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cosmic accelerators (hadronic vs. leptonic)



• unique time for high-energy astrophysics 

• more than a dozen observatories/facilities 

active in the range X-ray/gamma-rays/TeV

• particle acceleration in

– Neutron stars and PWNe

– Black holes

– Supernova Remnants

– AGNs (blazars)

– GRBs

High-energy astrophysics challenges
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Gamma-ray astrophysics above 100 MeV 

Picture of the day, Feb. 28, 2011, NASA-HEASARC

AGILE Fermi
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Gamma-ray astrophysics missions 

(above 30 MeV)

SAS-2 NASA Nov. 1972 – July 1973

COS–B ESA Aug. 1975 – Apr. 1982

CGRO NASA Apr. 1991 – Jun. 2000

AGILE ASI April 23, 2007

Fermi NASA June 11, 2008



The AGILE gamma-ray sky (E > 100 MeV)
2 year exposure: July 2007 – June 2009



Challenges
• Compact stars

– white dwarfs

– neutron stars

– black holes (BH)

• Particle acceleration
– relativistic pulsar winds and nebulae

– Supernova Remnants

– relativistic jets

– accretion disks

– BH inner regions

– Hypernovae

– AGNs

• Active Galactic Nuclei (AGN)



Progress
• Compact stars

– white dwarfs: novae and gamma-ray emission

– neutron stars: pulsars, millisecond pulsars, binary pulsars

– black holes (BH): microquasars (Cygnus X-1, Cygnus X-3)

• Particle acceleration
– relativistic pulsar winds and nebulae: Crab Nebula, Vela-X

– Supernova Remnants: origin of cosmic-rays

– relativistic jets: precursor activity and plasmoid ejection

– accretion disks: Cyg X-3 instabilities, BH emission states

– BH inner regions: Galactic Center, GRBs

– Hypernovae: GRBs

– AGNs: blazars

• Active Galactic Nuclei (AGN): blazars
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• Cygnus X-3

• Crab Nebula

• SNRs and origin of cosmic rays
10

surprises for plasma astrophysics: 

unexpected discoveries about:



Galactic micro-quasars



Galactic “Micro-quasars”  

Θ (degrees) β Γ LX/LE γ/TeV

Cyg X-1 ? ? ? 0.1-1 YES 

Cyg X-3 <  14 > 0.8 > 1.6 0.1-1 YES

SS 433 80 0.26 1.03 0.01 no

GRS 1915+104 70 0.92 2.5                     0.1-1 no                    

GRO J1655-40 > 70 0.9 2.5 1 no

GRS 1758-258 ? 0.1-1 no

XTE J1550-564 60-70 > 0.8 1.5 0.1-1 no

Sco X-1 > 70 > 0.8 > 1.6 0.1-1 no

LS I 61 303 ? ? ? 10-4 yes

LS 5039 < 80 > 0.2 ? 10-4 yes



Relativistic jets from Cyg X-3 
(Mioduszewski, Rupen, Hjellming, Pooley, Waltman, 2001)

Feb. 6, 1997            Feb. 8                     Feb. 11



CYGNUS X-3 spectral states                                  
(Koljionen et al., 2010 Szostek, Zdziarski, Mc Collough et al., 2008)



AGILE discovery of transient gamma-ray emission 

from Cygnus X-3 (Nature, 462, 620, 2009)



Cyg X-3 gamma-ray flares anticorrelated with hard X-rays

Plasma diagnostics with hard X-rays: acceleration with

gamma-rays



Plasma diagnostics (and acceleration) around a BH

17

Compton-thick cloud,  = T n R  ~ 1-10        n ~ (1015 cm-3) R-1
8



RATAN Obs. (S. Truskhin et al.)     Apr. 13 – Apr. 27, 2008



very strong radio 

flare, presumably 

with jet ejection

strong gamma-ray 

flare

X-ray (1-10 keV) 

flare

Hard X-ray flux state 

change (Super-A 

monitoring)



