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adapted from Gravitation by C.Misner, K.Thorne. J.A.Wheeler 

Crazy Crab  

            M.Tavani 
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Crab inner Nebula 

(Chandra) 
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Crab inner Nebula 

(HST) 

Wisps 
Knot-1 

Anvil 
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non-symmetric PULSAR wind                                  

(relativistic e+/e-, ions (?), o ~ 102-104) 

• dN/dt = Lsd / (n  m c2) ~ 1040.5 s-1 . 

• much larger than GJ ! pair multipl. factor κ ~104   



Credit: Serguei Komissarov 

   MHD modelling, torus + jets   (e.g., Komissarov et al 2011) 
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PSR magnetospheric modelling (Spitkovsky 2006) 
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MHD Kennel-Coroniti picture of the                  

Crab Nebula (1984) 
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Pop. I  

60<<2.5 104      a=1.6 

2.5e4<<2.5e6   a=4.0 

R=2.3e18 cm   

Nel=2.5e51 

Tsyn ~ 105 years 

Pop. II  

5e5<<3.8e8        a=3.20 

3.8e8<<3.5e9    a=3.75 

R=2e18 cm    

Nel=3e48  

Tsyn ~ 10 years 

 

 

 

 

Dust 

L=3e36 erg/s 

T=100 °K 

Average magnetic field 

      B=200 mGauss 

De Jager et al., 1996, Atoyan & Aronian 1996, Meyer et al. 2010, 

Vittorini & M.T. 2011 
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the “standard” nebular model (deJager etal. 1996) 

• particle acceleration by shocks or MHD/plasma 

instabilities, assumes E/B = 1 

• tacc
-1 ~   α′ ωB/      (ωB = eB/mc;   α′ < 1) 

 

• -1d/dt =(eB/mc)(E/B)α′- (4/3)σT(B2/8π) /mc 

 

• d/dt=0 implies  

                       max ~109(E/B)1/2(α′/sin2θ B-3)
1/2 
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• max. emitted photon synchrotron energy is 

independent of the magnetic field B (for a 
Doppler factor δ):  “synchrotron burn-off” 

 

• Emax= (3/2) ħ ωB m
2

 ~ (200 MeV) (δ α′/sinθ) 

 the old paradigm for nebular emission                  

(de Jager, Harding et al. 1996)                             
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Crab Nebula average spectrum 

“synchrotron 

burn-off” 
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Crab Nebula super-flare spectrum (Apr. 16, 2011) 
(Striani et al, Astrophys. J. Letters, 2011) 
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Crab Nebula MHD models 

 

• Kennel-Coroniti… 

• Arons 

• Komissarov, Lyubarsky, 2003, 2004 

• Spitkowsky & Arons, 2004, ApJ, 603, 669 

• Del Zanna, Volpi, Amato, Bucciantini, 2006, 2008 

• Camus et al., 2009, MNRAS; 400, 1241 
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The Crab Nebula: a standard 

candle…? 

FIRST PUBLIC ANNOUNCEMENT  Sept. 
22, 2010: AGILE issues the 
Astronomer’s Telegram n. 2855 
announcing a gamma-ray flare from 
the Crab Nebula 

 Science Express (6 January 2011)                  

Marco Tavani, "AGILE Discovery 

of Gamma-Ray flares from the 

Crab Nebula" 
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Marco Tavani, "AGILE Discovery 

of Gamma-Ray flares from the 

Crab Nebula" 
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Marco Tavani, "AGILE Discovery 

of Gamma-Ray flares from the 

Crab Nebula" 

16 



17 

post-flare excitement 

Bernardini E., 2011 
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AGILE spectrum at the peak (2 days)                 

(Science 2011) 



19 

the AGILE Crab “anomaly” 

• internally, since October 2007 the 

AGILE team discussed the anomaly 

tens of times because of calibration 

issues  

 

• very serious problems in calibration if 

the anomalous 15 days were inserted ! 

 

• many internal AGILE documents 

showing the analyses and cure. 
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AGILE, orbits 2325-2367 

the “Crab anomaly” 

 

early October 2007 
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AGILE Discovery of Crab Nebula Variability: a Chronology 

• April 2007: AGILE launch. 

• October 2007: AGILE detects the first “anomalous” gamma-ray 

flare from the Crab. 

• Oct. 23, 2007: AGILE team meeting and first discussion of the 

Crab event (STAG n. 39 Minutes of Meeting). 

• Sept. 2009: Pittori et al. Astron. & Astrophys., 509, 1563, 

2009:“the anomalous flux from the Crab in Oct. 2007 is under 

investigation.” 

• Sept. 19-21, 2010: detection of the second Crab  γ-ray flare by 

the AGILE Alert System: evidence for a repetitive 

phenomenon. 

• Sept. 22, 2010: AGILE issues Astronomer’s Telegram 2855 
announcing the discovery of  a γ-ray flare from the Crab. 

• Sept. 23, 2010: Fermi issues ATel 2861 confirming the flare. 

• Sept. 28, 2010: first post-flare Chandra pointing. 

