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• kinetic particle-in-cell simulations 
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• harmonic magnetic equilibrium 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• focus on particle acceleration and 
evolution of current layers
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motivation

monitors cosmic sources in the energy ranges
from 100MeV to 10 GeV (hereafter, GeV gamma-
rays) and 18 to 60 keV with good sensitivity and
angular resolution. With the exception of a re-
markable episode in October 2007 (see below)
we obtain, during standard nonactive states, an
average (pulsar + nebula) flux value (14) of
Fg = (2.2 T 0.1) × 10−6 photons cm−2 s−1 in the

range of 100 MeV to 5 GeV, for an average
photon index a = 2.13 T 0.07.

During routine monitoring in spinning mode
in September 2010, a strong and unexpected
gamma-ray flare, from the direction of the Crab
Nebula was discovered (15) by AGILE at ener-
gies greater than 100 MeV. The flare reached its
peak during 19–21 September 2010 with a 2-day

flux of Fg,p1= (7.2 T 1.4) × 10−6 photonscm−2 s−1

(a = 2.03 T 0.18) for a 4.8 SD detection above the
average flux. It subsequently decayed within 2 to
3 days to normal average values (Fig. 1A). This
flare was independently confirmed by the Large
Area Telescope (LAT) on board the FermiGamma-
ray Space Telescope (Fermi) (16, 17), and different
groups obtained multifrequency data in the fol-
lowing days (18). Recognizing the importance of
this event was facilitated by a previous AGILE
detection with similar characteristics.

AGILE detected another remarkable flare
from the Crab in October 2007 (14). The flare
extended for ~2 weeks and showed an interesting
time substructure (Fig. 1B). The peak flux was
reached on 7 October 2007, and the 1-day in-
tegration value was Fg,p2 = (8.9 T 1.1) × 10−6

photons cm−2 s−1 (a = 2.05 T 0.13) for a 6.2 SD
detection above the standard flux.

For both the October 2007 and September
2010 events, there was no sign of variation of the
pulsar gamma-ray signal (19–21) during and
after these flares, as independently confirmed for
the September 2010 event by means of gamma-
ray (22), radio (23), and x-ray analyses (SOM
text). We thus attribute both flares to unpulsed
relativistic shock emission originating in the
nebula.

Here, we focus on the September 2010 flare.
Optical and x-ray imaging (18) show no addi-
tional source in the Crab region during and after
the flare. The flaring giga–electron volt spectrum
is substantially harder than the standard nebular
emission (10–12). Figure 2 shows the high-
resolution (arcsecond) optical and x-ray images
of the nebula obtained 1 to 2 weeks after the flare
by the Chandra Telescope and the Hubble Space
Telescope (HST). A few nebular brightened
features are noticeable in both images. The first
one is the optical and x-ray anvil feature close to
the base of the pulsar jet, which is a primary site
of shocked particle acceleration in the inner neb-

Fig. 1. Crab Nebula light curves of the total flux detected by AGILE in the energy
range of 100 MeV to 5 GeV during the gamma-ray flaring periods in 2007 and
2010 (units of 10−8 photons cm−2 s−1). (A) The “spinning” AGILE photon flux
light curve during the period 2 September to 8 October 2010. Time bins are 2.5
days except near the flare peak (2-day binning). Errors are 1 SD, and time is given

in Modified Julian Day (MJD). The dotted line and gray band show the average
Crab flux and the 3 SD uncertainty range. (B) The AGILE light curve during the
period 27 September to 12 October 2007 (1-day binning) with the satellite in
pointing mode. Errors are 1 SD. Time is given in MJD. The dotted line and gray
band show the average Crab flux and the 3 SD uncertainty range.

