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Relativistic reconnection 
�  Relativistic magnetic reconnection magnetic field 

energy is significantly larger than the total particle 
enthalpy 

 

�  Many possible applications in astrophysics  
�  Gamma ray bursts (if  magnetically dominated) (Narayan & 

Kumar 2009) 

�  Active galactic nucleus jets (same) (Giannios et al 2008, Narayan & 
Piran 2012) 

�  Accretion disks (discussed by Prof. Hoshino) 
�  Pulsar Wind Nebulae (Crab flare) (Uzdensky et al 2011, Cerutti et al 

2012 ,2013, 2014) 

�  Only observational constraint is observed radiation 

� =
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Fast Variability in these sources 
(Buehler et al 2012) 

The Astrophysical Journal, 749:26 (8pp), 2012 April 10 Buehler et al.
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Figure 4. Crab Nebula Fourier power density spectrum (PDS), calculated from
the light curve of the first 35 months of Fermi observations shown in Figure 3.
The PDS of the full time interval is shown by the solid green line (scaled down
by 1/100 for better visibility). The PDS of the low activity period between
MJD 54884 and 55457 is shown by the solid blue line. The PDS of the 2011 April
flare is indicated by the solid red line and was calculated from the light curve
shown in Figure 5. A smoothing with a running average of four bins was applied
to all spectra. The PDSs obtained before smoothing are shown in colored dotted
lines. Black lines show the best-fit function of a power-law function (dashed)
plus a constant white noise component (solid) for the unsmoothed spectra. The
best-fit spectral indices are given in the text. Dotted black lines indicate the
±1σ , +2σ , and +3σ confidence intervals derived from white noise simulations
for the 2011 April flare PDS.
(A color version of this figure is available in the online journal.)

sinusoidal component is ≈10 hr, in agreement with the expec-
tation from the measured doubling times of the flares.

The pulsar flux remained unchanged during the flare, with
an average flux above 100 MeV of FP = (21.7 ± 1.1) ×
10−7 cm−2 s−1 during the main part of the flare (MJD
55663.70–55671.02). The flux increase is phase-independent.
This is illustrated in Figure 1, where the phasogram during the
main flare period is shown. The peaks in the on-pulse interval
remain at the same position. We also searched for periodicities
other than the Crab pulsar with the time-differencing technique
(Atwood et al. 2006), applying the event-weighting technique
described in Bickel et al. (2008). We scanned the frequency
range 0.1–256 Hz, allowing for a possible spin-down up to twice
the value of the Crab pulsar. No significant signal was found be-
sides the pulsar, which was detected with a significance >5.5σ .
Finally, we searched for photon clumping on timescales shorter
than the ≈10 min time binning by applying a Bayesian Block
analysis on the single photon arrival times, with no significant
detection.

4.1. Spectral Evolution During the Flare

In order to measure the energy spectrum during the flare,
and its evolution with time, the data must be averaged in time
intervals long enough to ensure adequate photon statistics, but
short enough to provide adequate temporal resolution. The
11 bins of approximately constant flux, derived from the BB
analysis, provide a reasonable compromise between these two
constraints.

The SEDs for each of the time bins are shown in Figure 6, after
subtracting the steady emission from the pulsar and the inverse-
Compton component of the nebula. It can be clearly seen that a
new spectral component emerges from the synchrotron nebula
during the flare, moving into the Fermi energy range as the flare
evolves. Its flux reaches a maximum between MJD 55666.997
and 55667.366 (frame 7); during this period the peak in the SED
is clearly detected at Epeak = (375 ± 26) MeV.
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Figure 5. Integral flux above 100 MeV as a function of time during the 2011 April Crab flare. The light curve is binned into equal exposure bins during times with no
Earth occultation, with a mean bin duration of nine minutes. The dotted line indicates the sum of the 33 month average fluxes from the inverse-Compton nebula and
the pulsar. The dashed line shows the flux of the average synchrotron nebula summed to the latter. The solid black lines show the best fit of a model consisting of a
constant plus an exponential function at the rise of both sub-flares (see the text). The blue vertical lines indicate the intervals of each Bayesian Block during which the
flux remains constant within statistical uncertainties. The time windows are enumerated at the top of the panel. The corresponding flux is shown by the blue marker
below each number. The SED for each of the time windows is shown in Figure 6.
(A color version of this figure is available in the online journal.)
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Variability is present on timescales of  ~2 hours! 



Relativistic Beaming 

�  Radiation emitted by ultrarelativistic particles is 
beamed in a cone with an an opening angle 1/γ 
�  Measured intensity is enhanced if  the observer is located 

inside the common cone of  many particles 

�  Beamed radiation can be highly variable 
�  Each pulse is one reconnection event that moves across 

our line of  sight 

�  Acceleration in reconnection is directional, so it may 
produce beamed particles and radiation 



Cooling regimes and their 
effect on beaming 

�  Fast cooling – particles radiate as soon as 
they leave the acceleration region  

�  Slow cooling – particles radiate after 
reconnection is complete 

�  Intermediate cooling/fractal reconnection 
(e.g. Shibata and Tanuma 2001) 
�  Our target 

�  Previous work by Cerutti et al. (2012, 
2013, 2014) calculates beaming for fast 
cooling case  (including radiation reaction) 
�  Particles beamed within 2-4% of  total solid 

angle 

�  What about the slow and intermediate 
cases? 

