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rapid flares of blazars
• observed variability time scale

tvar ≃ 3 min

• black hole light-crossing time 
scale ≃ 1.5 h ≫ tvar

• extreme compactness
(luminosity / volume)

• emitting region of very high 
Lorentz factor Γfl > 50, much 
higher than Γjet ~10-20 
(Begelman et al. 2008)

• relativistic reconnection?
(Giannios et al. 2009)

PKS 2155-304
H.E.S.S. Collaboration
Aharonian et al. 2007

photon energy
0.2 - 1 TeV
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minijets model
• reconnection produces localized 

relativistic outflows (minijets) with Γmj 
within a larger relativistic jet

• explains additional relativistic Lorentz 
boost (Γfl~ΓjetΓmj) and local dissipation

• based on relativistic Petschek 
reconnection model (Lyubarsky 2005)

• depends on the scaling of minijet 
Lorentz factor with jet magnetization 
Γmj ∝σ01/2 in relativistic regime

• is this scaling correct?

Giannios et al. (2009)

σ0=B2/(4πw)

Γjet

Γmj
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crab nebula flares
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Fig. 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 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.

flux hypothesis. The algorithm to determine the
optimal partition is described by Jackson et al.
(2005). The BB-binned light curve is shown in
Figure 5. It is statistically compatible with the
original light curve (χ2

r/ndf = 257/232). This im-
plies that flux variations within each BB cannot be
distinguished with confidence from a locally con-
stant flux. The shortest BBs are detected at the
maximum of both sub-flares and have durations
of ≈9 hours.

In order to measure the rate of flux increase at
the rising edges of the sub-flares we parametrized
them with an exponential function plus a constant
background. The best-fit functions are shown in
Figure 5. The time ranges over which the fits were
performed were defined by the centers of the BBs
before and at the maximum of each sub-flare. The
resulting doubling time is 4.0 ± 1.0 hours and 7.0
± 1.6 hours for the first and second sub-flare, re-
spectively. As these values depend on the some-
what arbitrarily chosen parametrization and fit

ranges, we conservatively estimate that the dou-
bling time scale in both sub-flares is td ! 8 hours.

The PDS of the April 2011 flare is shown in
Figure 4. It was obtained by computing the
Fourier transform of the autocorrelation function
using an algorithm for unevenly sampled data
(Edelson & Krolik 1988). The PDS can be de-
scribed by a power law of index ≈1.1 and reaches
the noise floor at a frequency of ≈0.6 cycles per
day. The doubling time of the corresponding sinu-
soidal component is ≈10 hours, in agreement with
the expectation 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 dur-
ing 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 pha-
sogram during the main flare period is shown.
The peaks in the on-pulse interval remain at the
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Fig. 4.— Particle (γ2dN/dγ, top) and photon spectral (νFν , bot-
tom) energy distributions averaged over all directions, at tω1 = 0
(dotted line), 110, 220, 397, and 662 (dashed line). The red verti-
cal dot-dashed line in the top panel shows the classical radiation-
reaction-limited energy γrad defined in Eq. (10), and the corre-
sponding 160 MeV synchrotron photon energy limit in the bottom
panel. The thick black 3-dot-dashed line marked “no rad.” in
both panels shows the final quasi-steady energy distributions at
tω1 = 662, if there are no radiative losses in the simulation.

ation mechanism are described below in Section 4.3. At
tω1 = 397, we find that about 0.03% of all the particles
are above γrad, and represent about 0.39% of the total
kinetic energy. These particles are responsible for the ex-
cess of synchrotron radiation above 160 MeV (see Fig. 4),
which represents about 4.3% of the total isotropic radia-
tive power. After tω1 = 450, the high-end of the spec-
trum contracts to lower energies, and very few particles
above γrad survive at tω1 ! 662. We attribute the disap-
pearance of the most energetic particles to synchrotron
cooling. In the final saturated state, most particles are
located within the big islands where they cool progres-
sively. There is little acceleration and the magnetic field
remains strong, of order B0. If the radiation reaction
force is neglected, the high-energy component of the
spectrum does not evolve once established (for tω1 ! 550,
see Fig. 4), and extends up to γmax ≈ 3× 109. An iden-
tical simulation performed without radiative losses with
Vorpal gives very similar results.
We investigate the angular distribution of the parti-

cles’ velocities, as a function of their energy. In agree-
ment with our previous study (Cerutti et al. 2012b), we
find a pronounced energy-dependent anisotropy of the
particles and their synchrotron emission, increasing with
energy. Fig. 5 illustrates the strong anisotropy of the ex-
pected synchrotron radiation, as a function of the pho-

