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Discovery of Powerful Gamma-Ray
Flares from the Crab Nebula
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F. Longo,®? F. Fuschino,® M. Marisaldi,® S. Mereghetti,” E. Morelli,® E. Moretti,’

A. Morselli,* L. Pacciani, F. Perotti,” G. Piano,* P. Picozza,** M. Prest,’” M. Rapisarda,®
A. Rappoldi,’® A. Rubini,* S. Sabatini,™* P. Soffitta,* E. Vallazza,” A. Zambra,3”’

D. Zanello,**** F. Lucarelli,*® P. Santolamazza,*® P. Giommi,*° L. Salotti,?° G. F. Bignami®*

The well-known Crab Nebula is at the center of the SN1054 supernova remnant. It consists of a
rotationally powered pulsar interacting with a surrounding nebula through a relativistic particle wind. The
emissions originating from the pulsar and nebula have been considered to be essentially stable. Here,
we report the detection of strong gamma-ray (100 mega—electron volts to 10 giga—electron volts) flares
observed by the AGILE satellite in September 2010 and October 2007. In both cases, the total gamma-ray
flux increased by a factor of three compared with the non-flaring flux. The flare luminosity and short
time scale favor an origin near the pulsar, and we discuss Chandra Observatory x-ray and Hubble Space
Telescope optical follow-up observations of the nebula. Our observations challenge standard models

of nebular emission and require power-law acceleration by shock-driven plasma wave turbulence

within an approximately 1-day time scale.

he Crab Nebula (/) is a relic of a stellar

explosion recorded by Chinese astrono-

mers in 1054 A.D. It is located at a dis-
tance of 2 kpc from Earth and is energized by a
powerful pulsar of spindown luminosity Lpsg =
5% 10 erg s ! and spin period P= 33 ms (2—4).
Optical and x-ray images of the inner nebula
show (I, 5-7) features such as “wisps” (com-
posing a torus-shaped structure), “knots,” and the
“anvil” [positioned along the South-East “jet”
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originating from the pulsar and aligned with its
rotation axis (6)]. Wisps, some of the knots, and
the anvil are known to brighten and fade over
weeks or months (6, 8). The Crab Nebula x-ray
continuum and gamma rays up to ~100 MeV en-
ergies are modeled by means of synchrotron ra-
diation and emission from giga- to teraelectron volt
energies as inverse Compton radiation by acceler-
ated electrons scattering cosmic microwave back-
ground (CMB) and nebular photons (9-12).
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The AGILE (Astro-rivelatore Gamma a
Immagini Leggero) satellite (/3) observed the Crab
Nebula several times both in pointing mode from
mid-2007 to mid-2009 and in spinning mode
starting in November 2009 [supporting online
material (SOM) text]. The AGILE instrument (/3)
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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 1078 photons cm™ s™). (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

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 A.
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

\
, . \anwlfeature

South East “jet”

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 o, and
absorption Ny (quoted errors are statistical at the 68% confidence level): Feature A: flux F = (48.5 =
8.7) x 10? erg cm™ s7%, o =1.76 + 0.30, and Ny = (0.36 + 0.05) x 10?? atoms cm™>; Feature B: flux F =
(26.6 £5.9) x 102 erg cm 2 5%, 0. = 1.76 + 0.41, and N,y = (0.34 + 0.05) x 10?? atoms cm™>; Feature C:
flux F = (25.3 + 5.9) x 10% erg cm™ s7%, o = 1.46 + 0.36, and Ny = (0.34 = 0.04) x 10°% atoms cm™>.

monitors cosmic sources in the energy ranges
from 100 MeV 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 (/4) of
Fo=@22+0.1)x 10" © photons cm > s ' in the
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range of 100 MeV to 5 GeV, for an average
photon index o = 2.13 + 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 (/5) by AGILE at ener-
gies greater than 100 MeV. The flare reached its
peak during 19-21 September 2010 with a 2-day

in Modified Julian Day (M]D). 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 M]D. The dotted line and gray
band show the average Crab flux and the 3 SD uncertainty range.

