. The contraction of the
covariant and contravariant vectors gives us a Lorentz-
invariant scalar,

D ðuÞ ¼ j0 'E0 ¼ j0!e
0! * j!e

!

¼ J!e
! þ c"2J%u%ðu!F!"u"Þ ¼ J!F

!"u"

¼ #½j ' ðEþ v)BÞ " $cðv 'EÞ&: (6)

Choosing the frame of electron bulk motion (the number
density’s flow), we obtain the electron-frame dissipation
measure,

De ¼ #e½j ' ðEþ ve ) BÞ " $cðve 'EÞ&: (7)

In the nonrelativistic limit, one can simplify Eq. (7) by
setting #e ! 1. One can confirm this by multiplying j0 ¼
qniv

0
i ¼ ðj" $cveÞ and E0 ¼ E+ ¼ ðEþ ve ) BÞ.

In ion-electron plasmas, since J! ¼ qðniu!i " neu
!
e Þ,

where n is the proper density, we obtain the following re-
lation between the electron-frame and ion-frame measures,

neDe ¼ niD i: (8)

Such a symmetric relation is reasonable, as ions are the
current carrier in the electron’s frame and vice versa. If ions
consist of multiple species, neDe ¼

P
sZsnsDs, where s

denotes ion species and Z is the charge number.
To see how our measure characterizes the reconnection

region, we have carried out 2D nonrelativistic PIC simu-
lations. The length, time, and velocity are normalized by
the ion inertial length di ¼ c=!pi, the ion cyclotron
frequency#"1

ci , and the ion Alfvén speed cAi, respectively.

The mass ratio is m i=m e ¼ 25, and the electron-ion tem-
perature ratio is Te=Ti ¼ 0:2. Periodic (x) and conductive
wall (z) boundaries are used. Four runs (1–4) are carried
out. Runs 1 and 2 employ a Harris-like configuration,
BðzÞ ¼ B0 tanh ð2zÞx̂ and nðzÞ ¼ n0½0:2þ cosh "2ð2zÞ&.
The domain of ½0; 102:4& ) ½"25:6; 25:6& is resolved by
16002 cells. 2:6) 109 particles are used. The speed of
light is c ¼ 10. In run 2, we impose a uniform guide-
field By ¼ B0. Runs 3 and 4 employ asymmetric confi-
guration. Since no kinetic equilibrium is known, we
employ the following fluid equilibrium proposed by
Ref. [16], BðzÞ ¼ B0½12 þ tanh ð2zÞ&x̂ and nðzÞ¼n0½1" 1

3)
tanh ð2zÞ" 1

3tanh
2ð2zÞ&. Across the current sheet, magnetic

fields and the density vary from "B0=2 and n0 to 3B0=2
and n0=3. The domain of ½0; 64& ) ½"12:8; 12:8& is re-
solved by 1000) 800 grid points. 9) 108 particles are
used. The speed of light is c ¼ 20. In run 4, a guide-field
By ¼ B0 is added. In all runs, reconnection is triggered by
a small flux perturbation.
The panels in Fig. 1 present the popular measure E+

y and
the electron-frame dissipation De in run 1 in the well-
developed stage. They are normalized by cAiB0 and
cAiB0j0, respectively. Another option is to employ the
upstream normalization [6,7] or its hybrid extension for
asymmetric cases [17], but these are beyond the scope of
this paper. All quantities are averaged over#"1

ci to remove
noise. In Fig. 1(a), one can recognize a positive E+

y region
near the reconnection site and a negative E+

y channel which
extends to the outflow direction. They correspond to the
inner and outer EDRs [6,7]. On the other hand, Fig. 1(b)
gives a different picture. There is a positive De region near
the reconnection site, indicating that the strong energy
transfer occurs there. Hereafter we call it ‘‘dissipation

FIG. 1 (color online). Snapshots of run 1 at t ¼ 60, averaged
over#"1

ci . (a) The nonideal electric field E
+
y and (b) the electron-

frame dissipation measure De (Eq. (7)).
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Oscillatory dissipation from MMS observations 