• Oct. 2, 2010: Hubble points at the Crab; several Swift pointings 
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AGILE: l’analisi a terra la più rapida  

 Satellite 

Malindi Ground Station 

Fucino TZP MOC 

ASDC 

AGILE Team 

Guest Observers 

Public data access 

Automatic  

data processing 

~1 hr 

~0.5 hr 

~0.5-1 hr 

~(2-2.5) hr 

Data processing  

Unit in INAF-Bologna 
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Chandra image of the Crab, 28 Sept. 2010                               
(Tennant et al. ATEL 2882) 

South East “jet” base, 

possibly enhanced (!?) 
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HST, Oct. 2, 2010 
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Chandra 

Chandra 

HST 

HST 
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Flare origin 

• no noticeable PSR-signal variation with the 
current sampling, no post-flare variation 

 

• flare attributed to the Nebula 

 

• chance coincidence with another source ? 
– F > 2∙10-6 ph cm-2 s-1, few sources, P < 6∙10-5 

– no known blazar in error box (0.06), X-ray observation 
2 days after the Sept. Flare (ATEL 2868), P < 10-4  

– “soft” average gamma-ray spectrum, very unusual, 
chance-coincidence P very small. 
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a model (Vittorini V., M.T. et al., ApJ, 2011) 

• dN()/d = -p1  for  min  <  < break                       
with  p1 = 2.1,  min = 5∙105,  break = 2∙109 

• dN()/d = -p2  for  break  <  < max,                  
with  p2 = 2.7,   

• total particle number Ne-/e+ = 1042. 

• size, Larmor radius R ≤ 1016 cm  

• local B ≈ 10-3 G 

• max≈ break ≤109.5 (E/B)(δ α'/sinθ)1/2 (B/10-3 G)-1/2 

 

• Doppler factor  δ = 1 
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a synchr. cooling model of the Sept. 2010 flare 
(Vittorini V., M.T. et al., ApJ, 2011) 
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a synchr. cooling model of the Sept. 2010 flare 
(Vittorini V., M.T. et al., ApJ, 2011) 
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a synchr. cooling model of the Sept. 2010 flare 
(Vittorini V., M.T. et al., ApJ, 2011) 
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a synchr. cooling model of the Sept. 2010 flare 
(Vittorini V., M.T. et al., ApJ, 2011) 
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a synchr. cooling model of the Sept. 2010 flare 
(Vittorini V., M.T. et al., ApJ, 2011) 
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a synchr. cooling model of the Sept. 2010 flare 
(Vittorini V., M.T. et al., ApJ, 2011) 
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a synchr. cooling model of the Sept. 2010 flare 
(Vittorini V., M.T. et al., ApJ, 2011) 
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Flare date Duration Peak γ-ray flux Instruments 

October 2007 ~ 15 days ~ 9 ∙10-6 ph cm-2 s-1 AGILE 

February 2009 ~ 15 days ~ 7 ∙10-6 ph cm-2 s-1 Fermi 

September 2010 ~ 4 days ~ 7 ∙10-6 ph cm-2 s-1 AGILE, Fermi 

April 2011 ~ 10 days 

 

~ 30 ∙10-6 ph cm-2 s-1 

 

AGILE, Fermi 

 

• Four major gamma-ray flaring episodes  

major flare rate: 1-2/year 
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AGILE,  26 Nov. – 13 Oct. 2007 Fermi-LAT, 26 Jan. – 11 Feb. 2009 

 

 

2000 

 

 

 

1000 

 

 

  500 

 

 

Fermi-AGILE, 12 – 20 Apr. 2011 AGILE,  20-22 Sept. 2010 



The Crab major gamma-ray flaring episodes 

(E. Striani et al., 2012) 



The Crab major gamma-ray flaring episodes 

(E. Striani et al., 2012) 



• inadequacy of the MHD modelling used so far 

 

• necessity of a very fast and efficient 

acceleration, diffusive processes are not fast 

enough 

 

• most likely fast acceleration in localized 

regions subject to plasma instabilities and 

magnetic field reconnection  

40 

Breaking a tabu: the Crab is not a 

standard candle in gamma-rays 
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• if it’s nebular emission, what is the 

ultimate cause of it?   

 

– PSR wind enhancement (density, local B, 

change of sigma) 

– Plasma physics, shock changes, sudden 

change of B-configuration, reconnection (?) 

– near PSR effects (?) 

– Knot-1 (?) 

– “Anvil” region (?) 

– Wisp regions (?) 
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issues 

• standard MHD simulations give too 

long timescales 

 

• detailed acceleration mechanism to be 

identified 

 

• not clear how a strong “E-parallel” is 

produced 
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 ideas 

• Doppler boosting 

 

• instabilities: magnetic field 

reconnection, magnetic “islands”  

– in the polar (South East ) “jet” region   

 

• current sheet instabilities in wisp rings 

 

• relativistic shocks developing                          

E-parallel 
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toroidal “wisps” 
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“jets”  
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“jets”  

θ ~ 60º 



47 

 

“jet” shocks toroidal shocks 

PSR wind inner region, 

Knot 1  



HST,  

Oct. 2, 1010 
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The Crab super-flare  

(12-18 April 2011) 
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AGILE monitoring of the Crab (April 2011) 

