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Figure 15. Time-resolved broadband spectral energy distributions of 3C 279 measured in Periods A–H (as defined in Table 1) and on 2008 July 31 (MJD 54678),
covered by our observational campaigns in 2008–2010. X-ray, UV–optical–near-IR data are corrected for the Galactic absorption. Five-digit numbers in the panel
indicate MJD of the periods. For comparison, the gray open circles in the very high energy γ -ray band represent measured spectral points by MAGIC in 2006 February
(Albert et al. 2008).

Furthermore, we note that there are some optical and γ -ray
peaks that might well be associated with the second X-ray flare.
Hence, it is possible that the two prominent γ -ray/optical flares
(Periods B and D), together with the subsequent two X-ray flares
(Periods F and G), form a sequence of four events separated by
a similar time intervals. Those intervals, in turn, can be possibly
determined by instabilities in the jet launching region. Here, the
different broadband spectra during these events may result from
small changes of parameters, such as the jet direction, Lorentz
factor, and/or location and geometry of the dissipation event.

A weak (and sporadically almost absent) correlation be-
tween X-rays and other spectral bands can also result from
such processes that preferably contribute to radiation in the
X-ray band. They can be related to the following three
mechanisms/scenarios.

1. Bulk-Compton process. This involves Compton-scattering
of ambient optical/UV light by the cold (non-relativistic)
electrons in the jet. This mechanism is most efficient close
to the accreting black hole where the processes responsible
for the variability of X-rays may operate independently of
those at larger distances and producing there variable non-
thermal radiation (Begelman & Sikora 1987). A drawback
of this scenario can be that the bulk-Compton spectrum is
predicted to have a similar shape as the spectrum of the
external radiation field (Ackermann et al. 2012), which sig-
nificantly differs from what we observe in the X-ray band.

2. Inefficient electron acceleration. Acceleration of the rel-
ativistic electrons at proton-mediated shocks is likely to
proceed in two steps: in the first one low-energy electrons
may be pre-accelerated via, for example, some collective
processes involving protons; in the second step, they may
participate in the first-order Fermi acceleration process. If
under some conditions the electron–proton coupling is inef-
ficient, the fraction of electrons reaching the Fermi phase of
acceleration will be small. In this case the X-rays, originat-
ing from lower energy electrons, are produced efficiently,
while the γ -rays and optical radiation that involve more
relativistic electrons are not.

3. The X-rays can be also contributed by hadronic processes,
specifically by the pair cascades powered by protons losing
their energy in the photo-mesonic process (Mannheim &
Biermann 1992). For this process to be efficient, it requires
extreme conditions (Sikora et al. 2009; Sikora 2011);
however, operating in the very compact central region, at
distances less than few hundred gravitational radii, it may
occasionally dominate in the X-ray band.

4.2. Broadband Spectral Energy Distribution

Figures 15 and 16 show broadband SEDs of 3C 279 in all
periods as defined in Table 1. In addition, we also extracted an
SED using data taken on 2008 July 31 (MJD 54678), which has
a good energy coverage of the synchrotron emission component
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1.1. Flares from High-Energy Astrophysical Phenomena

ref) Hayashida+, (2012), ApJ 754, 114.
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Figure 9. SED at the maximum flux level for five of the six Crab
nebula flares detected as of September 2013 (Abdo et al 2011,
Buehler et al 2012, Striani et al 2013, Mayer et al 2013). No
spectrum has been published for the low intensity flare of July 2012
(Ojha et al 2012). The blue points show the average nebula flux
values referenced in figure 2.

et al 2013). Due to the statistical nature of the flux variations,
the definition of a flare is somewhat arbitrary. In all flares
reported to date the synchrotron component of the nebula had
a peak flux of Fns,100 > 35 × 10−7 cm−2 s−1. Equally, the
definition of a flare duration is not straightforward; typically,
the flux is increased with respect to the monthly average flux
for ∼1 week. The SED around the peak of the flares is shown in
figure 9. One can see that the spectral behavior differs strongly
between flares. During the flare in February 2009, e.g., the flux
increased with no measurable spectral changes with respect to
the average nebula flux, while during the flare in April 2011,
a new spectrum component with a rising flux was observed.
Generally, all spectra show significant emission up to ∼1 GeV.

The flare of April 2011 gave us the most detailed look
into the flare phenomenon to date (Striani et al 2011, Buehler
et al 2012). The light curve of this flare is shown in figure 10.
Its high flux allowed flux measurements down to time scales
of ∼20 min. The flux doubled within td ! 8 h at the rising
edges of the two main bursts during the flare. The spectral
evolution is shown in figure 11. Interestingly, the apparently
complex evolution can be parameterized in a simple way: the
emerging spectral component is well characterized by a power-
law spectrum with an exponential cutoff. The spectral index
γ = 1.27 ± 0.12 remains constant within errors during the
flare, whereas the cutoff energy EC and the total energy flux of
the synchrotron component above 100 MeV vary as Lns,100 ∝
E3.42±0.86

C . At the maximum of the flare, the cutoff energy
is ϵC,max = 375 ± 26 MeV and the total isotropic luminosity
in the synchrotron component is Lmax,100 ≈ 4 × 1036 erg s−1,
approximately 1% of the spin-down power of the pulsar.