•  MMS data revealed that the electron frame dissipation could 
be very intense and could take on positive and negative 
values (Burch et al 2018) 

•  Negative excursion due to electron bounce motion in the 
intense EN at the magnetopause (Swisdak et al 2018) 

Figures 1g and 1h and the ~0.5 km separation in N between MMS2 and MMS3 shown in Figure 1j, we deduce
that the current layer separating themagnetosphere from themagnetosheathmoved earthward at a velocity
estimated to be ~30 km/s, causing the two spacecraft to traverse the electron stagnation region and the
boundary between open and closed field lines in quick succession. This inward motion was accompanied
by a faster southward motion causing the four MMS spacecraft (which were moving much slower at a few
kilometers per second) to follow the approximate trajectory shown in Figure 1i. This trajectory is consistent
with that derived for this event by Denton et al. (2016) and Hasegawa et al. (2017).

Figure 1. Plasma and field data for a reconnection event at the Earth’s magnetopause on 16 October 2015. (a) Magnetic
field with approximate S (stagnation region) and X (X-line) noted. (b) Electron velocity. (c) Electric field at 8,192 s!1.
(d) Energy conversion rate in plasma rest frame averaged to the 30 ms electron measurement cadence. (e) Electric power
spectral density with Fce (black curve) and Fpi (ion plasma frequency, red curve). (f) Magnetic power spectral density.
(g) Zoomed-in vector electric field fromMMS2 at the 8,192 s!1 E-field measurement cadence. (h) Same for MMS3. (i) Sketch
of magnetic field lines for asymmetric reconnection with shaded region for electron diffusion region and gray arrow for
spacecraft trajectories for events 1 and 2 with S and X denoting electron stagnation region and reconnection X-line,
respectively. (j) Positions of MMS2, 3, and 4 for zoomed-in data period. All plots are in boundary-normal coordinates with
transformation matrices from GSE (Geocentric Solar Ecliptic) to LMN coordnates: L = [0.31147, 0.02399, 0.94998]GSE,
M = [0.48027, !0.8652, !0.13562]GSE, N = [0.81863, 0.49849, !0.28099]GSE (Denton et al., 2016).

Geophysical Research Letters 10.1002/2017GL076809
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Evident in the measurements in Figures 1g and 1h are mostly positive boundary-normal electric fields (EN)
and bipolar parallel (EL) and out-of-plane (EM) electric fields with nearly equal magnitudes as in an oblique
electrostatic wave. This wave structure, which for MMS2 has an amplitude >80 mV/m, was accompanied
by out-of-plane currents (JM) of about 10

!6 amp/m2 carried by electrons with crescent-shaped distributions
(Burch, Torbert, et al., 2016; Hesse et al., 2014). Thus, the energy conversion rate in the negative EM half of the
wave structure was>80 nW/m3 as is discussed further in connection with Figure 2. These E-fields are about 2
orders of magnitude greater than predicted reconnection electric fields (Cassak et al., 2017; Shay et al., 2016).
However, the facts that (1) they exist over a distance (~0.5 km) less than the skin depth (c/ωpe) and (2) they are
bipolar in nature cause the average EM over these characteristic electron scales to match more closely the
expectations. We also note that the EL and EM signals exhibit a bifurcation with temporal width approximately
equal to the cyclotron period (4 ms in Figure 1h), which may imply that the waves are amplified by electrons
that are trapped by the parallel electric field components (Kellogg et al., 2010). We suggest a similar amplifi-
cation for the events observed in the 16 October 2015 MMS event. We note in Figure 1c that the wave struc-
ture appears to propagate into the open field line region toward the X-line although it is possible that these
are spatial structures left behind as the magnetopause moved earthward.