flux of Fy,p1= (7.2 + 1.4) x 10~ photonsem s '
(0=2.03 £0.18) for a4.8 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 Fermi Gamma-
ray Space Telescope (Fermi) (16, 17), and different
groups obtained multifrequency data in the fol-
lowing days (/8). 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 F,,, = (8.9 £ 1.1) x 1076
photons cm 2! (o= 2.05 + 0.13) fora 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 (/9-27) 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 (/8) 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 (/0-12). 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-
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Fig. 3. Spectral energy A

distribution of the Crab
Nebula and the flaring
gamma-ray episodes (the
pulsar signal has been
subtracted). Open black
symbols indicate Crab Neb-
ula emission in the steady
state. The dashed curve
shows our modeling of the
steady state (1, 12, 21)].
The solid black curve
shows our flare model-
ing for energies above
10° eV. The dotted black
curve indicates nebular in-

log €F(g) [erg cm™s™]

log F(e) [erg cm™s™]

frared emission (1). (A)
Blue solid circles indicate
spectral AGILE gamma-
ray flare data integrated over 2 days (19—21 September 2010, M]D 55458.5
to 55460.5). Errors are 1 SD. Solid red and blue curves show the 2-day aver-
aged spectral models according to synchrotron radiation from relativistic
electrons/positrons impulsively accelerated in a shock region of size L < 10 cm.
Dotted curves show the spectra evolved by synchrotron cooling 3 days after
the flare. The blue curve model is based on a relativistic Maxwellian dis-
tribution of critical energy (Lorentz factor) y* = 10° (for a local B = 107 G)
representing the differential energy distribution of accelerated electrons. The
red curve model is characterized (for a local B = 10 G) by a double power-
law electron differential distribution dN()/dy = yP* for Ymin < ¥ < Voreak

log € [eV]

log € [eV]

with p1 = 2.1, Ymin = 5 X 10°, Voreak = 10°, and dN@)/dy = v P2 for Ypreax <
Y < Ymaxe With P2 = 2.7, Ymax = 7 X 107, and a total particle number N, ., =
10*2. This model is extended toward the low-energy range and can account
for the local x-ray spectral enhancements in the anvil region as observed by
Chandra (Fig. 2). The area marked in green represents the 1 sSD x-ray
spectral data for feature A of Fig. 2. (B) Violet symbols indicate spectral
AGILE gamma-ray data during the 7—9 October 2007 flare (M]D 54380.5 to
54382.5). Errors are 1 SD. The black, blue, and red curves are those of the
September 2010 flare and are shown here as a reference to compare the two
spectra.

ula (6, 8). Another brightened feature is at a larger
distance from the pulsar and appears as an elongated
striation in both the HST and Chandra images.

Important constraints can be derived from the
gamma-ray flare luminosity and time scale. The
peak isotropic gamma-ray luminosity L, = 5 X
10* erg s ! implies for a 3 to 5% radiation ef-
ficiency (24-26) that about 2 to 3% of the total
spindown pulsar luminosity was dissipated at the
flaring site. This large value suggests that the
production region was close to the pulsar. Also,
the flare rise time (~1 day) favors a compact
emission region of size L < 10'® cm. The anvil
feature is an excellent flare site candidate, also
because of its alignment with the relativistic
pulsar jet (1, 6, 8). This region is expected to be
dominated by the leptonic current from the polar
jets (24, 26).

Gamma-ray flaring from the Crab Nebula pro-
vides a new opportunity to constrain particle ac-
celeration and radiative processes in a nebular
environment. Synchrotron emission from a fresh
population of shock-accelerated electrons/positrons
along the pulsar polar jet can explain the flaring
emission in the range of 0.1 to 10 GeV. Figure 3
shows our flare spectral data and two examples
of modeling for different assumptions on the par-
ticle populations downstream of the shock (a
pure electron-positron relativistic Maxwellian
distribution and a distribution modified by a
power-law component). Maxwellian and power-
law models predict similar synchrotron radiation
fluxes in the gigaelectron volt band, as shown in
Fig. 3. However, if the emission from the anvil
feature is related to the gamma-ray flaring then
power-law models can explain also the x-ray
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emission from that region. Fast cooling of the
highest-energy particles drastically decreases the
gigaelectron volt flux within a few days, as ob-
served in both the September 2010 and October
2007 flares.

These gamma-ray flares test and constrain
theoretical models applicable to pure pair plas-
mas (25-28) or to distributions modified by the
presence of ions that resonantly accelerate pairs
by magnetosonic waves (24, 26, 29). The ac-
celeration rate resulting from local wave absorp-
tion at the relativistic (electron or ion) cyclotron
frequency and from hydrodynamical constraints
is determined to be Ry ~ (day) ', implying a
flare region size of L ~ 10'® c¢m for a standard
downstream sound speed. Furthermore, recon-
ciling the synchrotron cooling time scale T~ (8 x
10% s) B2 y! (where the magnetic field B is in
gauss and vy is the particle Lorentz factor) with
our observations implies, for a Lorentz factor y ~
1 x 10” to 3 x 10 of electrons irradiating in the
GeV range, a local magnetic field of B~ 107° G
that is 3 to 10 times the nebular average (6, 12).
Both the 2007 and 2010 gamma-ray flares have
similar spectral characteristics (Fig. 3). These
observations suggest that a common acceleration
process produced electron/positron energy dis-
tributions with similar physical parameters.