The angular resolution of current HE instruments is
>18 arcmin, not enough for determining the emission region
of the flares within the nebula. From the beginning, it was
clear that in order to pinpoint the emission region, correlated
variability at radio, optical or x-rays is needed, making use of

the <1 arcsec angular resolution achieved in these wavebands.
However, to date, despite extensive efforts a detection of the
flares outside of the HE gamma-ray band remains elusive.
Strictly simultaneous observations were obtained during the
September 2010, April 2011 and March 2013 flares (Lobanov
et al 2011, Morii et al 2011, Vittorini et al 2011, Aliu et al 2013,
Weisskopf et al 2013). Particularly dense observations with the
Chandra and Hubble Space Telescopes and the Keck and VLA
Observatories were carried out during the April 2011 flare. No
increased emission was detected from radio to x-rays for any
structure of the nebula above the usual levels. This finding was
very unexpected. The inferred flux upper limits show that the
SED of the HE gamma-ray flare drops steeply with decreasing
frequency, as was already suggested by the hard spectral index
of the flaring component in HE gamma-rays during the flare.

No pulsations are found in the gamma-ray emission of
the flares. The pulsar properties remain unchanged during the
outbursts; no changes in the spin-down period or flux were
found in radio, x-rays or gamma-rays (Abdo et al 2011, Morii
et al 2011, Buehler et al 2012). The time scale of the recurrence
of pulsar glitches is similar to the recurrence of the gamma-ray
flares; however, there is no obvious correlation in time between
these two events.

5.2. The origin of the gamma-ray flares?

To date, the Crab flares remain mysterious. We do not know
what causes them and where they come from within the
nebula. Several ideas have been proposed, but no definite
answers can be given today. Any explanation will have to
encompass all of the presented observations; so far theoretical
models have addressed different aspects of the problem. The
rapid variability implies that, unless there is ultrarelativistic
beaming, the flare emission comes from a small region within
the nebula Rf ! c · td ≈ 10−4 pc, small even when compared
to nebula substructures such as the Sprite, wisps or the inner
knot with projected scales greater 10−2 pc.

A puzzling observation is that flare emission is detected up
to photon energies of ≈1 GeV. Synchrotron emission appears
to be the only radiation process which is efficient enough
to account for the flare emission in the nebula environment
(Abdo et al 2011). However, particles accelerated in MHD
flows can only emit synchrotron emission up to a maximum
energy ϵmax = 160 MeV (Guilbert et al 1983, Uzdensky
et al 2011). Therefore, either MHD conditions are not
valid in the flaring region, or the emission is relativistically
boosted towards our line of sight7. The two scenarios are
possibly interrelated: a breakdown of the MHD conditions
occurs in magnetic reconnection events and beaming of
particles naturally occurs in the reconnection layer (Zweibel
and Yamada 2009, Uzdensky et al 2011, Cerutti et al 2012,
Sturrock and Aschwanden 2012).

That a magnetic reconnection process is responsible for
the particle acceleration is also indicated by the fact that the
proposed alternatives have severe difficulties: diffusive shock

7 Another alternative is that the flare emission is ‘jitter radiation’, which could
e.g. be emitted in the striped wind if the length scale of magnetic turbulence is
much smaller than the distance between stripes (Teraki and Takahara 2013).
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2.4. Double Tearing Mode 3

J Pétri et al
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(see also figure 2). In this figure, as a diagnostic, we plot the 
maximum of the flow velocity Vx as a measure of the mag-
nitude of the instability. Usually, in DTM investigations, the 
total kinetic energy is reported to account for the diagnostic. 
Here we use a simplified estimate that should not be confused 
with the reconnection rate. See below for an investigation of 
the influence of the Lundquist number for several S.

A second phase of saturation then ensues on a slower time 
scale, which can be fitted with a scaling close to a purely 
resistive dependence ∼ S. This later phase is equivalent to the 
well-known Rutherford regime of classical MHD (Wang et al 
2007), in which the magnetic islands continue to grow on a 
non-linear algebraic resistive timescale (White 1986).

In a third phase, the two islands grow in an explosive way. 
During this phase, the islands interact strongly and form a 
triangular deformation (Janvier et al 2011b). This structural 
deformation drives a magnetic reconnection event character-
ized by a merging between the two islands at a time around 
the peak of Vx, as shown in figures 2 and 3. This mechanism 
has been observed in numerical simulations done by Janvier 
et al (2011a) using a non-relativistic simplified MHD model. 
They found a threshold for triggering this explosive phase. 
More precisely this threshold is Lx/y0≳6 for fixed boundary 

conditions. Note that a critical value closer to 4 has also 
been reported by Yan et al (1994), but in the case of periodic 
boundary conditions. In our simulations we found a value of 
around 5. The underlying physical mechanism is driven by 
an imbalance in the total pressure around the islands (Janvier 
et al 2011a).

In the left panel in figure 1, the island originating from the 
upper layer moves towards the X-point of the second island 
from the lower layer. Meanwhile this X-point is transformed 
into a current layer exhibiting many small-scale secondary 
islands. These islands can be interpreted as plasmoids because 
the local Lundquist number, defined by Sl = c l/η ≈ 3 × 104, 
where l is the length of the instantaneous current layer (the 
one giving rise to the abovementioned plasmoids). The length 
l is estimated to be about 10, obtained from an inspection of 
the left panel in figure 1, at the time t = 2500. Indeed, this 
local Lundquist number Sl exceeds the critical value of order 
104, which is necessary to produce the plasmoid instability 
(Takamoto 2013).

In the fourth and final phase, the magnetic configuration 
relaxes toward a new stable state. This final state is free from 
magnetic island and current layer, and the corresponding mag-
netic field lines become nearly straight and unidirectional. 