Electron DFs shown in Figure 2 show that themagnetic field line topology changed from closed to open over a
0.5 km structure containing the large oscillating electric fields. The polar plots of electron DFs in Figures 2a–2c
are accompanied by line plots for measurements within the black and red sectors noted in the polar plots. For
all three times plotted the line plots in the top row, which are in the plane perpendicular to B, show mag-
netosheath electrons mixed with magnetospheric electrons in crescent distributions. Figures 2b–2c show

Figure 2. Electron distribution functions and energy conversion rate for a 130 ms period on 16 October 2015. (a) Electron distribution functions every 7.5 ms in the
plane perpendicular to B. v⊥1 is in the (b × v) × b direction. V⊥2 is in the E direction. (b) Electron distribution functions in the plane containing B and v⊥1. (c) Electron
distribution functions in the plane containing B and v⊥2. Line plots in b and c show average distribution function within the red and black sectors in each polar
plot. (d) Energy conversion rate in plasma rest frame every 7.5 ms.

Geophysical Research Letters 10.1002/2017GL076809

BURCH ET AL. 1240



Ions dominate energy gain in magnetosphere 
observations 

•  Ion energy gain from Fermi reflection  
–   leads to large parallel heating of ions 
–  Measured throughout the magnetosphere 

•  Measured scaling of ion temperature 
consistent with Fermi reflection (Phan 
et al 2014) 

•  Ion energy gain would be zero in the 
ion moving frame 
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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 

dε
dt
= qv||E|| + q

vc •

E +µ ∂B

∂t
+ qvB •


E

vc =
v||
2

Ω


b × (

b •

∇

b)

vB =
v⊥
2

2Ω


b ×

∇B
B

µ =
mv⊥

2

2B

~ J
⊥
•E

⊥( )



Electron heating during reconnection: 
dependence on guide field  

•  Carry out PIC simulations of reconnection with a range guide 
fields  

•  Focus here on 2D -- 819.2di x 409.6di 
–  Compare all of the heating mechanisms 
–  Dahlin et al ’14, ’17 

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. 

– 15 –

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



Electron spectral anisotropy 
•  The dominant acceleration mechanisms accelerate 

electrons parallel to the local magnetic field – Fermi 
slingshot and E|| 
–  Extreme anisotropy in the spectrum of energetic electrons 

solid – parallel 
dashed - perp 

t 



Electron heating: dependence on the guide field 
•  Fermi reflection dominates for weak guide field 

–  Drops off sharply with increasing guide field 
•  Magnetic field radius of curvature increases with guide field 

•  E|| dominates for strong guide field 
–  Why does E|| heating increase with the guide field? 

•  Trend consistent with Wilder et al. 2018 

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.

9

Bg/Br 
Dahlin et al ‘16 



Spatial distribution of heating rate from Fermi 
reflection 

•  Electron heating rate from Fermi reflection  
–  Fills the entire exhaust 
–  Not localized to narrow boundary layers at small spatial scales 
–  Dissipation in collisionless plasma is very different from that in 

fluids 

the heating and cooling in island cores result in little net
heating, as can be seen, for example, inside the island at
x ! 165 at t¼ 80.

Figure 10 shows N for EkJk at t¼ 100 from simulation
B. The dominant heating occurs near the primary X-lines at
x ! 30 and 100 as well as the secondary X-lines (due to
island mergers) at x ! 150 and 190. Inside the islands, there
is net cooling. Many of the small scale fluctuations in the
EkJk term correspond with electron holes, which are driven
by electron beams generated near the X-line.9 Because they
tend to appear as bipolar structures in the heating term, they
produce little net heating.

A number of the islands exhibit dipolar heating: the cur-
vature term makes positive and negative contributions (red
and blue) at the opposite ends of an island. Figure 11 exhibits
this behavior. The island on the right drives heating due to
Fermi reflection at both ends, and the plot of vx shows large
inward flows indicating island contraction. By contrast, the

island on the left has dipolar heating. The entire island is
moving in the #x direction. In the simulation frame, particles
see receding field lines at the left end of the island and lose
energy in a reflection. Equivalently, uE $ j < 0. However,
the magnitude of the velocity at the right end is greater than
that at the left, so the cooling at the left end is more than off-
set by the heating at the right: N shows that the total heating
across the island is positive. This is ultimately an issue of
frame-dependence: in the frame of the island, both ends are
contracting towards the center so that uE $ j > 0.