478 K. SHIBATA AND S. TANUMA: PLASMOID-INDUCED-RECONNECTION

where Rm∗,n = δn VA/η. The current sheet becomes thinner
and thinner, and when the current sheet thickness becomes

δn+1 ≤ η1/3V −1/3
A λ

2/3
n+1, (17)

further secondary tearing occurs, and the same process oc-
curs again at a smaller scale (Fig. 6). It follows from Eqs.
(16) and (17) that

δn ≤
!

η

VA

"1/6

62/3δ
5/6
n−1, (18)

or
δn

L
≤ A

!

δn−1

L

"5/6

, (19)

where
A = 62/3 R−1/6

m , (20)

and
Rm = LVA

η
. (21)

This fractal process continues until the current sheet thick-
ness reaches the microscopic scale such as the ion Larmor
radius or ion inertial length. The equation (19) leads to

δn

L
= A6(1−x)

!

δ0

L

"x

, (22a)

where
x = (5/6)n. (22b)

From this, we can estimate how many secondary tearings are
necessary for the initial macroscopic current sheet to reach
the microscopic scale. Taking the typical solar coronal val-
ues, δ0 = 108 cm, L = 109 cm, VA = 108 cm/s, η = 104

cm2/s for T = 106 K, we find Rm = 1013 and

A ≃ 0.02. (23)

Since δn must be smaller than the typical microscopic scale,
e.g., the ion Larmor radius (∼100 cm), we have

δn/L < rL ,ion/L , (24)

or
(0.02)6(1−(5/6)n)(0.1)(5/6)n

< 10−7.

The solution of this inequality (see Fig. 7) is

n ≥ 6. (25)

That is, in the solar corona, six secondary tearings are nec-
essary to reach microscopic current sheet.

What is the time scale of this fractal tearing? The time
scale for the n-th tearing is

tn ≃ δ3/2
n (ηVA)−1/2 = (δn/δ0)

3/2t0, (26)

where
t0 = δ

3/2
0 /(ηVA)1/2. (27)

Since Eq. (22) leads to

δn/δ0 ≃ A6(1−(5/6)n)
0 , (28)
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Fig. 6. Schematic view of fractal reconnection.
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Fig. 7. The current sheet thickness (δn/L) in the n-th secondary tearing
(see Eq. (22a)).

where A0 = 62/3 R−1/6
m∗,0 , and Rm∗,0 = δ0VA/η, we find

tn ≃ A9(1−(5/6)n)
0 t0. (29)

Thus we obtain

tn/tn−1 = A(3/2)(5/6)n−1

0 ≤ A3/2
0 (30)

for n ≥ 1. It follows from this equation that

tn ≤ A3/2
0 tn−1 ≤ A(3/2)n

0 t0. (31)

Consequently, the total time from the 1st (secondary) tearing
(t1) to the n-th (secondary) tearing (tn) becomes

ttotal = t1+t2+· · ·+tn ≤ t0 A3/2
0

1 − A3n/2
0

1 − A3/2
0

≤ t0 A3/2
0 . (32)

For typical coronal conditions (described above), this time
scale becomes

ttotal ≤ 6 × 10−3t0, (33)



The effects of  high σ on 
reconnection 

 

�  For low σ~10, vin/c~0.05-0.2                
(e.g. Sironi & Spitkovsky 2014, Guo et al 2014, 
Liu et al 2015) 

�  Similar to nonrelativistic reconnection 

�  Recent simulations by Bessho and 
Bhattacharjee (2012) find 
reconnection rates of  ~1 for high σ 
�  Also, big differences in current sheet 

structures >>>>> 

�  More recent calculations (Liu et al 
2015) confirm that local reconnection 
rates increase with σ 

The Astrophysical Journal, 750:129 (14pp), 2012 May 10 Bessho & Bhattacharjee

Figure 1. Contours of the out-of-plane electric field Ey normalized by B0. The black curves show contours of the magnetic flux function, and the white curves show
coalescing magnetic islands. Bottom panels show the reconnection electric field as a function of time, measured at the most significant reconnection site in each run.
(A color version of this figure is available in the online journal.)
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where v and u are defined as v = (1/n)
#

(up/γp)f d3up and
u = (1/n)

#
upf d3up, and up, γp, and f are a particle’s four

velocity, Lorentz factor, and distribution function, respectively.
The pressure tensor is defined as P = m

