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The Crab Nebula (M1): 
a wonderful laboratory



    Crab Nebula: X-ray  imaging (Chandra: 1-10 keV)

Non-thermal diffuse emission

Thermal filaments

Several different features

Wisps

“Jet”

Knots

Anvil
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Crab Nebula spectrum from radio to TeV
(De Jager et al., 1996, Atoyan & Aronian 1996, Meyer et al. 2010, Tavani & Vittorini, 2012)

synchrotron emission (+ dust) IC

The pulsar injects   dN/dt ~ 
1040.5 s-1 e+/e- pairs

Particles are accelerated in 
many shocks sites

Interact with the average 
nebular magnetic field       B = 
200 μG producing 
Synchrotron emission
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Crab Nebula average spectrum

“synchrotron 
burn-off”



The Crab Nebula

1. Stable (Standard candle)

2. Cut-off in the spectrum around 
150 MeV
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normal state

AGILE data
1-day integration

Gamma-ray 
flaring state:     
20-21 Sept. 2010



The Discovery

The story of the 
dramatic moments 
leading to the 
discovery of the 
Crab Nebula flares 
was described in 
Science on August 
16, 2013



The Discovery

CRAB Nebula Flare (Tavani et al. 2011, Science)
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AGILE monitoring of the Crab (April 2011)
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Major gamma-ray flaring episodes (up to 2013)

major flare rate:  ~ 1/year



F = (5.7 +- 0.5) x 10^-6 ph cm^-2 s^-1

F=  (7.5+/-0.6) 10^-6 ph cm^-2 s^-1

F = (4.7 +/- 0.5) x 10^-6 ph cm^-2 s^-1

F = (5.9 +/- 1.3) x 10^-6 ph cm^-2 s^-1

 F = (6.9 +/- 1.3) x 10^-6 ph cm^-2 s^-1 



AGILE Spectrum at the peak (12 hr) (ES et al. 2011)

Superflare Apr. 2011
Epeak  500 MeV 

E/B > 1
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 150 MeV E/B 

Surprising features of the flares

• The gamma-ray emission 
from the nebula can be tens 
of time larger than the 
average nebular emission: 
the Crab is not stable

• The emission is peaked 
much beyond the 
synchrotron burnoff.



The Crab Nebula

1.  Stable 

2.  Cut-off in the spectrum around 
150 MeV
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The Crab Nebula

1.  Stable

The Crab is variable in gamma rays.

2.  Cut-off in the spectrum around 
150 MeV

Flares peaking around 500 MeV
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Striani et al., ApJ 2013

AGILE 1-day bin lightcurve of the 2007 event: WAVES
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More 
WAVES



Features

• Intense gamma-ray flares  1/year 

• tvariability  6-12 hr to 1 day

• Peak energies  500 MeV

• Structured, frequent flux variation at 
different intensities and time scales

• Gamma-ray flare radiated energy  
1042 erg

• B 2 mG, R 10^15 cm

•  
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• W few/year

• tvariability  2-10 days

• Peak energies  200 MeV

• Alone or overlapped  with  fast   flares

• Gamma-ray flare radiated energy  
1041 erg

• B  mG, R 10^16 cm

 

Flares Waves



Crab super-flare: Chandra 
monitoring                     
 (12, 13, 14, 16, 21 Apr. 2011: A. 

Tennant, M. Weisskopf)
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•No clear smoking gun

•No  demonstrated  
relation between 
simultaneous X-ray and 
gamma-ray emission.

•Mono-energetic (e.g., 
relativ. Maxwellian) 
distribution is favored.
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Crab Nebula super-acceleration

It defies synchrotron 
burnoff (E_parallel) 

It defies ideal MHD 
(E/B  3) ≳
                      
             
It produces 
“mono-energetic” 
spectrum
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• Bednarek & Idec (2011)
• Komissarov & Lyutikov 

(2011)
• Yuan et al. (2011)
• Uzdensky et al. (2011)
• Bykov, Pavlov, Artemyev, 

Uvanov (2011)
• Clausen-Brown & 

Lyutikov (2012)
• Lyutikov et al. (2012)
• Arons (2012)

Theoretical interpretations (2011/13)

• Kohri et al. (2012)
• Teraki et al. (2012)
• Sturrock & Aschwanden 

(2012)
• Lyubarsky (2012)
• Cerutti et al. (2012, 2013a, 

2013b)
• Komissarov (2013)
• Baty, Petri, Zenitani (2013)
• Porth et al. (2013a, 2013b)
• Mignone et al. (2013)
• Giannios (2013)
• Weisskopf et al. (2013)







Magnetic reconnection in a plasma column

- pressure-balanced equilibrium (pressure-driven instabilities)

- force-free equilibrium (current-driven instabilities)

(J. McKinney and D. Uzdensky 2012)

How magnetic reconnection is affected by 3D instabilities?

Bphi reversal along r



slice on the x-z plane



slice on the x-y plane



“Particles producing Crab flares, and possibly most of the Crab 
Nebula high energy emission, are accelerated via magnetic 

reconnection events, and not at shock via Fermi mechanisms, a 
major change of paradigm.”

(140 pages)



Conclusions
• The discovery of the Crab Nebula variability challenged 

theoretical models of particle acceleration based on the ideal 
MHD approximation: the observed variability timescales and 
energy peaks are not compatible with diffusive acceleration.

• Magnetic reconnection may be a dominant process in the Crab 
Nebula and other astrophysical sources.

• Triggered a large number of investigations on particle 
acceleration and especially magnetic reconnection.

• Large impact on a variety of other objects

30



Thank you and

Happy birthday 
Agile!