V. SIMULATION RESULTS: ELECTRON SPECTRA

During reconnection with a strong guide field, which is
expected to be the generic regime in most space and astro-
physical systems, the dominant mechanisms for electron
acceleration are the parallel electric field and Fermi reflection
associated with the curvature drift, both of which accelerate
electrons parallel to the local magnetic field. An important
question, therefore, is whether the energetic component of the
spectrum exhibits the strong anisotropy that is reflected in the
moments Tk and T? in Fig. 4. Figure 12 shows electron spec-
tra for the momenta parallel and perpendicular to the magnetic
field. These spectra are taken from a simulation with the same
initial conditions as in simulation B but in a larger domain
Lx % Ly ¼ 819:2 % 409:6 carried out to t¼ 400. The larger
simulation produces much better statistics in the particle spec-
tra compared with simulation B shown earlier. In the parallel
momentum, a clear nonthermal (that is, non-Maxwellian) tail
develops by t¼ 50 and continues to strengthen until the end of
the simulation. The perpendicular momentum also develops a
nonthermal tail, but with an intensity that is smaller by more
than two orders of magnitude. We note that these energetic
spectra do not form power laws, which are not expected in
periodic simulations that lack a loss mechanism.11

It is hence clear that the dominant nonthermal accelera-
tion occurs in the parallel component and the anisotropy sur-
vives over long periods of time as the simulation develops. An
important question is what mechanism causes the perpendicu-
lar heating of energetic electrons. If the magnetic moment

FIG. 10. The spatial distribution of the rate of parallel electron heating at
t ¼ 100X#1

ci from the strong guide field simulation (above) and its spatially
integrated value N. The dominant heating is from the current layers around
the X-lines, while the contribution from electron holes in the islands appears
to cause electron cooling.

FIG. 11. The effect of island motion on heating from the curvature drift from
the strong guide field simulation at t ¼ 120X#1

ci . The top panel shows the heat-
ing from the curvature drift, the middle panel shows its spatially integrated
contribution N, and the bottom panel shows the horizontal bulk flow vx.

FIG. 9. Plots of the heating from the curvature-drift and its spatially inte-
grated contribution N (see Eq. (8)) from the weak guide field simulation at
t ¼ 50X#1

ci and 80X#1
ci . For each time, the top half shows the spatial distribu-

tion and the bottom half shows its integrated contribution N.
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Spatial distribution of heating from E|| 
•  E|| heating localized around the x-line  

–  Very little net heating from electron holes along the separtrices 

•  Current layers become more elongated with incresing guide field 

– 18 –

Fig. 6.— Simulation B (bg = 1.0) t = 350��1
ci . Most intense heating occurs at the ends of

islands for the curvature term, and at X-lines for the E⇥J⇥ term.

Figures 7 and 8 show the spatial distribution of the cur-
vature and EkJk terms for simulation A at t¼ 120 and B at
t¼ 125, respectively. As expected, the curvature-driven heat-
ing is primarily located in the reconnection exhaust regions
and at the ends of the islands. Heating and cooling in the
island cores are due to turbulent “sloshing” of plasma inside
the island. We show later that there is little net heating from
this behavior. Major Contributions to the EkJk term are local-
ized near the X-lines in both figures. The patchy regions of
alternating heating and cooling throughout the islands, which
are associated with electron holes3,9 do not on average pro-
duce much electron heating (shown later). Note the different
color scales in the two plots in Fig. 7: the maximum intensity
of the heating by Ek is much smaller than that of the curva-
ture drift, consistent with its relatively small contribution to
electron heating shown in Fig. 5.