Fig. 2. HST and Chandra im-
aging of the Crab Nebula
after the September 2010
gamma-ray flare. (Top left)
Optical image of the inner
nebula region (approximately
28′′ by 28′′; north is up, east
on the left) obtained by the
Advanced Camera for Surveys
(ACS) instrument on board the
HST on 2 October 2010. ACS
bandpass, 3500 to 11,000 Å.
The pulsar position is marked
with a green arrow in all pan-
els. White arrows in all panels
mark interesting features as
compared with archival data.
(Top right) The same region
imaged by the Chandra Ob-
servatory Advanced CCD Im-
aging Spectrometer (ACIS)
instrument on 28 September
2010 in the energy range of
0.5 to 8 keV (level-one data). The pulsar does not show in this map and below because of pileup.
(Bottom left) Zoom of the HST image (approximately 9′′ by 9′′), showing the nebular inner region,
and the details of the anvil feature showing a ring-like structure at the base of the South-East jet
off the pulsar. “Knot 1” at 0.6′′ southeast from the pulsar is saturated at the pulsar position. Ter-
minology is from (6). (Bottom right) Zoom of the Chandra image, showing the x-ray brightening of the
anvil region and the correspondence with the optical image. Analysis of the features marked A, B, and
C gives the following results in the energy range of 0.5 to 8 keV for the flux F, spectral index a, and
absorption NH (quoted errors are statistical at the 68% confidence level): Feature A: flux F = (48.5 T
8.7) × 10−12 erg cm−2 s−1, a =1.76 T 0.30, and NH = (0.36 T 0.05) × 1022 atoms cm−2; Feature B: flux F =
(26.6 T 5.9) × 10−12 erg cm−2 s−1, a = 1.76 T 0.41, and NH = (0.34 T 0.05) × 1022 atoms cm−2; Feature C:
flux F = (25.3 T 5.9) × 10−12 erg cm−2 s−1, a = 1.46 T 0.36, and NH = (0.34 T 0.04) × 1022 atoms cm−2.

www.sciencemag.org SCIENCE VOL 331 11 FEBRUARY 2011 737

REPORTS

 o
n 

Fe
br

ua
ry

 1
1,

 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

Tavani+11

3D MHD simulations of the Crab Nebula 17

0.0 0.2 0.4 0.6 0.8 1.0
⇥1017

0.0

0.2

0.4

0.6

0.8

1.0
⇥1017

�2.0

�1.6

�1.2

�0.8

�0.4

0.0

0.4

0.8

0.0 0.2 0.4 0.6 0.8 1.0
⇥1016

0.0

0.2

0.4

0.6

0.8

1.0
⇥1016

Figure 12. The flow structure near the termination shock in the axisymmetric model B2Dvhr at the time t=100 years from the start
of the simulations. Left panel: The colour image shows the generalised magnetisation, log

10

�

s

. The “momentary” stream lines show
how the flow originating in the magnetized polar region becomes focussed back towards the axis to form the jet. One can also see the
jet backflow which provides additional compression of the termination shock. The red line shows the position of the termination shock
whereas the magenta line shows the equatorial current sheet. Right panel: As in the left panel but for the very inner region. This plot
also shows the computational grid. This illustrates the grid refinement at the termination shock and towards the origin. Note that the
scale of this image is 100 times smaller than the radius of the initial nebula bubble.
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Figure 10. Field lines in the high resolution run B3Dhr at t =
50 years. The lines are coloured according to their orientation,
sections with dominating azimuthal component being blue and
those with dominating poloidal component red. In order to trace
both the inner and the outer structure, the seed points of the field
line integration are randomly placed on two spheres with radii of
4 ⇥ 1017 cm and 1.2 ⇥ 1018 cm. The surface of the termination
shock is also shown, using the magenta contour.

ability of the “sprite” feature, which is located at the base
of the Crab’s X-ray jet (Hester et al. 2002).

If indeed the disruption of the beam follows its re-
collimation then its maximal propagation length should be

influenced by the opening angle of the unstriped region of
the pulsar wind (see equation (54). We investigate this by
comparing the simulation C3D featuring ↵ = 45� with the
simulation D3D which has ↵ = 10�. Both these runs are
highly magnetised in the polar region (�

0

= 3). Figure 14
shows log

10

� for these two cases, in the x = 0 plane, as
well as the momentary stream lines of the velocity vector
field (black lines) and the termination shock (red contour).
From these images, it becomes clear that there is no precise
“recollimation point” – each flow line tends to hit the axis
at a di↵erent point, more distant for higher initial opening
angle. In both cases, the polar beam becomes rapidly unsta-
ble leading to a cork-screw with an opening angle of roughly
10�. As to the di↵erences between these solutions, one can
see that the D3D model has a somewhat larger magnetically
dominated central region, especially when compared to the
equatorial radius of the shock. The magnetisation of this re-
gion is higher too. Finally, the shape of its termination shock
resembles a bird’s beak, as its radius increases rapidly after
entering the narrow striped wind zone (figure 14).

