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• gamma-ray bursts 
(Lyutikov) 

• TeV blazars 
(Giannios et al.) 

• Crab PWN 
(Cerutti et al.)

high-energy flares
potentially explained by relativistic reconnection
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component of index ∼ −0.7 between 200 < ν/νc < 2000,
followed by a sharp cutoff (see also Jaroschek et al. 2004a for a
similar calculation).

The anisotropy of the high-energy particles translates directly
into the anisotropy of radiation. We compute the angular
distribution of the emission using the same measures as for
the particles (see Section 3.2), namely the solid angle within
which half of the photons are contained, Ωph,50%, as a function
of ν/νc (Figure 4, red dot-dashed line). As expected, we find
that the emitted flux displays a strong frequency-dependent
anisotropy, very much like the particles, although the transition
from the isotropic to the highly anisotropic regime, roughly at
ν/νc = 100, is more gradual for photons. The solid angle of
the radiation beam decreases with frequency approximately as
Ωph,50% ∝ (ν/νc)−0.75. The high-energy photons (ν/νc > 100)
are concentrated in a small solid angle Ωph,50%/4π < 0.1.4
The angular distribution maps (similar to Figure 3, not shown
here) indicate that the high-energy radiation is strongly beamed
toward the ±x-directions at tωc = 319, although the beam is
changing direction restlessly within the plane of the layer during
reconnection.

To illustrate the significance of beaming, we present the
spectrum of photons ⟨νFν⟩(1) emitted in the direction of the most
energetic particles, e.g., around the −x-direction (−15◦ < φ <
+15◦, −105◦ < λ < −75◦ corresponding to ∆Ω(1) = 0.27 sr;
see Figure 3, domain “(1)” in panel (d)), and compare it with
⟨νFν⟩iso (Figure 4). The spectrum ⟨νFν⟩(1) is notably harder than
⟨νFν⟩iso at all frequencies. The beaming of the most energetic
particles concentrates their synchrotron radiation into a small
solid angle, yielding a flux more than an order of magnitude
greater than the isotropic flux at the same frequency. In contrast,
the observed high-energy emission is strongly suppressed in
other directions as, for instance, in the solid angle domain
(2) (Figures 3 and 4). The results are qualitatively identical
for particles radiating predominantly via inverse Compton
scattering, because target photons are scattered and focused in
the direction of motion of the particles.

3.4. High-energy Radiation Light Curve

Consider an observer at infinity looking in the same direc-
tion during the entire reconnection event. What would be the
high-energy radiation flux seen by the observer as a function of
time? To calculate the light curve, we compute the flux received
by the observer taking into account the time delay due to the
finite time of propagation of the radiation through the box. As
an example, we consider an observer looking in the directions
±x (λ = ±90◦, φ = 0◦). We sum the contributions from all
the particles going in the direction delimited by the finite but
small solid angle domain ∆Ω±x = 0.03 sr centered around the
±x-directions. Figure 5 gives the observed photon flux inte-
grated above ν/νc = 100 as a function of time.

We find that reconnection generates bright sub-flares on
timescales of order one-tenth the light-crossing time of the
system (Lx/c). The amplitude of the spikes increases with
the observed radiation frequency. The short time variability
is due to the bunching of the high-energy particles into small
volumes inside the magnetic islands moving away from the
X-points along the ±x-directions, and particle anisotropy. The

4 Although this is not the case here, if the particle beam solid angle Ωe,50%
were smaller than ∼1/γ 2, then the angular size of the radiation beam would be
controlled by the opening angle of the synchrotron beam of a single particle,
i.e., Ωph,50% ∼ 1/γ 2.