Figure 2. Maximum flow velocity Vx as a function of time for different Lundquist numbers: S = 200, 400, 800, 1600, 3200. A mild 
magnetized case is shown on the right in figure σ = 0.4 and a high magnetization case on the left in figure σ = 12.
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Figure 3. Maximum flow velocity Vx as a function of time for runs using different magnetizations: σ. The Lundquist number is S = 200 on 
the left in figure and S = 3200 on the right in figure.
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2.5. DTM Temperature dependence

Thermal synchrotron radiation from DTM 5

Figure 4. The temperature profiles log
10

[k
B

T/mc

2] during the
double tearing burst phase of the run SB6. The top and bottom
panel show just before and after the burst phase, respectively.

our Paper 2). The plasmoid region becomes very dense and
also very hot with temperature as high as k

B

T & �mc

2 be-
cause of the compression by nearly Alfvénic reconnection
flows along the sheet (Takamoto 2013). After the explosive
phase, the magnetic field between the two original sheets
is forced to reconnect, and dissipate its energy into kinetic
bulk flow and thermal energy. Since the motion inside of
the reconnected region becomes highly stochastic, the re-
sulting kinetic bulk flow energy rapidly dissipated into the
thermal energy. In particular, the random motion induces
strong compression, and this also increase the temperature
in the plasmoids.

4.2 Synchrotron Energy Spectrum

Next, we investigate the synchrotron energy spectrum using
our numerical results. The typical photon energy for the
synchrotron emission can be written as:
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Figure 5. Top: The energy spectrum with various magnetiza-
tion parameter �. Bottom: maximum temperature with respect to
background magnetization parameter. In both case, S = 3200 is
assumed, and the pulsar parameters are r = 50r
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equilibrium due to the MHD approximation, the Lorentz fac-
tor in Equation (4) can be expressed for an ultra-relativistic
plasma equation of state as: � ⇠ 3k
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T/mc

2 ⌘ 3⇥. For later
convenience, we introduced the normalized temperature ⇥.
Note that the temperature T depends on the location in the
simulation box. In the explosive phase, a strong gradient are
formed leading to drastic variation in the temperature profile
from point to point as seen in Figure 4. In the pulsar striped
wind region, the dominant background magnetic field com-
ponent is toroidal and propagates as an entropy wave thus
decreasing with radius r according to, B
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2.6. DTM Burst Timescale

Thermal synchrotron radiation from DTM 2977

Figure 9. The temperature profiles log10[kBT/mc2] during the double tear-
ing burst phase of the run SB6. The top and bottom panels show just before
and after the burst phase, respectively.

the high-Lundquist number plasma gives very narrow reconnection
sheets in which several plasmoids can be observed (see also our
Paper II). The plasmoid region becomes very dense and also very hot
with temperature as high as kBT ! σmc2 because of the compression
by nearly Alfvénic reconnection flows along the sheet (Takamoto
2013). After the explosive phase, the magnetic field between the
two original sheets is forced to reconnect, and dissipate its energy
into kinetic bulk flow and thermal energy. Since the motion inside
of the reconnected region becomes highly stochastic, the resulting
kinetic bulk flow energy rapidly dissipated into the thermal energy.
In particular, the random motion induces strong compression, and
this also increases the temperature in the plasmoids.

4.2 Synchrotron energy spectrum

Next, we investigate the synchrotron energy spectrum using our
numerical results. The typical photon energy for the synchrotron
emission can be written as

ϵsync = 3
2
γ 2 B

Bq
mc2, (4)

where B is the magnetic field strength as measured in the frame
where ϵsync is detected, Bq = m2c3/e! is the critical magnetic field,
m is the electron mass, e is it electric charge, γ is the typical Lorentz
factor of the electrons, and ! is the reduced Planck constant. Assum-
ing the synchrotron radiation is mainly emitted by the pair plasma
which is in local thermal equilibrium due to the MHD approxi-
mation, the Lorentz factor in equation (4) can be expressed for

an ultrarelativistic plasma equation of state as: γ ∼ 3kBT/mc2 ≡
3$. For later convenience, we introduced the normalized temper-
ature $. Note that the temperature T depends on the location in
the simulation box. In the explosive phase, a strong gradient is
formed leading to drastic variation in the temperature profile from
point to point as seen in Fig. 9. In the pulsar-striped wind region,
the dominant background magnetic field component is toroidal and
propagates as an entropy wave thus decreasing with radius r ac-
cording to, B0 = BL rL/r, where rL ∼ 1.5 × 106 m is the radius of
the light cylinder and BL ∼ 100 T is the magnetic field strength at
rL for the Crab pulsar. The synchrotron photon energy in the fluid
comoving frame becomes

ϵ̄sync ∼ 1.73 × 10−4 eV
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W
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where B̄0 = B0/%W is the background magnetic field measured in
the fluid comoving frame, or the simulation frame and %W is the
Lorentz factor of the pulsar wind. Finally, the Lorentz transforma-
tion into the pulsar rest frame (observer frame) gives us

ϵsync,L = ϵ̄sync

%W (1 − βW cos ϑ)
≡ δWϵ̄sync, (6)

where ϑ is the angle between the velocity of the reconnecting blob
and the observer line of sight, βW is the velocity of the wind in the
unit of light velocity, and δW is the ‘Doppler factor’. If we assume
that this blob is pointing towards Earth in the most favourable case,
δW ≃ 2%W, the peak energy of the photons will be

ϵsync,L ∼ 0.311 eV$2
(

r

rL

)−1 (
B̄

B̄0

) (
BL

100 T

)
. (7)

The energy spectrum can be obtained by integrating equation (7)
over the numerical spatial domain,

∫
dVnϵsync, where n is the num-

ber density of emitting particles in the laboratory frame. The top
panel of Fig. 10 shows the energy spectra with several value for
the magnetization parameter σ corresponding to the runs SB1–SB6
at the burst phase when reaching maximum four-velocity. Typical
values for the Crab pulsar are: r = 50rL

4 and %W = 300.5 This
panel clearly shows the energy in their body part increases with
σ -parameter, approximately 100 times increase as σ -parameter in-
creases by one order of magnitude. This can be understood from
the bottom panel of Fig. 10. The panel is the maximum temperature
during the explosive phase in terms of the σ -parameter. It shows
the maximum temperature increases linearly with the σ -parameter.