#
(upup/γp)f d3up −

mnvu (see Hesse & Zenitani 2007). The y-component of
Equation (4) across an X-line for Run A (nb = 0.01n0) is
plotted in Figure 2. The maximum reconnection rate is attained
at Ωi t = 1785 (the bottom panels). The top panels show
that before the reconnection rate attains its maximum value,
the most dominant term to support the reconnection electric
field is the time derivative part of the inertial term (the light
blue curve), −(m/e)∂uy/∂t . As time elapses, the pressure
tensor term (the blue curve) becomes larger, and eventually
it becomes the dominant term in sustaining Ey at the time of
the maximum reconnection rate. This evolution of the inertial
and pressure tensor terms is similar to that in non-relativistic
low-density pair plasmas (Bessho & Bhattacharjee 2010). In
relativistic reconnection, the inertial term −(m/e)∂uy/∂t still
gives a large contribution to Ey at the time of the maximum
reconnection rate. The bottom panels show that the light blue
curve (−[m/e]∂uy/∂t) reaches around 1/4 of Ey at the X-line.

This is because particle acceleration continues to increase the
Lorentz factors of particles near the X-line.

Fast reconnection (a reconnection rate ≫ 0.1) is realized in
the low-density regime because particle acceleration plays an
important bootstrapping role in enhancing the non-ideal terms
in the generalized Ohm’s law, and also makes the diffusion
region broader (Bessho & Bhattacharjee 2010). This is in
contrast to the high-density regime, where secondary instability
mechanisms limit the length of the diffusion region in the
x-direction (Daughton & Karimabadi 2007; Swisdak et al.
2008). It is not hard to understand the broadening of the diffusion
region in the low-density case. There are two characteristic
length scales of interest in the diffusion region: one is the ion
skin depth di and the other is the scale of the particle meandering
orbit. Because of particle acceleration and associated decrease
of the density, the skin depth di becomes larger. The meandering
scale also becomes larger as reconnection dissipates magnetic
fields and the gyroradius becomes larger (Hesse et al. 1999;
Ishizawa & Horiuchi 2005). We do not suggest that secondary
instabilities will be totally absent in this low-density regime
for sufficiently long times in an open system and/or when the
system size is sufficiently large, but rather that the broadening
occurs leading to the realization of fast reconnection well before
secondary instabilities play a role.

We have emphasized in our earlier work that the results of
reconnection simulations in pair plasmas can be understood in
terms of an effective collisionless resistivity. To see this concept

3
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High σ   

Lower σ   



2D PIC simulations 
�  Use Tristan-MP particle-in-cell code (Spitkovsky 2008) with 

current density filtering algorithm that reduces particle noise 
�  Use 16 particles per cell (similar results for up to 50 particles per 

cell) 
�  Skin depth is set to λp=8Δ (similar results for up to 20Δ) 

�  Simulation setup: 
�  Pair plasma 
�  Use Harris current sheet with sheet width δ=3λp 
�  2D simulations with Lx x Ly=800λp x 640λp   (6400Δ x 5120Δ) 
�  Periodic boundary conditions 

�  Set background magnetizations of  σ=4, 40, and 400 



Results from middle of  simulation 

 

�  X-points and outskirts of  islands contain the highest-energy 
particles – consistent with results of  Prof. Hoshino! 

�  Fast inflows and thick current sheets found for σ=40, 400 

�  Does this mean that energy transfer depends drastically on σ? 
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Figure 2. The structure of the simulation with �0 = 4 at time !pt = 591 (left column) �0 = 40 at time !pt = 534 (left column), and �0 = 400 at time !pt = 478
(right column). The colors show the total number density n normalised to the background density nb (top row), Magnetic energy to total particle rest mass ratio
✏b = B2/8⇡nmc2 (second row), average particle kinetic energy h�i (third row), the bulk momentum of the plasma hpi/mc (fourth row), and the total synchrotron
power emitted in arbitrary units (bottom row). The direction of the arrows in the fourth row indicates the direction of the bulk momentum. The size of the
arrowheads and lengths of the arrows are proportional to the bulk momentum in each panel, but their sizes vary between panels to clearly illustrate the direction
of the bulk momentum. Arrows are only shown for locations with hpi/mc > 0.5 for �0 = 4 and hpi/mc > 2.0 for �0 = 40 and �0 = 400

centers are a result of the initial conditions, rather than differ-
ing reconnection physics. The second row of Figure 2, which
shows the magnetic energy to particle rest mass ratio ✏B, con-
firms that both the centers of islands and the X-point regions
are dominated by particle energy as expected in magnetic re-
connection.

Detailed examination of the third row of Figure 2 indicates
that particles entering the current sheet at X-points where re-
connection is taking place are initially mildly relativistic with
� ⇠ 2, but are accelerated to a typical Lorentz factor larger

than 10 in the reconnection region. Conservation of energy
implies that the typical Lorentz factor in the current sheet
measured in the lab frame should be approximately equal to
�0 if the background particles are cold. For simulation S40
with �0 = 40, and simulation S400 with �0 = 400, the results
shown in the third row of Figure 2 are broadly consistent with
this expectation (note that the values of h�i in the center of
the current sheet for simulation S400 can be as large as 200.
In contrast, for simulation S4, the typical Lorentz factor in
the current sheet is significantly larger than �0 = 4, h�i ⇠ 20.
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Global definition of  
reconnection rate 

�  For relativistic reconnection, maximum possible kinetic 
energy gain is  

 

�  So we can define the reconnection rate as 

�  Definition is extremely easy to use for periodic boundary 
conditions, but difficult for observations 

�  rrec=0.15, 0.20, and 0.17 for σ=4,40, and 400 

 

rrec =
dEK
d⌧

1

4EB,0

dE
K,max

dt
= 4cLy

B2

0

8⇡

⌧ =
L
x

c
t

No dependence on σ! 
 