Figure 5. High-energy synchrotron flux above ν/νc = 100 as a function of
time (in units of the light-crossing time of the simulation box Lx/c) seen by an
observer located at infinity, looking in the −x (red solid line) and +x-directions
(blue dotted line) within ∆Ω = 0.03 sr. The total light curve averaged over all
directions is shown for comparison (green dashed line labeled “iso.”).
(A color version of this figure is available in the online journal.)

high-energy beam of particles sweeps across the line of sight
intermittently and generates each bright spike of the light curve
with nearly symmetric profile (i.e., the rising time is of order the
decaying time). The intense sub-flares are smoothed out if one
considers the total flux averaged over all directions (Figure 5,
green dashed line), demonstrating that they are caused by a
geometric effect (sweeping beam) rather than an intrinsic change
in the acceleration mechanism. At the end of the reconnection
process, even the high-energy variability decays due to the
isotropization of particles at the O-point.

4. ASTROPHYSICAL IMPLICATIONS

The anisotropy of the particle distribution function discov-
ered in this study leads to a strong beaming of the radiation
emitted during a reconnection event. This “kinetic beaming” is
energy dependent, i.e., the collimation of particles and radia-
tion increases with their energy. Kinetic beaming differs from
the relativistic Doppler beaming usually invoked in high-energy
astrophysics (Rees 1966): Doppler beaming is caused by the
bulk motion of a plasma emitting isotropically in its rest frame;
in contrast to kinetic beaming, Doppler beaming focuses and
boosts all photons by the same factor regardless of their ener-
gies. This fundamental difference provides a way to discrimi-
nate observationally between these two beaming mechanisms.
In addition, we expect rapid variability of the observed flux
much shorter than the light-crossing time of the system with
nearly symmetric burst profiles (particle bunching and sweep-
ing beam). This situation is often encountered in high-energy
astrophysics, in objects such as, e.g., active galactic nucleus jets,
or gamma-ray bursts.

The discovery of gamma-ray flares in the Crab Nebula
(Tavani et al. 2011; Abdo et al. 2011) is a good example,
because the shortest detected variability timescale of a few
hours (Balbo et al. 2011; Buehler et al. 2012) may be much
shorter than the light-crossing time of the flaring region (days
to weeks). The nearly symmetric shape of the observed sub-
flares suggests that the rapid variability is due to a geometric
effect. This is consistent with our findings, supporting the
magnetic reconnection scenario for the origin of the flares in
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“kinetic beaming” 
tvar ≪ L / c 

Cerutti et al. (2012)



• exact location and evolution of the emitting regions 

• the role of bulk kinematics and Doppler beaming 

• origin of rapid variability:  
spatial bunching vs. swinging beams 

• particle acceleration mechanisms:  
acceleration along E-fields (z) 
emission along the reconnection layer (x)

open questions



• 2D e+e- PIC with Zeltron 

• N = 20482 

• 256 particles/cell 

• doubly periodic 

• no perturbation 

• σ = 16 

• Td = Tb = mec2/k (negligible radiation reaction)

simulation setup



spacetime diagram
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total synchrotron losses
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radiation anisotropy

medium frequency high frequency
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synchrotron emissivity

looking from the left looking from the right
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observed light curves
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particle acceleration



acceleration at X-points
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acceleration at mergers
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acceleration in plasmoids
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effect of radiation reaction



acceleration at X-points
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acceleration at mergers
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synchrotron emissivity

looking from the left looking from the right
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summary
• rapid flares of synchrotron radiation from simulated plasmoid-

dominated relativistic reconnection (Cerutti et al. 2012) 

• synchrotron radiation is produced mainly at the edges of 
plasmoids 

• strong anisotropy even with mildly relativistic bulk motions 

• compact sizes, bulk motion, and limited lifetime of plasmoids 
determine the short observed variability time scale 

• in the case of negligible radiation reaction, at least 3 particle 
acceleration mechanisms operate simultaneously in plasmoid 
reconnection; acceleration in plasmoids co-spatial with emitting 
regions 

• in the case of strong radiation reaction, acceleration proceeds 
only at X-points; energetic particles showing strong affinity to 
plasmoids 