4 Here, the emission region is assumed to start approximately at a fixed
radius outside the light cylinder following the prescription given by Pétri &
Kirk (2005). This is a necessary requirement for both fitting the synchrotron
spectrum to the observed value (as the synchrotron emissivity decreases with
distance) and adjusting the time-scale of the Crab flares taking into account
time dilation. Although this makes it difficult to discuss time-scale of DTM,
we use the DTM time-scale as the observed flare time-scale in equation
(9) since this is one of the characteristic time-scales of DTM model in the
striped wind. The validity of the above assumption will be investigated in a
future work.
5 This is twice larger than the value inferred in Paper II, %W ! 150. This is
due to changing of the values of some parameters in the dynamical time of
the explosive phase, equation (9), in order to explain the cut-off energy of
the observed flare.
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3.1. Thermal Synchrotron Spectrum

Thermal synchrotron radiation from DTM 5

Figure 4. The temperature profiles log
10

[k
B

T/mc

2] during the
double tearing burst phase of the run SB6. The top and bottom
panel show just before and after the burst phase, respectively.

our Paper 2). The plasmoid region becomes very dense and
also very hot with temperature as high as k

B

T & �mc

2 be-
cause of the compression by nearly Alfvénic reconnection
flows along the sheet (Takamoto 2013). After the explosive
phase, the magnetic field between the two original sheets
is forced to reconnect, and dissipate its energy into kinetic
bulk flow and thermal energy. Since the motion inside of
the reconnected region becomes highly stochastic, the re-
sulting kinetic bulk flow energy rapidly dissipated into the
thermal energy. In particular, the random motion induces
strong compression, and this also increase the temperature
in the plasmoids.

4.2 Synchrotron Energy Spectrum

Next, we investigate the synchrotron energy spectrum using
our numerical results. The typical photon energy for the
synchrotron emission can be written as:
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Figure 5. Top: The energy spectrum with various magnetiza-
tion parameter �. Bottom: maximum temperature with respect to
background magnetization parameter. In both case, S = 3200 is
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convenience, we introduced the normalized temperature ⇥.
Note that the temperature T depends on the location in the
simulation box. In the explosive phase, a strong gradient are
formed leading to drastic variation in the temperature profile
from point to point as seen in Figure 4. In the pulsar striped
wind region, the dominant background magnetic field com-
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our Paper 2). The plasmoid region becomes very dense and
also very hot with temperature as high as k
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T & �mc

2 be-
cause of the compression by nearly Alfvénic reconnection
flows along the sheet (Takamoto 2013). After the explosive
phase, the magnetic field between the two original sheets
is forced to reconnect, and dissipate its energy into kinetic
bulk flow and thermal energy. Since the motion inside of
the reconnected region becomes highly stochastic, the re-
sulting kinetic bulk flow energy rapidly dissipated into the
thermal energy. In particular, the random motion induces
strong compression, and this also increase the temperature
in the plasmoids.
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where # is the angle between the velocity of the reconnecting
blob and the observer line of sight, �

W

is the velocity of the
wind in the unit of light velocity, and �
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is the “Doppler fac-

tor”. If we assume that this blob is pointing towards Earth
in the most favorable case, �
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, the peak energy of
the photons will be
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The energy spectrum can be obtained by integrating Equa-
tion (7) over the numerical spatial domain,

R
dV n✏

sync

,
where n is the number density of emitting particles in the
laboratory frame . The top panel of Figure 5 shows the en-
ergy spectra with several value for the magnetization pa-
rameter �. Typical values for the Crab pulsar are: r = 50r

L

and �
W

= 300 3. This panel clearly shows the energy in
their body part increases with �-parameter, approximately
100 times increase as �-parameter increases by one order of
magnitude. This can be understood from the bottom panel
of Figure 5. The panel is the maximum temperature during
the explosive phase in terms of the �-parameter. It shows
the maximum temperature increases linearly with the �-
parameter. Since the photon energy depends on the tem-
perature as T

2, as indicated in Equation (7), the resulting
energy spectrum can be estimated as T

2 / �

2. The ob-
served Crab flares have their mean energy around 102 to 103

[MeV] energy region (Buehler et al. 2012; Bühler & Bland-
ford 2014), so that the double tearing mode can explain the
Crab flares if the Crab pulsar wind has � & 105 which is in
agreement with current estimates from theoretical expecta-
tions (Kirk et al. 2009) about a trans-Alfvénic flow. We also
note that the energy spectrum in Figure 5 increases with
�-parameter. This is because, in high � cases, the number
of plasmoids along the sheets increases; In plasmoid region,
the plasma is characterized by a high temperature and a
high density, which increases the high energy photons and
make the energy spectrum harder 4 . Note that the plasma
is far below the radiation reaction limit because in the wind
frame the energy of the synchrotron photons is much less
that the limit of 240 MeV. Therefore, the dynamics of the
plasma presented in this paper is not significantly perturbed
by the radiative losses. Our RRMHD code does not include
any such losses so far. We computed the spectra by a post-
processing algorithm.