Fig. 5.— Energy-resolved angular distribution of the synchrotron
radiation flux d(νFν)/dΩ/dε1 emitted at tω1 = 397, using the
Aitoff projection. Each panel shows the angular distribution of ra-
diation in a different photon energy band: 1 MeV < ε1 < 1.2 MeV
(top), 12.6 MeV < ε1 < 14.5 MeV (middle), and 155.7 MeV <
ε1 < 179.0 MeV (bottom). Fluxes are normalized to the maximum
value in each band. The solid angle covered by half of the flux and
normalized by 4π, Ω50/4π, is given below each panel. The black
square box indicates the direction where the anisotropic spectra
are shown in Fig. 6.

ton energy. Following Cerutti et al. (2012b), we use the
spherical angles φ (latitude) and λ (longitude) to study
the angular distributions. The latitude varies between
−90◦ and +90◦, and the longitude varies between −180◦

and +180◦. A radial unit vector has the coordinates
x = cosφ sinλ, y = sinφ, z = cosφ cosλ. At tω1 = 397,
we find that half of the > 160 MeV radiative flux is con-
centrated into less than 4% of the total solid angle 4π.
The high-energy beam of radiation is concentrated in the
mid-plane (xz-plane, φ = 0◦), preferentially towards the
±x-directions (φ = 0◦, λ = ±90◦). This result can be
explained by the deflection of the particles’ trajectories
from the ±z-directions (φ = 0◦, λ = 0◦, ± 180◦, along
which the particles are accelerated by Ez) to the ±x-
directions by the reconnected field. The direction of the
beam is changing with time, wiggling around the plane of
the reconnection layer during the active phases of recon-
nection (tω1 " 450). The beam broadens and stabilizes
along the z-direction at later times.
The strong anisotropy of the emitted radiation leads

to an apparent boosting of the flux seen by an observer
looking in the direction of the beam (the so-called “ki-
netic beaming”, see Cerutti et al. 2012b). The energy
distribution of the particles pointing in the direction
λ = +70◦, φ = 0◦ (indicated by the black box in Fig. 5)
within the solid angle ∆Ω/4π ≈ 3×10−3 is substantially
harder than the isotropic one, piling up at γmax ≈ γrad
(Fig. 6, top panel). In this case, the particles with
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Fig. 9.— Evolution of the particle’s mid-plane crossing angle
θ0 with the particle’s Lorentz factor γ, for a representative sam-
ple of 8 high-energy particles accelerated via the Speiser mech-
anism. The green triangle and the red diamond mark the first
and the last crossing of the particle through the layer mid-plane.
The particles shown here undergo between 4 and 9 crossings before
they are kicked outside the layer. The arrow along each particle’s
path indicates the direction of increasing time. The power-laws
of index −2/3 (dashed lines) and −3/2 (dotted lines) are analyti-
cal solutions of relativistic Speiser orbits found by Uzdensky et al.
(2011). The vertical dot-dashed line shows the radiation reaction
limit Lorentz factor γrad (Eq. 10).

2 agree surprisingly well with our previous test-particle
simulations (Uzdensky et al. 2011; Cerutti et al. 2012a),
despite the simplistic assumptions on the fields used in
these studies (prescribed and static). Uzdensky et al.
(2011) predicted a relationship between γ and the an-
gle θ0 between the particle’s velocity vector and the
layer mid-plane defined at each crossing, in two extreme
regimes. If the particle’s meandering width ym is much
greater than the layer thickness δ, and if radiative losses
are negligible (i.e., during the first Speiser cycles), then
|θ0| ∝ γ−2/3. In contrast, if the particle is deep inside the
layer and reaches the local radiation reaction limit energy
γ′
rad (defined with the perpendicular field at the location

of the particle B⊥ < B0, so that γ′
rad > γrad) within

each cycle, then |θ0| ∝ γ−3/2. Fig. 9 shows the tracks
followed by a representative sample of 8 high-energy par-
ticles in the θ0-γ plane (which are not necessarily acceler-
ated above γrad). The mid-plane crossing angle is given
by θ0 = π/2 − arccos(vy/

√
v · v), where v is the three-

velocity vector of the particle. The agreement with the
analytical expectations is very good: the particles remain
between these two power-laws, tending to a −2/3 index
at low energies and to a −3/2 index at the highest en-
ergies. This is a robust and clean feature of the most
energetic particles accelerated and focused through the
Speiser mechanism.