The patchy nature of the EkJk term makes the interpreta-
tion of these data difficult. It is not obvious, for example,
whether the heating due to Ek around the X-line or due to the
electrons holes dominates. As a further diagnostic, we there-
fore calculate the quantity

NðxÞ ¼
ðx

0

dx0
ð
Uðx0; yÞdy; (8)

where U is a heating term, the y-integral is taken over the
half of the box containing the current layer (varying the
bounds of integration does not significantly affect the result).
The slope dNðxÞ=dx ¼

Ð
Uðx; yÞdy yields the heating at a

given x.
Figure 9 shows N for the curvature-drift term in simula-

tion A at two different times, corresponding to a temporal
minimum in the curvature-drift heating (t¼ 50) and a tempo-
ral maximum (t¼ 80). The merger of two islands near X $
160 drives acceleration at the X-line in the far right of the
simulation. The resulting island has a larger aspect ratio
(length x compared to width y) so that freshly reconnected
field lines experience a greater tension force around the far
right X-line. This enhances the rate of electron heating in the
exhausts around this X-line. The plot of N also reveals that

FIG. 5. From a simulation with a guide field of 0:2B0 in black the electron
heating integrated over the upper current layer versus time. From Eq. (5);
the heating from the parallel electric field (green), the curvature drift (red),
the gradient B drift (blue), induction (cyan), and the sum (dashed black) of
all of the heating terms. The curvature drift term, which describes Fermi
reflection, dominates.

FIG. 7. The distribution of electron heating for a guide field of 0:2B0 at
t ¼ 125X% 1

ci from the curvature (top) and the parallel electric field (bottom).
Note the different color tables. The most intense heating occurs in the recon-
nection exhausts and at the ends of the islands from Fermi reflection.

FIG. 6. From a simulation with a guide field of 1:0B0 in black the electron
heating integrated over the upper current layer versus time. Other heating
terms as in Fig. 5. In contrast with the case of the weak guide field in Fig. 5,
the curvature and Ek terms are comparable in magnitude.

FIG. 8. The distribution of electron heating for a guide field of 1:0B0 at t ¼
120X% 1

ci from the curvature (top) and the parallel electric field (bottom).
Note that the color tables are the same. The current layers, where the heating
from the parallel electric field is most intense, are much longer than in the
case of a small 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 bg ¼ 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 bg ¼ 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 bg ¼ 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.

092110-8 Dahlin, Drake, and Swisdak Phys. Plasmas 24, 092110 (2017)

Bg/Br 

Dahlin+ ’17 



Diagnosing reconnection in turbulent 
environments 

•  In the solar wind and in the 
magnetosheath downstream 
of a parallel bow shock there 
are many current layers 
–  Diagnosing reconnection is 

challenging even in 2D 
simulations of turbulence 

–  Flux surfaces don’t exist in 3D 
reconnecting systems 

–  Are current layers undergoing 
reconnection? 

 

steps and spatial resolutions, checked that the dissipation
scale is resolved, and examined field lines at the grid scale
for adequate smoothness.

To understand the magnetic field topology we inspect

aðx; yÞ [15]. The square Hessian matrix of a is Ha
i;jðxÞ ¼

@2a
@xi@xj

[17]. At each neutral point, ra ¼ 0, we compute the

eigenvalues of Ha
i;j. If both eigenvalues are positive (nega-

tive), the point is a local minimum (maximum) of a (an
O point). If the eigenvalues are of mixed sign, it is a saddle
point (an X point) [17]. Figure 1(b) shows an example of a
magnetic potential landscape together with its critical
points. The number of X points is ’1300. A sea of mag-
netic islands, different in size and energy, is present. These
coherent structures interact nonlinearly, merge, stretch,
attract, and repulse each other. At the boundaries of these
magnetic islands, the burstiness of j reflects the intermit-
tent nature of the magnetic field [10]. In these (diffusion)
regions reconnection is expected.