Finally, the synchrotron cooling time in the wind co-
moving frame can be written as:
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3 This is twice larger than the value inferred in Paper 2, �
W

.
150. This is due to changing of the values of some parameters in
the dynamical time of the explosive phase, Equation (9), in order
to explain the cut-o↵ energy of the observed flare.
4 Our numerical results in the case of � = 120 gave us an e↵ective
index in the high energy region �

F,DT

⇠ 1.3, which is not so
far away from the observed energy spectral index of the flaring
component �

F,obs

= 1.27± 0.12.
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Figure 6. A meridional profile of current sheets in the striped
wind. The inclination angle is assumed ⇡/4, and the light cylinder
radius r

L

is used for the unit of each axis. A solid line is z =
x tan ✓ where ✓ = ⇡/6 along which the distance between the sheets
becomes imbalanced.

where �

T

is the Thomson scattering cross section and Ū

B

is the magnetic field energy density in the fluid comoving
frame. Note that this timescale is estimated in the merged
sheet where the magnetic field release occurs. In our sim-
ulations, the dynamical time of the explosive phase in the
simulation frame, ⌧̄

dyn

, is about 50l/c. Using l = 2⇡↵�
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L

,
5 it reduces to
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where P = 2⇡r
L

/c is the rotation period of the central neu-
tron star6.

Comparing these 2 timescales, we obtain
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This indicates the maximum energy by DTM in the Crab
pulsar wind would be obtained when ⇥ ⇠ 106. Note that we
obtain a cuto↵ energy scale around 300 MeV by substituting
this temperature into Equation (7) assuming B̄ ⇠ 0.05B̄

0

and r = 50r
L

, which roughly reproduces the observed cuto↵
energy, 350MeV. Figure 5 also indicates this temperature
can be obtained when � ⇠ 105.

c� 2015 RAS, MNRAS 000, 1–8

*Lorentz transform 
*γ~3 kBT/mc2 
*B=BL (rL/r)

εsync,L ~ 300[MeV] 
(when σ~105, r~50rL, B~0.1B0)

ε[eV]



3.3. Temporal Evolution of Photon Spectrum

(when σ~120, r~50rL, B~0.1B0)



3.4. Time Scale

⌧burst ⇠ 50
sheet width

c
(1)

1

Sheet width: 

if MHD (density is sufficiently high)

basically no criterion

if collisionless plasma (low density)

sheet width ~ min{Gyro radius, skin depth}

(maximum energy will be limited by synchrotron cooling)

(~ √(η/Δt)  if highly collisional)



3.5. Scenario

Crab

r ~ 50 rL

DTM

DTM

Striped Wind

Lorentz transformation  
allows to avoid  

acceleration energy limit



Summary

• We investigated a candidate of the strong flare origin 	
    considering Double Tearing Mode (DTM). 	
!
• Double tearing mode (DTM) is a plasma instability  
  resulting in a sudden energy release. 	
!
• The thermal synchrotron obtained by the simulations  
  gives an energy spectrum resembling to the observations. 	
!
• The high Lorentz factor of the wind allows us to explain  
  energy flux naturally. 	

ref) Takamoto+(2015), MNRAS 454, 2972. 
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ref) MT+, (2015),  ApJ 815, 16.

1.4 1-sheet Reconnection (Turbulent Reconnection)

kB T/mc2

kB T/mc2

γ u

γ u

Turbulent 
sheet

more broad 
but  

more moderate 
and steady



2.4. Double Tearing Mode 3 driven 
reconnection
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thermalized

log10[kB T/mc2]



1.6. Crab Flares 1I
Rep. Prog. Phys. 77 (2014) 066901 Review Article
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Figure 9. SED at the maximum flux level for five of the six Crab
nebula flares detected as of September 2013 (Abdo et al 2011,
Buehler et al 2012, Striani et al 2013, Mayer et al 2013). No
spectrum has been published for the low intensity flare of July 2012
(Ojha et al 2012). The blue points show the average nebula flux
values referenced in figure 2.

et al 2013). Due to the statistical nature of the flux variations,
the definition of a flare is somewhat arbitrary. In all flares
reported to date the synchrotron component of the nebula had
a peak flux of Fns,100 > 35 × 10−7 cm−2 s−1. Equally, the
definition of a flare duration is not straightforward; typically,
the flux is increased with respect to the monthly average flux
for ∼1 week. The SED around the peak of the flares is shown in
figure 9. One can see that the spectral behavior differs strongly
between flares. During the flare in February 2009, e.g., the flux
increased with no measurable spectral changes with respect to
the average nebula flux, while during the flare in April 2011,
a new spectrum component with a rising flux was observed.
Generally, all spectra show significant emission up to ∼1 GeV.

The flare of April 2011 gave us the most detailed look
into the flare phenomenon to date (Striani et al 2011, Buehler
et al 2012). The light curve of this flare is shown in figure 10.
Its high flux allowed flux measurements down to time scales
of ∼20 min. The flux doubled within td ! 8 h at the rising
edges of the two main bursts during the flare. The spectral
evolution is shown in figure 11. Interestingly, the apparently
complex evolution can be parameterized in a simple way: the
emerging spectral component is well characterized by a power-
law spectrum with an exponential cutoff. The spectral index
γ = 1.27 ± 0.12 remains constant within errors during the
flare, whereas the cutoff energy EC and the total energy flux of
the synchrotron component above 100 MeV vary as Lns,100 ∝
E3.42±0.86

C . At the maximum of the flare, the cutoff energy
is ϵC,max = 375 ± 26 MeV and the total isotropic luminosity
in the synchrotron component is Lmax,100 ≈ 4 × 1036 erg s−1,
approximately 1% of the spin-down power of the pulsar.