Measuring beaming 
 

�  Beaming of  particles and radiation also doesn’t depend 
significantly on σ 
�  Remaining results are from the simulation with σ =40 

�  We calculate beaming for particles in an X-point and an 
island in various energy bins 

�  <p>/mcγ measures how focused the particles are towards 
the direction of  bulk motion 

�  χγ measures the spread (1 s.d.) of  the particles relative to 
the minimum spread of  radiation  (1/γ) 
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�  Particles at all values of  γ in the 
X-line are locally highly beamed 

�  Direction of  beaming changes 
linearly with distance from the 
center of  the X-point 

Distance from X-point center 
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Figure 5. Characteristics of the velocity distribution for the positrons with
Lorentz factors in energy bands centered on � = 12 and � = 56 in Region c
corresponding to a magnetic island as a function of the distance |d-di, where
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Figure 6. The variation with � of the average value of two beaming param-
eters in the magnetic island in Region c in simulation S40. The average is
calculated from the values found in each square interval weighted to the num-
ber of particles in that spatial interval and energy bin. The figure shows the
bulk momentum normalised to the energy band hpi/mc�, and the beaming
angle of the particle distribution normalised to 1/�.

Figure 6 shows the variation of the two parameters aver-
aged over the whole island (Region c) with �. It indicates
that the normalised beaming angle �� increases quickly with
�, so that high-energy particles are not more strongly beamed

than low-energy particles. The normalised bulk momentum
increases slowly with �, but does not go above 0.8; smaller
beaming angles correspond to a normalised momentum very
close to 1, as shown in Figure 4. The change in behavior of
both parameters above � ⇠ 60 is a result of the fact that the
highest-energy particles in the islands are those that began in
the current sheet. Such particles could began their accelera-
tion earlier than those that began in the background plasma,
but still have time to be isotropized in the islands. Alterna-
tively, they might have been reaccelerated during an island
merger (?) or as result of island contraction (?).

Overall, we do not find strong beaming of the particles any-
where in the magnetic islands except for the highest-energy
particles in the regions where the outermost part of the island
meets the reconnection outflows. However, it is uncertain if
this will mean there is no significant beaming of the resulting
synchrotron radiation. Unlike the case of the X-points, where
the majority of radiation is likely to be emitted where the mag-
netic field is ⇠ B0 and the field varies slowly with y, the field
in the island varies quickly with location. At |d - di| = 20�p
the field can be as high as ⇠ 4B0, while the field is typically
⇠ 0.1B0 at the center of the island. Thus, the radiation from
the island may be highly beamed if specific locations on the
outskirts of the island dominate the overall emission, which
cannot be ruled out.

3.5. Beaming of particles and radiation
Extensively revised section We now discuss the beaming

of particles and radiation at various energies, focusing again
on the simulation S40 with �0 = 40; the results of this section
are insensitive to the value of �0. Because it is uncertain how
strong an effect radiative cooling will have on the particles
in a realistic reconnection configuration, we consider three
possibilities which depend on the ratio of the cooling time of
high energy particles to the total time over which reconnection
takes place. If cooling is fast, the synchrotron radiation should
be dominated by the emission of the particles in the X-point,
which radiate almost immediately once they have completed
their acceleration, left the X-point and encountered a strong
magnetic field in the magnetic island. A second possibility is
that the particles may cool slowly and radiate only after en-
tering the magnetic island, where they stay for a time period
much longer than their acceleration timescale. However, both
of these possibilities assume that a particle undergoes only
one acceleration event, followed by cooling. However, most
simulations of reconnection find that X-points merge again
and again with no natural cutoff, and that reconnection can
occur between merging islands as well (?). While the hard
power laws with ↵< 2 found in our simulations indicate that
the maximum particle energy will saturate, in other simula-
tions the spectrum can be steeper and the particle energy may
increase without bound. As a result, the highest-energy par-
ticles at any given time will always be within the X-points as
found in our simulations, and the radiation from these par-
ticles in situ will determine the beaming of high-energy ra-
diation even if these particles lose most of their energy later
once they have entered the islands. Alternatively, if accrel-
eration occurs only once, this corresponds to an intermediate
cooling regime where the cooling time and reconnection time
are comparable. These three regimes correspond respectively
to the instantaneous synchrotron radiation in Region b (an X-
point), Region c (a magnetic island) and the whole box.