50 
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AGILE monitoring (April 2011) 

(Striani et al. 2012) 



Fermi-LAT monitoring (April 2011) 

(Boehler et al. 2012) 

 



Chandra pointings 



Chandra X-ray observations of the April 2011 

Crab flare 
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Crab super-flare: Chandra monitoring                      
(12, 13, 14, 21 Apr. 2011: A. Tennant, M. Weisskopf) 

55 
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Crab Nebula super-flare spectrum (Apr. 16, 2011) 
(Striani et al, Astrophys. J. Letters, on line) 
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Crab  Apr. 2011 flare 

• gamma-ray flare peak luminosity    

                      L ≈ 2·1036 erg s-1 

• kin. power fraction of PSR spindown Lsd, 

               ε ≈ 0.003 (η-1/0.1) ≈ 0.03  

• timescales: 

– risetime   ≤  a few hrs   

 

– decay:    ~ 1-2-3 days  

very efficient 

acceleration ! 

fast cooling,  
B, Lorentz γ          
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a model (Striani, M.T., Vittorini et al., ApJ, 2011) 

• dN()/d = -p1  for  min  <  < break                       
with  p1 = 2.1,  min = 5∙105,  break = 5∙109 

• dN()/d = -p2  for  break  <  < max,                  
with  p2 = 2.7,   

• total particle number Ne-/e+ = 1042. 

• size, Larmor radius R ≤ 1016 cm  

• local B ≈ 10-3 G  (10 times larger than average) 

• max≈ b ≤ 7∙109 (E/3B)(δ α'/sinθ)1/2 (B/10-3 G)-1/2 

 

• δ  = 2-3 
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E/B ≳ 2 ! 

Crab Nebula super-flare spectrum (Apr. 16, 2011) 
(Striani et al, Astrophys. J. Letters, on line) 
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Fermi-LAT  

(Boehler et al. 2012)  



modelling of the April 2012 super-flare                
(M.T., E. Striani, V. Vittorini, in preparation). 

AGILE 

Fermi 

Maxwellian 
min = 7∙108, B = 1mG  

power-law 
dN()/d = -p1,                          
p1 = 2.1, b = 6∙108 



CRAB FLARE 2011 

X-ray / gamma-ray 

connection ? 



already several models, many ideas… 

• Tavani et al., Abdo et al. (2011) 

• Bednarek & Idec (2011) 

• Komissarov & Lyutikov, MNRAS, 414, 2011 

(2011) 

• Vittorini et al., Striani et al. (2011) 

• Lyutikov, Balsara, Matthews (2011) 

• Blandford, Buehler, Funk (2011) 

• Bykov, Pavlov, Artemyev, Uvanov (2011) 

• Cerutti, Uzdensky, Begelman (2012) 

• Arons (2012) 

• ….. 
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Komissarov, Lyutikov 2011 

 

Knot-1 region  



Lyutikov 2011 Corrugated shock 



Bykov 2012 



Cerutti, Uzdensky, Begelman, ApJ 2012 

Magnetic field reconnection in current sheets… 



Cerutti, Uzdensky, Begelman, ApJ 2012 

Top panel: spectral modeling of the Crab 

Nebula gamma-ray emission during the 

2010 September flare.  

The black dashed line represents the 

“quiescent” spectrum and the red solid line 

is the synchrotron spectrum of the 

particles accelerated in the reconnection 

layer averaged over the duration of the 

flare (four days). 

The magenta dotted lines show the 

evolution of the flaring spectrum sampled 

every 12 hr (top line t = 0 and bottom line t 

= 3.5 days, see the text for more 

details about the modeling).  

The distance of the Crab Nebula is fixed at 

2 kpc. The flaring inverse Compton 

emission is negligible. Bottom panel: time 

evolution of the radiating electron 

distribution sampled every 12 hr injected in 

the Crab Nebula during the 2010 

September gamma-ray flare. 



J. Arons (2012) 

Magnetic field reconnection in current sheets… 



Arons 



O’Neill, Beckwith, Begelman 2012 

Kink (m=1) instability 



Plasma kink instability 
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S.C.Hsu, P.M. Bellan, Phys. Rev. Letters, 90, 215001-2 (2003)  



 

73 

A.L. Moser, P. Bellan, Nature , 482, 379 (2012)  

Plasma kink instability 
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Plasma kink instability 
1. magnetic field reconnection 

in “islands” related to kink 

instabilities 

2. reconnection detected in 

tomakaks as “sawthooth 

oscillations” (e.g., P. Buratti  

& collaborators at the FTU in 

Frascati) 

3. particle acceleration in               

kink-driven reconnection 

events 

4. a framework for the Crab 

gamma-ray flares originating 

in the “anvil” region. 
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Wilson-Hodge et  al. 2010)  

? 

2007 
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• a (mostly theoretical) meeting entitled 

The Flaring Crab: Surprises and 

Impacts. 

 

• Frascati (Villa Mondragone),                          

July 4-5-6 2012 

 



 

• Crazy Crab ! 

 

• An everlasting wonderful 

laboratory 

 

• more surprises to come…                              
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