The angular resolution of current HE instruments is
>18 arcmin, not enough for determining the emission region
of the flares within the nebula. From the beginning, it was
clear that in order to pinpoint the emission region, correlated
variability at radio, optical or x-rays is needed, making use of

the <1 arcsec angular resolution achieved in these wavebands.
However, to date, despite extensive efforts a detection of the
flares outside of the HE gamma-ray band remains elusive.
Strictly simultaneous observations were obtained during the
September 2010, April 2011 and March 2013 flares (Lobanov
et al 2011, Morii et al 2011, Vittorini et al 2011, Aliu et al 2013,
Weisskopf et al 2013). Particularly dense observations with the
Chandra and Hubble Space Telescopes and the Keck and VLA
Observatories were carried out during the April 2011 flare. No
increased emission was detected from radio to x-rays for any
structure of the nebula above the usual levels. This finding was
very unexpected. The inferred flux upper limits show that the
SED of the HE gamma-ray flare drops steeply with decreasing
frequency, as was already suggested by the hard spectral index
of the flaring component in HE gamma-rays during the flare.

No pulsations are found in the gamma-ray emission of
the flares. The pulsar properties remain unchanged during the
outbursts; no changes in the spin-down period or flux were
found in radio, x-rays or gamma-rays (Abdo et al 2011, Morii
et al 2011, Buehler et al 2012). The time scale of the recurrence
of pulsar glitches is similar to the recurrence of the gamma-ray
flares; however, there is no obvious correlation in time between
these two events.

5.2. The origin of the gamma-ray flares?

To date, the Crab flares remain mysterious. We do not know
what causes them and where they come from within the
nebula. Several ideas have been proposed, but no definite
answers can be given today. Any explanation will have to
encompass all of the presented observations; so far theoretical
models have addressed different aspects of the problem. The
rapid variability implies that, unless there is ultrarelativistic
beaming, the flare emission comes from a small region within
the nebula Rf ! c · td ≈ 10−4 pc, small even when compared
to nebula substructures such as the Sprite, wisps or the inner
knot with projected scales greater 10−2 pc.

A puzzling observation is that flare emission is detected up
to photon energies of ≈1 GeV. Synchrotron emission appears
to be the only radiation process which is efficient enough
to account for the flare emission in the nebula environment
(Abdo et al 2011). However, particles accelerated in MHD
flows can only emit synchrotron emission up to a maximum
energy ϵmax = 160 MeV (Guilbert et al 1983, Uzdensky
et al 2011). Therefore, either MHD conditions are not
valid in the flaring region, or the emission is relativistically
boosted towards our line of sight7. The two scenarios are
possibly interrelated: a breakdown of the MHD conditions
occurs in magnetic reconnection events and beaming of
particles naturally occurs in the reconnection layer (Zweibel
and Yamada 2009, Uzdensky et al 2011, Cerutti et al 2012,
Sturrock and Aschwanden 2012).

That a magnetic reconnection process is responsible for
the particle acceleration is also indicated by the fact that the
proposed alternatives have severe difficulties: diffusive shock

7 Another alternative is that the flare emission is ‘jitter radiation’, which could
e.g. be emitted in the striped wind if the length scale of magnetic turbulence is
much smaller than the distance between stripes (Teraki and Takahara 2013).

10

no flare case

1% of Lspindown 
(~5×1038erg/s)

⪆100MeV

ref)Buehler+ (2012), ApJ 749, 24.  
     Buehler+ (2014),RPR, 77,066901.



1.5. Crab Flares 1

Rep. Prog. Phys. 77 (2014) 066901 Review Article

Figure 10. Integral flux above 100 MeV from the direction of the Crab as a function of time during the 2011 April flare, reproduced from
Buehler et al (2012). The points represent the sum of the nebula and pulsar fluxes. The dotted line indicates the sum of the 33-month
average fluxes from the inverse Compton nebula and the pulsar, which are stable over time. The dashed line shows the flux of the average
synchrotron nebula summed to the latter. The red vertical lines indicate time intervals where 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 red marker below each
number. The SED for each of the time windows is shown in figure 11. Reproduced by permission of the AAS.

Figure 11. SED evolution during the April 2011 Crab flare, reproduced from Buehler et al (2012). The time windows are indicated in the
bottom left corner of each panel and correspond to the ones indicated in figure 10. The dotted line shows the SED of the flaring component,
the dot–dashed line shows the constant background from the synchrotron nebula and the dashed line is the sum of the two components. The
average Crab nebular spectrum in the first 33 months of Fermi observations is also shown in gray. Reproduced by permission of the AAS.

11

ref)Buehler+ (2012), ApJ 749, 24.  
     Buehler+ (2014),RPR, 77,066901.

Strong time variability in gamma-ray (~100MeV)!!