For each of these regions, we calculate the angular distri-
bution of particles and of the synchrotron radiation in three
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power laws with ↵< 2 found in our simulations indicate that
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to resolve variations in the current density and limit high-
frequency particle noise. TRISTAN-MP uses a current fil-
tering algorithm to reduce high-frequency particle noise, sub-
stantially reducing the required number of macroparticles per
cell per species. A convergence test described in the work of
? has demonstrated that the evolution of reconnection config-
urations with this filtering in TRISTAN-MP is unaffected by
particle noise for densities as low as 4 particles/cell/species.
We choose to initialize the simulations with 8 macroparti-
cles/cell/species, but we have carried out convergence tests for
particle densities up to 25 macroparticles/cell/species, finding
similar results. Density gradients in the initial configuration
are accounted for without computational cost by varying the
mass of macroparticles while keeping the charge-to-mass ra-
tio the same. In all simulations, the fraction of particles with
mass significantly different than the average is small, and the
presence of these varied macroparticles has no significant ef-
fect on the dynamics.

To resolve the kinetic length scales of reconnection, which
automatically resolves modes on the scale of the current sheet
width, we set the grid spacing �x = �p/8, which ensures
that the kinetic spatial and temporal scales are adequately
resolved. The convergence tests by ? discussed earlier in
this section found that the evolution is insensitive to increases
in resolution beyond this value, but we also carry out sep-
arate convergence tests that indicate similar physics up to
�x = �p/20..

Finally, to ensure that we are able to probe nonlinear re-
connection in a quasi-steady state, the size of the simulation
must be much larger than the fastest-growing linear tearing
mode wavelength of order 10�, and the duration tmax of the
simulation must be significantly larger than the time required
for an Alfvén wave to cross the box (see ? for a detailed dis-
cussion). We choose Lx = 800�p, Ly = 600�p, which is much
larger than the tearing length scale of 10� = 30�p. For our
simulations, in which � � 1, the Alfvén speed is close to
the speed of light, so the duration of the simulations satisfy
!ptmax > 800, where !p = c/�p is the plasma oscillation fre-
quency. We choose to run our simulations for a total duration
of at least !ptmax = 2500, which is significantly longer than
this required duration.

2.4. Synchrotron radiation calculations
Revised paragraph In this paper, we calculate the radiation

spectrum assuming that it is produced entirely by synchrotron
radiation in the limit where radiative feedback is negligible.
The calculation of synchrotron spectra in situ is equivalent to
slow cooling only under the assumption that reconnection on
a very large scale has the same relative distribution of par-
ticle energies as a function of location as that on the rela-
tively small scale of our simulations, similar to the ideas of
?. If particles are accelerated only once and then cooled in the
background magnetic field over long timescales, our calcula-
tions are equivalent to an intermediate cooling regime where
the dynamical time and the cooling time are similar. We at-
tempt to extrapolate our results to single-acceleration regimes
in which cooling is fast or slow later in the paper.

Because the presence of electric fields means that the syn-
chrotron radiation formulae cannot be used in the lab frame,
and there may be no frame in which the electric field vanishes
in a reconnection region we use the prescription of ? to cal-
culate an effective magnetic field Beff that would produce the
instantaneous radius of curvature of the particle; this replaces
all factors of Bsin↵, where ↵ is the angle between the particle

direction of motion and the magnetic field direction, in syn-
chrotron formulae. Assuming that the force during a single
tilmestep is adequately approximated by the Lorentz force at
the particle’s position, the effective magnetic field is

Beff =
mc�

q

p
p2F2

L - (p ·FL)2

p2 , (8)

where FL is the instantaneous Lorentz force resulting from the
electromagnetic field at the particle location.

Then the total synchrotron power P is given by

P =
2q4�2B2

eff
3m2c5 , (9)

and the synchrotron spectrum for each particle is given by

dF!

d!
=
p

3q3Beff

2⇡mc2 F
✓

!

!c

◆
, (10)

where ! is the radiation frequency and !c is the peak radiation
frequency,

!c =
3qBeff�2

2mc
, (11)

and F is the synchrotron function

F(x) = x
Z 1

x
K5/3(x)dx, (12)

where K represents a modified Bessel function of the second
kind.

In calculating the synchrotron spectrum as a function of di-
rection, we do not use the fully general formula in which ra-
diation at different frequencies has different angular distribu-
tion; instead, we assume that all radiation is distributed ac-
cording to the angular distribution of total power, which is
given by

f (✓) = f0(1 + (✓�)2)-5/2
✓

1 + 5
7(1 + (✓�)-2)

◆
(13)

where f0 is the power of radiation emitted in the direction
of particle motion and ✓ is the angle between the particle di-
rection and the observer direction. We then use a kernel to
allocate the total radiation in a discrete grid of observer direc-
tions.