The plume is formed via axial collimation of the flow
lines originating in the striped wind zone. In the otherwise
turbulent nebula body, this “plume” sustains a directed flow
for at least ⇠ 6 shock radii until it eventually fragments and
dissolves (see figure 15). It can visually be identified in iso-
contours of velocity with |u

z

| = 1/3c surrounding a faster
spine that occasionally exceeds 0.7c. This is consistent with
observations of Vela and Crab, supporting a pattern speed
of 0.3 � 0.7 c for Vela (Pavlov et al. 2003) and ⇠ 0.4c in
the case of Crab (Hester et al. 2002). In the simulations,

c� 0000 RAS, MNRAS 000, 000–000
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Fig. 1.—Integral flux above 200 GeV observed from PKS 2155!304 on
MJD 53,944 vs. time. The data are binned in 1 minute intervals. The horizontal
line represents I(1200 GeV) observed (Aharonian et al. 2006) from the Crab
Nebula. The curve is the fit to these data of the superposition of five bursts
(see text) and a constant flux.

Fig. 2.—Fourier power spectrum of the light curve and associated mea-
surement error. The gray shaded area corresponds to the 90% confidence in-
terval for a light curve with a power-law Fourier spectrum . The!2P ∝ nn

horizontal line is the average noise level (see text).

AGNs known as blazars. As a result, blazar variability studies
are crucial to unraveling the mysteries of AGNs. Over a dozen
blazars have been detected so far at very high energies (VHEs).
In the southern hemisphere, PKS 2155!304 is generally the
brightest blazar at these energies and is probably the best studied
at all wavelengths. The VHE flux observed (Aharonian et al.
2005a) from PKS 2155!304 is typically of the order ∼15% of
the Crab Nebula flux above 200 GeV. The highest flux previously
measured in one night is approximately 4 times this value, and
clear VHE-flux variability has been observed on daily timescales.
The most rapid flux variability measured for this source is 25
minutes (Aharonian et al. 2005b) occurring at X-ray energies. The
fastest variation published from any blazar, at any wavelength, is
an event lasting∼800 s, where the X-ray flux fromMrk 501 varied
by 30% (Xue & Cui 2005),30 while at VHEs doubling timescales
as fast as ∼15 minutes have been observed fromMrk 421 (Gaidos
et al. 1996).
The High Energy Stereoscopic System (H.E.S.S.; Hinton

2004) is used to study VHE g-ray emission from a wide variety
of astrophysical objects. As part of the normal H.E.S.S. ob-
servation program, the flux from known VHE AGNs is mon-
itored regularly to search for bright flares. During such flares,
the unprecedented sensitivity of H.E.S.S. (5 standard deviation,
j, detection in ∼30 s for a Crab Nebula flux source at 20!
zenith angle) enables studies of VHE flux variability on time-
scales of a few tens of seconds. During the 2006 July dark
period, the average VHE flux observed by H.E.S.S. from PKS
2155!304 was more than 10 times its typical value. In par-
ticular, an extremely bright flare of PKS 2155!304 was ob-
served in the early hours of 2006 July 28 (MJD 53,944). This
article focuses solely on this particular flare. The results from
other H.E.S.S. observations of PKS 2155!304 from 2004
through 2006 will be published elsewhere.

2. RESULTS FROM MJD 53,944

A total of three observation runs (∼28 minutes each) were
taken on PKS 2155!304 in the early hours31 of MJD 53,944.

30 Xue & Cui (2005) also demonstrate that a 60% X-ray flux increase in
∼200 s observed (Catanese & Sambruna 2000) from Mrk 501 is likely an
artifact.

31 The three runs began at 00:35, 01:06, and 01:36 UTC, respectively.

These data entirely pass the standard H.E.S.S. data-quality se-
lection criteria, yielding an exposure of 1.32 hr live time at a
mean zenith angle of 13!. The standard H.E.S.S. calibration
(Aharonian et al. 2004) and analysis tools (Benbow 2005) are
used to extract the results shown here. As the observed signal
is exceptionally strong, the event-selection criteria (Benbow
2005) are performed using the “loose cuts,” instead of the
“standard cuts,” yielding an average postanalysis energy thresh-
old of 170 GeV. The loose cuts are selected since they have a
lower energy threshold and higher g-ray and background ac-
ceptance. The higher acceptances avoid low-statistics issues by
estimating the background and significance on short timescales,
thus simplifying the analysis. The on-source data are taken from
a circular region of radius centered on PKSv p 0.2!cut
2155!304, and the background (off-source data) is estimated
using the “Reflected-Region” method (Berge et al. 2007).
A total of 12,480 on-source events and 3296 off-source