2011 April Crab Flare

~9 days

~ 8 hours



1.7.  Theoretical Models and Difficulties 1
ref) Guilbert+(1983), MNRAS,205	
      Uzdensky+(2011), ApJL, 737

Assumption: in MHD plasma (B2 > E2)

acceleration time > Larmor period  
                               (Minimum timescale)

acceleration time < synchrotron cooling time

maximum radiation energy  
             ~ 160MeV < εobs~375 MeV

τsyn ∝ (γB2)−1 (1)

τB ∝ (γ/B). (2)

(γ2B)Max = const., (3)

ϵsync ∝ γ2B (4)

1

τsyn ∝ (γB2)−1 (1)

τB ∝ (γ/B). (2)

(γ2B)Max = const., (3)

ϵsync ∝ γ2B (4)

1

τsyn ∝ (γB2)−1 (1)

τB ∝ (γ/B). (2)

(γ2B)Max = const., (3)

ϵsync =
3

2
γ2 B

Bq
mc2 ∝ γ2B (4)

1



observed duration of the flares: 

τflare ~ 10 hours

if pulsar origin:      P~33[ms]     << τflare

if PWN origin  :     1[pc]/c ~ 1yr >> τflare

1.8.  Theoretical Models and Difficulties 2



3.2. Radiation Energy Flux & Duration

(E×B)c (E×B)c

no beaming case beaming case

Photons by DT
only a part of photons
can be observed.
Hence more than 1% of Poynting energy 
should be converted.

Photons by DT
nearly all the photons
can be observed.
At most 1% Poynting energy 
conversion is sufficient.

observer

only a part of the emitted 
photons can be observed

(PWN) (Wind)

1% of energy conversion 
is sufficient!! 

(L ~ 0.01 Lspindown)



1.9. Reconnection in PWN
ref) Uzdensky+(2011), ApJL, 737	
      Cerutti+(2013), ApJ	
      Cerutti+(2014), ApJ, 782

E
B0

-B0

X-line = dissipation region 
E2>B2

Condition: a very long and coherent sheet

very weak perturbation on particles

weak guide field

The Astrophysical Journal, 782:104 (15pp), 2014 February 20 Cerutti et al.

Figure 9. Time evolution of the plasma density (color-coded isosurfaces) in the bottom half of the simulation box at tω0 = 0, 173, 211, and 269 (from top to bottom),
for α = 0 (left panels, run 3D0) and α = 0.5 (right panels, run 3D050). Low-density isosurfaces (blue) are transparent in order to see the high-density regions (red)
nested in the flux tubes. The time is given in units of ω−1

0 , and spatial coordinates are in units of ρ0.
(A color version of this figure is available in the online journal.)

undisturbed and breaks the layer into a network of eight flux
tubes. Toward the end of the simulation, there are about three
well-defined flux ropes containing almost all the plasma that
went through reconnection. At this point in time, 20% of the
total magnetic energy (i.e., including the reconnecting and the
guide field energy) has dissipated, in agreement with the 2D run
2DXY050.

4.2. Fourier Analysis of Unstable Modes

Following the analysis presented in Section 3.2, we perform
a Fourier decomposition of the magnetic fluctuations in the

bottom layer mid-plane, (x, y = Ly/4, z), to study the most
unstable modes that develop in the 3D simulations. Figure 10
presents the growth rate of each modes in the (kx × kz)-plane
estimated from the variations of Bx (left panel) and By (right
panel), for α = 0. As pointed out in Section 3.2 and by Zenitani
& Hoshino (2008) and Kagan et al. (2013), we find that the
reconnecting field Bx effectively captures the kink-like modes
along kz whereas the reconnected field By is most sensitive
to tearing-like modes along kx. The dispersion relations show
that pure kink (along kz for kx = 0) and pure tearing (along
kx for kz = 0) modes grow at rates in very good agreement
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Necessary Conditions of DTM

B0

B0

-B0 2y0

2L

Necessary Condition: 
y0 ≾ 6 L 

(otherwise, interaction of 2 sheets 
becomes too weak)
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Figure 1. Light curve obtained with photons above 100 MeV within an energy-dependent circular region, as described in Section 4.1. The light curve profile is binned
to 0.01 of pulsar phase. Insets show the pulse shapes near the peaks, binned to 0.002 in phase. The radio light curve (red line) is overlaid (arbitrary units). The main
peak of the radio pulse seen at 1.4 GHz is at phase 0. Two cycles are shown.
(A color version of this figure is available in the online journal.)

all events between 100 MeV and 300 GeV, two clear peaks
P1 and P2 can be seen at phases φ1 = 0.9915 ± 0.0005 and
φ2 = 0.3894 ± 0.0022, respectively. Hence, the peaks are
separated by δφ = 0.398 ± 0.003. P1 and P2 are asymmetric.
Their shapes can be well modeled by two half-Lorentzian
functions (with different widths for the leading and trailing
sides). The first peak presents rising and falling edges of half-
widths 0.045 ± 0.002 and 0.023 ± 0.001, respectively. P2 shows
a slow rise and a steeper fall. The rising and falling edges of
P2 have Lorentzian half-widths of 0.115 ± 0.015 and 0.045 ±
0.008, respectively. Hence, the γ -ray first peak leads the radio
main pulse by phase 0.0085 ± 0.0005, as shown in Figure 1,
where the radio profile (red line) is overlaid for comparison.

The second γ -ray peak leads the second 1.4 GHz radio pulse
(interpulse) by 0.0143 ± 0.0022 in phase. The peak separation
is slightly wider at 1.4 GHz than in γ -rays.