3. RESULTS
The evolution of the current sheet in all of our simula-

tions is similar to that found in previous 2D simulations of
magnetic reconnection. The initial configuration is unstable
to the tearing instability seeded by noise, and this instability
grows producing chains of alternating X-points where recon-
nection occurs and dense magnetic islands where the outflows
from reconnection meet. The instability becomes nonlinear at
!pt ⇠ 300 in all simulations, and the islands begin to merge
in hierarchical fashion until only one is left at typical time
!pt ⇠ 700, at which point fast energy transfer stops. When
the X-points and islands become large enough, secondary is-
lands and secondary X-points in between them can form due
to secondary tearing instabilities in the large X-points or in
the current sheet produced between merging magnetic islands.
Figure 1 shows schematically these structural elements of the
reconnecting current sheet in our simulation with �0 = 4 dur-
ing this nonlinear stage. In the X-points in the particles are
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tering algorithm to reduce high-frequency particle noise, sub-
stantially reducing the required number of macroparticles per
cell per species. A convergence test described in the work of
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urations with this filtering in TRISTAN-MP is unaffected by
particle noise for densities as low as 4 particles/cell/species.
We choose to initialize the simulations with 8 macroparti-
cles/cell/species, but we have carried out convergence tests for
particle densities up to 25 macroparticles/cell/species, finding
similar results. Density gradients in the initial configuration
are accounted for without computational cost by varying the
mass of macroparticles while keeping the charge-to-mass ra-
tio the same. In all simulations, the fraction of particles with
mass significantly different than the average is small, and the
presence of these varied macroparticles has no significant ef-
fect on the dynamics.

To resolve the kinetic length scales of reconnection, which
automatically resolves modes on the scale of the current sheet
width, we set the grid spacing �x = �p/8, which ensures
that the kinetic spatial and temporal scales are adequately
resolved. The convergence tests by ? discussed earlier in
this section found that the evolution is insensitive to increases
in resolution beyond this value, but we also carry out sep-
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connection in a quasi-steady state, the size of the simulation
must be much larger than the fastest-growing linear tearing
mode wavelength of order 10�, and the duration tmax of the
simulation must be significantly larger than the time required
for an Alfvén wave to cross the box (see ? for a detailed dis-
cussion). We choose Lx = 800�p, Ly = 600�p, which is much
larger than the tearing length scale of 10� = 30�p. For our
simulations, in which � � 1, the Alfvén speed is close to
the speed of light, so the duration of the simulations satisfy
!ptmax > 800, where !p = c/�p is the plasma oscillation fre-
quency. We choose to run our simulations for a total duration
of at least !ptmax = 2500, which is significantly longer than
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radiation in the limit where radiative feedback is negligible.
The calculation of synchrotron spectra in situ is equivalent to
slow cooling only under the assumption that reconnection on
a very large scale has the same relative distribution of par-
ticle energies as a function of location as that on the rela-
tively small scale of our simulations, similar to the ideas of
?. If particles are accelerated only once and then cooled in the
background magnetic field over long timescales, our calcula-
tions are equivalent to an intermediate cooling regime where
the dynamical time and the cooling time are similar. We at-
tempt to extrapolate our results to single-acceleration regimes
in which cooling is fast or slow later in the paper.

Because the presence of electric fields means that the syn-
chrotron radiation formulae cannot be used in the lab frame,
and there may be no frame in which the electric field vanishes
in a reconnection region we use the prescription of ? to cal-
culate an effective magnetic field Beff that would produce the
instantaneous radius of curvature of the particle; this replaces
all factors of Bsin↵, where ↵ is the angle between the particle
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where f0 is the power of radiation emitted in the direction
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allocate the total radiation in a discrete grid of observer direc-
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to the tearing instability seeded by noise, and this instability
grows producing chains of alternating X-points where recon-
nection occurs and dense magnetic islands where the outflows
from reconnection meet. The instability becomes nonlinear at
!pt ⇠ 300 in all simulations, and the islands begin to merge
in hierarchical fashion until only one is left at typical time
!pt ⇠ 700, at which point fast energy transfer stops. When
the X-points and islands become large enough, secondary is-
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to secondary tearing instabilities in the large X-points or in
the current sheet produced between merging magnetic islands.
Figure 1 shows schematically these structural elements of the
reconnecting current sheet in our simulation with �0 = 4 dur-
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particle noise for densities as low as 4 particles/cell/species.
We choose to initialize the simulations with 8 macroparti-
cles/cell/species, but we have carried out convergence tests for
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are accounted for without computational cost by varying the
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fect on the dynamics.
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�x = �p/20..
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The beaming in the simulations of Cerutti et al. (2012,
2013, 2014), which include radiative feedback, indicates that
high energy radiation within one decade in frequency above
the peak in !F! is beamed within a solid angle of ⌦/4⇡ ⇠
0.02 - 0.04, The solid angle within which the particles with
� < 0 are beamed in our simulations may be estimated as
⇡�(✓)�(�), so the beaming solid angle for all � in our sim-
ulation S40 is ⌦/4⇡ ⇠ �(✓)�(�)/2, where the standard de-
viations are expressed in radians in the equation. In Region
b (the X-point), at !/!0 = 5000, �(✓) = 3�, �(�) = 11�, and
⌦/4⇡ ⇠ 0.005. In Region c (the island) at !/!0 = 50000,
�(✓) = 7�, �(�) = 22�, and ⌦/4⇡⇠ 0.025 Finally, we find that
for the whole box at !/!0 = 100000, �(✓) = 4�, �(�) = 16�,
and ⌦/4⇡⇠ 0.01. Thus, our results indicate that strong beam-
ing is present at high energies in all three cooling regimes,
and our results are consistent with previous work but indi-
cate slightly stronger beaming. It should be noted, however,
that in the slow cooling case the narrowing of the spread at
high energies due to particles entering the island from the X-
points may not occur because radiation is produced well after
most particles leave X-point. In this case, the spread would
remain similar to that at low energies with �(✓) = �(�) = 38�,
and ⌦/4⇡ ⇠ 0.22. However, at least for the fast cooling case,
and the intermediate cooling case in which particles may be
treated as radiating in situ, high-energy radiation produced in
relativistic magnetic reconnection is strongly beamed.

