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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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Figure 3. Top: light curve of the flux in the 1 –200 GeV band. Bottom: variation of the daily (blue points) and weekly (black points) photon spectral index derived
from a PL fit. The black line depicts the mean weekly spectral index.
(A color version of this figure is available in the online journal.)

Comparing the weekly photon indices to their weighted average
returns a reduced χ2 = 86.4/32, corresponding to a 10−7

probability for a nonvariable signal. Particularly notable is a
slight softening of the spectrum during the periods of lowest
fluxes, particularly during the periods of MJD 55,221–55,235
and 55,264–55,278. There is also a suggestion that a progressive
hardening over several weeks precedes a major outburst, but
more such events will be needed to establish whether this
behavior is typical.

The correlation between photon index and flux was further
investigated by computing a discrete cross-correlation function
(DCCF) following Edelson & Krolik (1988). Error estimates
were obtained by a Monte Carlo method (Peterson et al. 1998).
The DCCF for the time of the December outburst and its
decay (MJD 55,136–55,280) show evidence for a time lag
such that index variations lead the flux by about 7 d. The
photon flux above 163 MeV was used for this analysis. As
stated above the light curve and photon index plots indicate a
spectral softening at low flux levels. We therefore calculated
a DCCF also using the logarithm of the flux, which is less
dominated by the high flux values. The DCCF for this case
(see Figure 4) gives a somewhat stronger correlation than for
linear flux, supporting the impression that spectral softening

at low flux levels has a clear contribution to the correlation.
The time lag of the correlation peak, estimated by fitting a
Gaussian function, was −6.8 ± 2.8 d when log(flux) was used
and −7.9 ± 3.7 d for linear flux. As error values we used the
standard deviation of Gaussian fits to the DCCF of Monte Carlo
simulations, again along the lines of Peterson et al. (1998). As an
additional test of the significance we divided the flare light curve
into three segments (MJD 55,136–55,190, 55,190–55,240, and
55,240–55,280), each of which showed a time lag similar to that
of the overall data. In contrast, the correlation during the 2010
April flare is weak and if anything shows a lag in the opposite
sense. On the other hand, the data from the 2008 flare of this
source do exhibit a time lag (−5.6 ± 3.4 d) similar to that of
the 2009 December flare. The main uncertainty in the DCCF
analysis is the possibility of spurious correlations. The fact that
a similar time lag is seen in a number of independent data sets
gives support for the, still tentative, detection of a lag between
the flux and photon-index variations.

Figure 5, top left (right) presents the weekly (daily) averaged
PL photon spectral index versus flux above E1 (the photon
energy where the correlation between integrated flux and index
is minimal). A weak “harder when brighter” effect shows up
for weekly bins, but is almost washed out when considering

Ackermann et al. 2010
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new flare in 3C 279
– 16 –

Fig. 2.— Gamma-ray light curve of 3C 279 around large flares with short time bins. Top panels:
> 100 MeV. Lower panel: > 1 GeV. Flare 1, 2: 2 orbit (192 min) bin, Flare 3: 1 orbit (96 min) bin.

Fig. 3.— Gamma-ray spectral energy distribution of 3C 279 as measured by Fermi-LAT in each
period. The plot include the spectra of 3C 279 during the 1st large flare and first two year averaged
one (Hayashida et al. 2012).

– 22 –

-13

-12

-11

-10

-9

-8

12 14 16 18 20 22 24

45

46

47

48

49
mm µm keV MeV GeV

lo
g 1

0 
ν 

F ν
 [e

rg
 s

-1
 c

m
-2

]

lo
g 1

0 
νL

ν 
[e

rg
 s

-1
]

log10 ν [Hz]

3C 279

B
D

Fig. 10.— The spectral energy distributions of 3C 279 during the brightest gamma-ray flares: Flare
1 (Period B, red) and Flare 3 (Period D, blue).
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constraining blazars
– 21 –
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Fig. 9.— Constraints on the parameter space of location r and Lorentz factor Γ for the emitting
region producing gamma-ray Flare 1, using a model of Nalewajko et al. (2014).

• modeling blazars is 
ambiguous 

• main unknowns: 
distance r  
Lorentz factor Γ 

• 3 constraints: 
Γθ < 1 
LSSC < LX 
Ecool < 100 MeV 

• one can estimate: 
jet power Lj 
magnetic field B

high Compton dominance q ≫ 1 
means low magnetization σ ≪ 1
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• possible dissipation mechanism in 
relativistic jets and other 
environments 

• efficient particle accelerator 
(L. Sironi) 

• what are its radiative signatures?

10 Cerutti, Werner, Uzdensky, & Begelman

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-

Cerutti et al. (2013)

relativistic reconnection

tobs ≪ L/c
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relativistic reconnection
particle density and field lines

average particle energy total synchrotron power

particle-in-cell 
code Zeltron 
pair plasma 

σ = 16 
kT = mec2
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spacetime diagrams
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• dense plasmoid cores are cold and dark 

• hot plasmoid shells dominate synchrotron emission 

• brief radiation enhancement during plasmoid mergers
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light curves
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observed flares can be located to plasmoid mergers 
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particle acceleration

particle histories

color — particle energy 
arrows — main acceleration phases 

triangles — emission along ±x 

• complete sample of tracked 
particles with γmax > 20 

• main acceleration phase: 
shortest time when Δγ = 
(γmax-γmin)/2 

• connection with emission 
towards ±x
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particle acceleration
main acceleration sites

color — mean z velocity 
filled/open — acceleration start/end

• acceleration sites 
identified by z drift!

• magnetic X-points 

• merging plasmoids 

• plasmoids 

• other

10



connection to radiation
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• position of 
particles emitting 
towards +x 

• high-energy 
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summary
• extreme gamma-ray flares may be produced by 

relativistic magnetic reconnection 

• synchrotron radiation can be calculated self-
consistently from kinetic simulations of reconnection 

• radiation is produced mainly along hot plasmoid 
shells and enhanced (flaring) during mergers 

• multiple sites of particle acceleration, not all 
contribute to high-energy flares
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