An error in these γ -radio delays can also arise from the mea-
surement of the dispersion measure and its derivative. Following
Manchester & Taylor (1977), the error on the dispersion delay
in the propagation of a signal at a frequency f through the inter-
stellar medium is

∆(∆t) = −∆DM
Kf 2

, (1)

where ∆DM takes into account the error on the measurement
of DM and its derivative, and K = 2.410 × 10−4 MHz−2 cm−3

pc s−1 is the dispersion constant. This yields a formal uncertainty

of 1.4 µs, which is significantly smaller than the 21.1 µs
accuracy of the overall timing solution, and therefore leads to
an error of 0.0006 in phase on the γ -radio delay.

The presence of a radio feature referred to as low frequency
component (LFC) by Moffett & Hankins (1996) can be noticed
at phase 0.896 ± 0.001 on the radio light curve obtained at
1.4 GHz as seen in Figures 1 and 2(a). This peak is assumed
to be near the closest approach of the magnetic axis. The first
γ -ray peak lags the LFC by 0.095 ± 0.002 in phase.

Figure 3 shows the light curves in five energy bands, covering
the 100 MeV–300 GeV interval while Table 1 reports the
evolution of the positions of the peak maxima (φ1 and φ2 for P1
and P2, respectively) and their half-widths (HW), for the energy
bins between 100 MeV and 10 GeV. The photon number counts
above 10 GeV were not sufficient to fit the peak profiles. The
phases of the first (P1) and second (P2) peaks do not show any
significant shift with energy. Both become narrower when the
energy increases, showing in particular a steepening in the P2
falling edge.

Table 1 also presents the energy dependence of the relative
weight of the two peaks. The diffuse and nebular background
photon density has been first estimated in the 0.52–0.87 phase
interval, then renormalized and subtracted so as to determine
the number of pulsed photons in both peaks. P1 and P2 are
here defined in the 0.87–1.07 and 0.27–0.47 phase intervals,
respectively. As for the Vela pulsar (Abdo et al. 2009a), the
ratio P1/P2 decreases with increasing energy, especially above
a few GeV.

ref) Petri+(2005),ApJL, 627, 37.	
      Abdo+(2010), ApJ, 708, 1254.

gamma-ray pulse

sheet separation: 
2 πrL

sheet thickness: 
~0.1 × 2 πrL



3.3. Cut-off energy and Constraints on Crab Parameters

maximum energy:  
DTM dynamical time ~ radiation cooling time
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DTM in Blazar

Thermal synchrotron radiation from DTM 5

Figure 4. The temperature profiles log
10

[k
B

T/mc

2] during the
double tearing burst phase of the run SB6. The top and bottom
panel show just before and after the burst phase, respectively.

our Paper 2). The plasmoid region becomes very dense and
also very hot with temperature as high as k

B

T & �mc

2 be-
cause of the compression by nearly Alfvénic reconnection
flows along the sheet (Takamoto 2013). After the explosive
phase, the magnetic field between the two original sheets
is forced to reconnect, and dissipate its energy into kinetic
bulk flow and thermal energy. Since the motion inside of
the reconnected region becomes highly stochastic, the re-
sulting kinetic bulk flow energy rapidly dissipated into the
thermal energy. In particular, the random motion induces
strong compression, and this also increase the temperature
in the plasmoids.

4.2 Synchrotron Energy Spectrum

Next, we investigate the synchrotron energy spectrum using
our numerical results. The typical photon energy for the
synchrotron emission can be written as:

✏
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, (4)

where B is the magnetic field strength as measured in the
frame where ✏

sync

is detected, B
q

= m
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c

3

/e~ is the critical
magnetic field, m the electron mass, e its electric charge, �
the typical Lorentz factor of the electrons and ~ the reduced
Planck constant. Assuming the synchrotron radiation is
mainly emitted by the pair plasma which is in local thermal
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Figure 5. Top: The energy spectrum with various magnetiza-
tion parameter �. Bottom: maximum temperature with respect to
background magnetization parameter. In both case, S = 3200 is
assumed, and the pulsar parameters are r = 50r
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= 300.

equilibrium due to the MHD approximation, the Lorentz fac-
tor in Equation (4) can be expressed for an ultra-relativistic
plasma equation of state as: � ⇠ 3k

B

T/mc

2 ⌘ 3⇥. For later
convenience, we introduced the normalized temperature ⇥.
Note that the temperature T depends on the location in the
simulation box. In the explosive phase, a strong gradient are
formed leading to drastic variation in the temperature profile
from point to point as seen in Figure 4. In the pulsar striped
wind region, the dominant background magnetic field com-
ponent is toroidal and propagates as an entropy wave thus
decreasing with radius r according to, B
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r
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/r, where
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⇠ 1.5 ⇥ 106 [m] is the radius of the light cylinder and
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for the Crab
pulsar. The synchrotron photon energy in the fluid comoving
frame becomes
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where B̄
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is the background magnetic field mea-
sured in the fluid comoving frame, or the simulation frame
and �
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is the Lorentz factor of the pulsar wind. Finally, the
Lorentz transformation into the pulsar rest frame (observer
frame) gives us
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νsync,L ~ 109[Hz] 
(when σ~1, Γ~ 5, B~0.1[G])
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flows along the sheet (Takamoto 2013). After the explosive
phase, the magnetic field between the two original sheets
is forced to reconnect, and dissipate its energy into kinetic
bulk flow and thermal energy. Since the motion inside of
the reconnected region becomes highly stochastic, the re-
sulting kinetic bulk flow energy rapidly dissipated into the
thermal energy. In particular, the random motion induces
strong compression, and this also increase the temperature
in the plasmoids.

4.2 Synchrotron Energy Spectrum

Next, we investigate the synchrotron energy spectrum using
our numerical results. The typical photon energy for the
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