4. CONCLUSIONS
In this work, we carried out particle -in-cell simulations of

relativistic magnetic reconnection at three values of the back-
ground magnetisation �0 = 4, 40, and 400, and calculated the
particle and synchrotron radiation beaming resulting from it.
Our conclusions are as follows:

• The reconnection rate and the characteristics of the
angular distributions of particles and radiation do not
change significantly with background magnetisation
�0, despite the significantly thicker current sheet struc-
ture and the much higher inflow velocities in low-
density plasmas with high values of �0 that are pro-
duced for our choice of initial conditions. This indi-
cates that most of the important aspects of relativistic
reconnection do not depend strongly on the background
magnetisation �0 so long as it is larger than 1, and that
the choice of an initial equilibrium with high density
contrast at high magnetization does not change these
aspects of reconnection either.

• Particle acceleration in magnetic reconnection is effi-
cient, producing a hard power law tail in the particle
energy spectrum of the form dN/d� / �-↵ with index
↵ ⇠ 1.5 that becomes harder as �0 increases. Parti-
cles are accelerated into this power law primarily in X-
points. In islands, much of the energy of these particles
is redistributed to produce a thermal distribution peaked
at � ⇠ 7 , although the outlying areas of the islands still
have a considerable population of higher-energy parti-
cles.

• In X-points, high-energy particles are highly beamed at
any given location, typically within an opening angle of
⇠ 5/�. However, the direction of this beaming changes
with location, from the direction of the electric field in
the center of the X-point to close to the direction of

outflow at its edge. As a result, the overall distribution
of particles is expected to be less highly beamed.

• revised from here In magnetic islands, high-energy
particles are unbeamed close to the center of the islands
and moderately beamed near the edges. Because the di-
rection of beaming is highly variable in the islands, the
total emission from the islands is likely to be unbeamed
except at high energies where the high-energy particles
which are entering the island from the outflow regions
of the X-points may dominate the emission.

• The overall angular distributions of particles and the re-
sulting synchrotron radiation is nearly isotropic at low
energy, but becomes focused within the plane of the
current sheet at higher energy. The particle distribu-
tion both in the X-point and in the overall simulation is
close to isotropic within the plane of the current sheet,
but because the magnetic field in the center of the X-
point is low, the resulting synchrotron distribution is fo-
cused in two wide fans in the plane of the current sheet
(the y - z plane) centered approximately on the outflow
directions. The particle and synchrotron angular distri-
butions in the islands are mostly unbeamed, except for
a population of highly beamed particles at the highest
energies that are entering the island from the X-point

• At high energies, the radiation from particles in an X-
point, an island, and the whole box are beamed within
0.5%, 2.5%, and 1% of the sky respectively. These re-
sults indicate that strong beaming of high-energy radia-
tion radiation exists for three possible regimes of radia-
tive cooling in reconnection. The results are consistent
with those found by Cerutti et al. (2012, 2013, 2014) in
simulations including radiative feedback, but indicate
somewhat stronger beaming.

What else should we discuss here?

We thank L. Sironi for useful discussions of the overall evo-
lution of these simulations in comparison to his.
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The beaming in the simulations of Cerutti et al. (2012,
2013, 2014), which include radiative feedback, indicates that
high energy radiation within one decade in frequency above
the peak in !F! is beamed within a solid angle of ⌦/4⇡ ⇠
0.02 - 0.04, The solid angle within which the particles with
� < 0 are beamed in our simulations may be estimated as
⇡�(✓)�(�), so the beaming solid angle for all � in our sim-
ulation S40 is ⌦/4⇡ ⇠ �(✓)�(�)/2, where the standard de-
viations are expressed in radians in the equation. In Region
b (the X-point), at !/!0 = 5000, �(✓) = 3�, �(�) = 11�, and
⌦/4⇡ ⇠ 0.005. In Region c (the island) at !/!0 = 50000,
�(✓) = 7�, �(�) = 22�, and ⌦/4⇡⇠ 0.025 Finally, we find that
for the whole box at !/!0 = 100000, �(✓) = 4�, �(�) = 16�,
and ⌦/4⇡⇠ 0.01. Thus, our results indicate that strong beam-
ing is present at high energies in all three cooling regimes,
and our results are consistent with previous work but indi-
cate slightly stronger beaming. It should be noted, however,
that in the slow cooling case the narrowing of the spread at
high energies due to particles entering the island from the X-
points may not occur because radiation is produced well after
most particles leave X-point. In this case, the spread would
remain similar to that at low energies with �(✓) = �(�) = 38�,
and ⌦/4⇡ ⇠ 0.22. However, at least for the fast cooling case,
and the intermediate cooling case in which particles may be
treated as radiating in situ, high-energy radiation produced in
relativistic magnetic reconnection is strongly beamed.