The local geometry of the diffusion region is related to
the Hessian eigenvalues

!max ¼
@2a

@"2 ; !min ¼
@2a

@l2
; (3)

the larger and smaller (in magnitude), respectively, and the
associated unit eigenvectors ŝ" and ŝl. The coordinate " is
associated with the minimum thickness # of the current
sheet, while l with the elongation ‘. From a scaling analy-
sis of Eq. (3), the aspect ratio of the diffusion region is well
approximated by

‘

#
’

ffiffiffiffiffiffi
!R

p
; where !R ¼

""""""""
!max

!min

"""""""": (4)

After finding all potential reconnection zones, we evalu-
ate the associated time rate of change of the magnetic flux
@a
@t $ _a. From Eq. (2), at each X point, the rate is

_a ¼ R%1
$ r2ajX-point ¼ %E&: (5)

The reconnection rate E& is normalized to the root-mean-
square magnetic fluctuation #b2rms, as is appropriate to
dimensionless Alfvén units. Figure 2 shows that the recon-
nection rates are broadly distributed with a range jE&j 2
½10%6 % 0:3(with hjE&ji ’ 0:05.
If reconnection is in a steady state, the rate depends on

the aspect ratio defined by Eq. (4). In Fig. 2, the extreme
(strongest) reconnection rates scale as

E& ) ‘

#
: (6)

This behavior is counterintuitive in the context of standard
Sweet-Parker theory, where E& ) #=‘ [1]. We will return
to this issue later.
The power law in Fig. 2 supports Eq. (6) only for the

fastest reconnection events. For more slowly reconnecting
regions there is no clear scaling. The distinguishing char-
acteristic of the strong reconnection sites appears to be a
near-steady interaction between larger, more energetic
magnetic islands. To select these we set a threshold for
E& and !R. We can further understand the strong events by

10-4
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10-2

10-1

100 101 102 103

|E
×|

λR

λR
1/2

Original data
Gaussian data

FIG. 2 (color). The reconnection rates E& vs the aspect ratio of
the diffusion region !R (red dots). The power-law fit (blue line,
shifted in the y axis) suggests E& ) ð‘=#Þ. The Gaussianized
field (green squares) is shown for comparison.

FIG. 1 (color). (a) Color map of j. (b) Contours of magnetic
potential a (a > 0 green, a < 0 black), with the positions of
maximum (blue stars), minimum (red open squares) and X points
(black &). Only one-sixth of the box is shown.
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Particle acceleration in 3D reconnection 
•  In a 3D system with a guide field magnetic reconnection 

becomes highly turbulent (Daughton et al. ‘11) 
–  No magnetic islands or flux surfaces 
–  Chaotic field line wandering and associated particle motion 
–  Diagnosing reconnection is a challenge 

Figure 5.3: Contours of Jez in the 2D simulation tΩci = 50. A 3D visualization of

the equivalent isosurface with a level 15% of the maximum current density is shown

for the upper current sheet. The structure is laminar, consisting of simple 2D flux

ropes (islands).

86

Figure 5.2: Isosurface of Jez in the 3D simulation tΩci = 50. The isosurface level is

60% of the maximum current density (a 2D slice of the same quantity is shown on

the bottom). The current is filamentary, exhibiting significant 3D structure.
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Establishing reconnection in a turbulent system 
•  A measure of the rate of magnetic energy release and 

particle acceleration is the parameter 

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

–  The dominance of positive values establishes that particle 
acceleration in a turbulent reconnection is a first order Fermi 
process 
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Frame invariance of magnetic reconnection 
measure in contracting islands 

•  What happens to                under frame shifts? 
–  A single bent field is sensitive to a  frame shift 

•  Contracting islands are not sensitive to frame shifts 
–  The sum of                  from the two ends is invariant 
–  Perhaps the mean flow in a system with turbulent reconnecting 

islands does not impact the reconnection measure 

CAx 
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!
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Conclusions 

•  Most of the energy release during reconnection takes place 
in the reconnection exhaust 
–  The plasma frame (electron or ion) dissipation measure is not 

adequate to measure energy conversion 
–  The dominant heating mechanism for electrons is controlled by the 

guide field  
•  Weak guide field Fermi reflection  
•  Strong guide field parallel electric field (J||E||) 

•  In turbulent systems can diagnose reconnection activity 
with the scalar parameter  

–   Potentially useful in the turbulent magnetosheath and the solar 
wind or anywhere 

–  No need to carry out uncertain coordinate transformations 
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