Considering the AGILE exposure of the Crab
Nebula, we estimate that one to two strong gamma-
ray flares actually occur per year. The Crab Neb-
ula is thus not a standard candle at gamma-ray
energies. Variations of the Crab Nebula high-
energy flux have also been recently reported at
x-ray (30) and teraelectron volt (37) energies. It
remains to be established whether the gamma-ray
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flares that we report can be attributed to pulsar
activity injecting fresh particles in the sur-
roundings or to major plasma wave instabilities
in the nebular environment.
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A young and energetic pulsar powers the well-known Crab Nebula. Here, we describe two

separate gamma-ray (photon energy greater than 100 mega—electron volts) flares from this source
detected by the Large Area Telescope on board the Fermi Gamma-ray Space Telescope. The first flare
occurred in February 2009 and lasted approximately 16 days. The second flare was detected in September
2010 and lasted approximately 4 days. During these outbursts, the gamma-ray flux from the nebula
increased by factors of four and six, respectively. The brevity of the flares implies that the gamma rays
were emitted via synchrotron radiation from peta—electron-volt (10" electron volts) electrons in a region
smaller than 1.4 x 1072 parsecs. These are the highest-energy particles that can be associated with a
discrete astronomical source, and they pose challenges to particle acceleration theory.

um, they release energy through interactions with

torical supernova (SN), recorded in 1054

A.D., located at a distance of 2 kpc (/).
The SN explosion left behind a pulsar, which
continuously emits a wind of magnetized plasma
of electron/positron pairs (henceforth referred to
as electrons). This pulsar wind is expected to
terminate in a standing shock, in which the par-
ticles may undergo shock acceleration (2, 3). As
the electrons diffuse into the downstream medi-

The Crab Nebula is the remnant of an his-
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the surrounding magnetic and photon fields. This
emission is observed across all wavebands, from
radio up to teraelectron-volt gamma-ray energies
and is referred to as a pulsar wind nebula (PWN).
The efficiency of this process is remarkable. As
much as 30% of the total energy released by the
Crab pulsar is emitted by the PWN [(4) and
references therein]. The Crab PWN has an ap-
proximately ellipsoidal shape on the sky with a

size that decreases with increasing photon energy.
At radio frequencies, it extends out to 5’ (3 pc)
from the central pulsar. At x-ray wavelengths, a
bright torus surrounds the pulsar; its radius is 40”
(0.4 pc), and jets emerge perpendicular to it in
both directions.

Within the region encapsulated by the torus,
there are several small-scale structures. The inner
nebula, which we define as the central 15"
around the pulsar, has several small-scale regions
of variable x-ray and optical brightness. The most
prominent is an x-ray-bright inner ring with a
radius of 10" (0.1 pc); this ring is thought to
represent the termination shock of the PWN (35).
Several knots with diameters of ~1" (0.01 pc) are
detected close to the inner ring and the base of the
jets, and bright arcs of comparable width are
observed moving outwards from the inner ring
into the torus (6, 7).

The broad-band spectral energy distribution
(SED) of the Crab Nebula is composed of two
broad nonthermal components. A low-energy
component dominates the overall output and ex-
tends from radio to gamma-ray frequencies. This
emission is thought to be from synchrotron ra-
diation. This notion is confirmed in radio to x-ray
frequencies through polarization measurements
(8-10). The emission of this synchrotron com-
ponent peaks between optical and x-ray frequen-
cies, where the emission is primarily from the
torus (5). The emission site of higher-energy pho-
tons (beyond 100 keV) cannot be resolved be-
cause of the limited angular resolution of telescopes
that are observing at these frequencies. The high-
energy component dominates the emission above
~400 MeV and is thought to be emitted via in-
verse Compton (IC) scattering, predominantly of
the synchrotron photons (11, 12).

The large-scale integrated emission from the
Crab Nebula is expected to be steady within a
few percent and is thus often used to cross-
calibrate x-ray and gamma-ray telescopes and to
check their stability over time (13, /4). Recently,
variability in the x-ray flux from the nebula by
~3.5% yearf1 has been detected, setting limits on
the accuracy of this practice (/5). Yearly varia-
tions in the emission in the high-energy tail (1 to
150 MeV) of the synchrotron component has
also been reported (16, /7). No significant var-
iations have been detected for the high-energy
component of the nebula (18-20).

The Large Area Telescope (LAT) on board
the Fermi Gamma-Ray Space Telescope (Fermi)
has continuously monitored the Crab Nebula as a
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