events are measured with an on-off normalization of 0.215.
The observed excess is 11,771 events (∼2.5 Hz), corresponding
to a significance of 168 j calculated following the method of
equation (17) in Li & Ma (1983). It should be noted that use
of the standard cuts also yields a strong excess (6040 events,
159 j) and results (i.e., flux, spectrum, variability) consistent
with those detailed later.

2.1. Flux Variability

The average integral flux above 200 GeV observed from PKS
2155!304 is I(1200 GeV) p (1.72" 0.05 " 0.34 )#stat syst

cm s , equivalent to ∼7 times the I(1200 GeV) observed!9 !2 !110
from the Crab Nebula ( ; Aharonian et al. 2006). Figure 1ICrab
shows I(1200 GeV), binned in 1 minute intervals, versus time.
The fluxes in this light curve range from to ,0.65I 15.1ICrab Crab
and their fractional rms variability amplitude (Vaughan et al.
2003) is . This is ∼2 times higher than ar-F p 0.58" 0.03var
chival X-ray variability (Zhang et al. 1999, 2005). The Fourier
power spectrum calculated from Figure 1 is shown in Figure 2.
The error on the power spectrum is the 90% confidence interval
estimated from simulated light curves. These curves are410
generated by adding a random constant to each individual flux
point, where this constant is taken randomly from a Gaussian
distribution with a dispersion equal to the error of the respective
point. The average power expected when the measurement error
dominates is shown as a dashed line (see the Appendix in
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magnetoluminescence
a process of extracting magnetic energy by means of 

dynamical instability (implosion) leading to transient current 
layers enabling efficient particle acceleration, and 

consequently a transient gamma-ray emission

Methods: 

• analytical stability analysis (Y. Yuan) 

• relativistic MHD (J. Zrake) 

• relativistic force-free (W. East) 

• particle-in-cell (this talk) 

• radiative PIC (Y. Yuan)



harmonic magnetic equilibria
• Beltrami condition:  
∇ x B = αB 
B = αA, j = -(αc/4π)B 

• ABC field:  
Bx = B3 sin(αz) + B2 cos(αy) 
By = B1 sin(αx) + B3 cos(αz) 
Bz = B2 sin(αy) + B1 cos(αx) 

• 2D: B1 = B2 = 1, B3 =0 

• fundamental unstable mode:  
2 maxima and 2 minima of Az 

• no kinetic-scale initial structure

• current density from 
dipole moment a1 in 
particle momentum 
distribution 

• mean magnetization 
σ ∝ a1(L/ρ0)
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E2 ∝ ect/Lτ

• linear instability seen in 
total electric energy 

• non-ideal electric energy 
appears insignificant 

• relative magnetic 
dissipation efficiency is 
constant



magnetic helicity
• H = ∫(A.B)dV 

• conserved quantity 
in ideal MHD 

• conservation in 
PIC simulations 
better than 1%, 
especially for small 
dipole moment a1



particle energy distribution

• steady direct 
acceleration in the 
linear phase 

• stochastic acceleration 
in the non-linear phase 
produces a power-law
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maximum energy vs. magnetization

• maximum 
particle 
energy 
measured at 
u2N(u) = 10-3

• particle number and energy fraction beyond the Maxwellian component 

• both fractions systematically increase with the magnetization

ct/L ~ 10

ct/L ~ 10



structure of current layers



evolution of current layers
• density width 

scale 
consistent with 
the skin-depth 

• E.B width 
scale 
consistent with 
the gyro 
radius 

• E.B volume 
increasing 
with the 
magnetization



summary
• simulations of unstable harmonic magnetic 

equilibria provide a generic model of efficient 
particle acceleration in magnetic dissipation 

• the current layers forming in the linear instability 
phase are evolving on dynamical time scale, and 
very different from the Harris equilibria 

• the efficiency of magnetic dissipation is governed 
by the conservation of magnetic helicity 

• the efficiency of particle acceleration depends on 
magnetization, as it regulates the volume of non-
ideal electric fields