4.4. Variability pattern of the >100 MeV emission

In this section, we investigate the time-dependent ra-
diation escaping in the +x-direction where most of the
high-energy radiation is expected (Fig. 5). Fig. 10
presents the expected synchrotron flux integrated above
100 MeV as a function of time, taking into account the
time delay due to the light crossing time through the
box. In the case of radiation into the +x-direction, the

Fig. 10.— Normalized synchrotron flux emitted by the positrons
as function of time (given in days, bottom axis, and in light crossing
time of the system, ct/Lx, top axis) in three photon energy bands:
1 MeV< ε1 < 10 MeV (green dashed line), 10 MeV< ε1 < 100 MeV
(blue dotted line), and ε1 > 100 MeV (red solid line). The ra-
diation received by the observer is going along the +x-direction
(φ = 0◦, λ = +90◦) throughout the simulation within a solid an-
gle ∆Ω ≈ 0.03 Sr. The radiation comes from the bottom layer only.
The vertical dotted lines delimit the 12 time periods of equal dura-
tion, used to study spectral variability above 100 MeV in Fig. 12.

propagation time is given by tpropag = (Lx−xe)/c, where
xe is the location of the emitting electron/positron. In
agreement with Cerutti et al. (2012b), the high-energy
radiation is highly variable on timescales much shorter
than the light crossing time of the layer (! 0.1Lx/c, or
! 6 hours). The light curve is composed of multiple
intense spikes that are nearly symmetric in time. This
result is a direct consequence of the strong focusing of
the energetic particles accelerated through the Speiser
mechanism. The beam of energetic particles is wiggling
around the reconnection layer and crosses the line of sight
several times. The bunching of the high-energy particles
into compact blobs within the layer and within the mag-
netic islands also contributes to the multiple, powerful
sub-flares in the light curve (Cerutti et al. 2012b). This
dramatic variability disappears if, instead of considering
one particular direction, the emission is averaged over all
directions. Fig. 10 also shows the energy dependence of
the light curve. The amplitude of the spikes increases
with the energy of the radiation considered, because
of the increasing emission anisotropy (Fig. 5). Fig. 11
presents the resulting power-density-spectrum (PDS) of
the light curve (given by the squared modulus of the
Fast-Fourier-Transform), in the three energy bands de-
fined in Fig. 10. The observed PDS above 100 MeV is
well-fit by a hard power-law of index −0.50 ± 0.05. At
lower energies, the best-fit indexes are −1.04 ± 0.13 in
the 10 MeV< ε1 < 100 MeV band, and −1.19± 0.08 in
the 1 MeV< ε1 < 10 MeV band. As expected, the PDS
slope hardens with increasing photon energy, indicating
that the highest energy radiation is also the most rapidly
variable.
The received spectrum is also highly time variable.

We decompose the light curve into 12 blocks of duration
12 hours each (see Fig. 10). Within each period of time,
we compute the time-averaged synchrotron spectrum re-
ceived by the observer. We fit the high-energy compo-
nent above 100 MeV only with a power-law times an ex-

exceed synchrotron 
energy limit

energy-dependent anisotropy
(kinetic beaming)

superluminal 
variability

relativistic reconnection (Cerutti et al. 2013)

HST

Fermi/LAT
Buehler et al. 2012



reconnection models
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PIC simulations

• Zeltron - relativistic 
PIC code with radiation 
reaction force
(Cerutti et al. 2013)

• 2-dimensional

• pair plasma

• Harris sheet with long-
wavelength perturbation

• no guide field

• radiation reaction off

• magnetization
σbg = B2/(4πnemec2) ≫ 1

• temperature
θe = kT/(mec2) = 1

• drift velocity βd = 0.6

• 256 particles per cell

we study numerically the kinematics of relativistic 
reconnection outflows and calculate synthetic 

lightcurves for different observers
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synchrotron flares
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external Compton flare
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peak velocity statistics
peak ux ∝σ01/2?

peak uz ∝σ01/2

• ux, uz - maximum over x, t

• average over many 
simulations

• 3 grid sizes:
L = 200, 400, 800

• ux scaling underresolved

• weak scaling of rms velocities
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summary
• extreme astrophysical gamma-ray flares (blazars, Crab 

nebula) may be explained by relativistic outflows from 
magnetic reconnection

• this motivates us to study the relation between 
kinematics and radiation in relativistic magnetic 
reconnection

• we perform 2D PIC simulations of pair plasma 
reconnection with very high upstream magnetization

• we observe sharp, roughly correlated, synchrotron and 
EC flares related to transient spikes in ux velocity 
component due to plasmoid mergers

• peak velocities scale like ux ∝σ01/2? and uz ∝σ01/2
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