4. CONCLUSIONS
In this work, we carried out particle -in-cell simulations of

relativistic magnetic reconnection at three values of the back-
ground magnetisation �0 = 4, 40, and 400, and calculated the
particle and synchrotron radiation beaming resulting from it.
Our conclusions are as follows:

• The reconnection rate and the characteristics of the
angular distributions of particles and radiation do not
change significantly with background magnetisation
�0, despite the significantly thicker current sheet struc-
ture and the much higher inflow velocities in low-
density plasmas with high values of �0 that are pro-
duced for our choice of initial conditions. This indi-
cates that most of the important aspects of relativistic
reconnection do not depend strongly on the background
magnetisation �0 so long as it is larger than 1, and that
the choice of an initial equilibrium with high density
contrast at high magnetization does not change these
aspects of reconnection either.

• Particle acceleration in magnetic reconnection is effi-
cient, producing a hard power law tail in the particle
energy spectrum of the form dN/d� / �-↵ with index
↵ ⇠ 1.5 that becomes harder as �0 increases. Parti-
cles are accelerated into this power law primarily in X-
points. In islands, much of the energy of these particles
is redistributed to produce a thermal distribution peaked
at � ⇠ 7 , although the outlying areas of the islands still
have a considerable population of higher-energy parti-
cles.

• In X-points, high-energy particles are highly beamed at
any given location, typically within an opening angle of
⇠ 5/�. However, the direction of this beaming changes
with location, from the direction of the electric field in
the center of the X-point to close to the direction of

outflow at its edge. As a result, the overall distribution
of particles is expected to be less highly beamed.

• revised from here In magnetic islands, high-energy
particles are unbeamed close to the center of the islands
and moderately beamed near the edges. Because the di-
rection of beaming is highly variable in the islands, the
total emission from the islands is likely to be unbeamed
except at high energies where the high-energy particles
which are entering the island from the outflow regions
of the X-points may dominate the emission.

• The overall angular distributions of particles and the re-
sulting synchrotron radiation is nearly isotropic at low
energy, but becomes focused within the plane of the
current sheet at higher energy. The particle distribu-
tion both in the X-point and in the overall simulation is
close to isotropic within the plane of the current sheet,
but because the magnetic field in the center of the X-
point is low, the resulting synchrotron distribution is fo-
cused in two wide fans in the plane of the current sheet
(the y - z plane) centered approximately on the outflow
directions. The particle and synchrotron angular distri-
butions in the islands are mostly unbeamed, except for
a population of highly beamed particles at the highest
energies that are entering the island from the X-point

• At high energies, the radiation from particles in an X-
point, an island, and the whole box are beamed within
0.5%, 2.5%, and 1% of the sky respectively. These re-
sults indicate that strong beaming of high-energy radia-
tion radiation exists for three possible regimes of radia-
tive cooling in reconnection. The results are consistent
with those found by Cerutti et al. (2012, 2013, 2014) in
simulations including radiative feedback, but indicate
somewhat stronger beaming.

What else should we discuss here?

We thank L. Sironi for useful discussions of the overall evo-
lution of these simulations in comparison to his.
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Conclusion 
�  The global reconnection rate has no dependence on 

magnetization despite the increase in locally measured 
reconnection rates 

�  Particles in X-points are strongly beamed, but the 
direction of  beaming changes with location 

�  Particles in islands are moderately beamed at the 
edges, unbeamed at the center 
�  Particles entering the island from the X-points are beamed 

�  The high-energy radiation in all three regimes of  cooling 
are beamed within ~0.5-2.5% of  the sky 
�  Consistent with previous results by Cerutti et al 

(2012,2013,2014) 
�  But! Slow cooling may result in no beaming if  hot outflows 

from X-points cease at late times 



Connection with space 
physics 

�  Global and energy-based reconnection rate calculations 
needed for astrophysics 
�  Local measurements of  inflow velocities or electric fields 

may not accurately measure energy transfer 
�  E.J  measurement can probe energy transfer directly 
�  Can global measurements be made for observations? 

�  The large-scale physics of  reconnection affects whether 
it can explain high-energy, variable sources 
�  Does fractal reconnection occur on large scales? 
�  How intermittent is reconnection, and what is the “true” 

reconnection rate 
�  If  not, do outflows from reconnection regions contribute to 

beaming at late times? 