Major gamma-ray flares in special transitional states in 

preparation of radio flares ! (Tavani etal. Nature 2009)

figure adapted 

from Szostek 

Zdziarski & 

McCollough 

(2008)



last pre-flare and major radio flare 

episode of Cyg X-3



clear indication from Cyg X-3

• particle acceleration preceding (1-2 days)                       

jet launching 

22
Piano, Vittorini, M.T., 2011
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The Crab Nebula: the best accelerator

Marco Tavani, "AGILE Discovery 

of Gamma-Ray flares from the 

Crab Nebula"

POWERFUL PULSAR 
(rotating    30 times a 

second)

NEBULA SHOCKED BY 
THE PULSAR WIND 
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Crab Nebula spectrum (Hester 2008)

L synchrotron ~ 1.3 ∙1038 erg/s     26% of the LPSR spindown

EPSR ~ 2∙ 1049 erg 

LX ~ 1037 erg/s   at 2 kpc 

FX ~ 2∙ 10-8 erg cm-2 s-1 =   1 Crab 
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PSR wind modelling (Spitkovsky 2006)
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non-symmetric PSR wind                                  

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

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

• much larger than GJ ! pair multipl. factor κ ~104
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Kennel-Coroniti picture of the Crab Nebula
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Crab Nebula modelling

• average nebular magnetic field B = 200 μ G

• PSR-injected particles (e+/e- pairs)                            

dN/dt ~ 1040.5 s-1

• total emitting particles, N ~ 2 ∙1051

• many shock accelerating sites in the Nebula

• inner Nebula variability (weeks-months)

– Toroidal structures (wisps)

– Jet-like structures (knots)
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possible standard mechanisms

• diffusive shock acceleration (DSA),                

first-order Fermi acc.

• shock-drift acceleration (SDA)

results depends on particle content              

(ions, e+/e-), B-configuration, sigma-

parameter, etc.
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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)ζT(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= ħ ωB m
2 ~ (100 MeV) (δ α′/sinθ)

“standard” paradigm for nebular emission 

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

Synchrotron 

burn-off
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Crab Nebula MHD models

• Arons et al., 1992- 2010

• 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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Camus, Komissarov, Bucciantini, Hughes, MNRAS, 400, 1241 (2009)

density profile
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Camus, Komissarov, Bucciantini, Hughes, MNRAS, 400, 1241 (2009)

Magnetic field profile at different times
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From P.Blasi



Chandra observations of the Crab Nebula

Sept. 28, 20102001
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AGILE DISCOVERY OF THE       

CRAB NEBULA                         

VARIABILITY IN GAMMA-RAYS 

44

Tavani et al., Science, 331, 736 (2011)

Abdo et al., Science, 331, 739 (2011)
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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"

45
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post-flare excitement

Bernardini E., 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



48

AGILE,  26 Nov. – 13 Oct. 2007 Fermi-LAT, 26 Jan. – 11 Feb. 2009

2000

1000

500

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



AGILE monitoring of the Crab (April 2011)



Crab super-flare: Chandra monitoring                      
(12, 13, 14, 21 Apr. 2011: A. Tennant, M. Weisskopf)
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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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Crab Nebula super-flare spectrum (Apr. 16, 2011)
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a model (Vittorini V., M.T. et al., ApJ, accepted 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  (10 times larger than average)

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

• δ  = 2-3
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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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issues

• standard MHD simulations give too 

long timescales

• detailed acceleration mechanism to be 

identified

• not clear if a strong E-parallel is 

produced
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ideas

• instability: magnetic field reconnection

– in the polar jet region

• current sheet instabilities in rings

• relativistic shocks developing                          

E-parallel
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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 (?)
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“jet” shockstoroidal rings

PSR wind inner region,

Knot 1 
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“jets” 



HST, 

Oct. 2, 1010



on the origin of cosmic rays

61



Raggi cosmici  adronici (CR)

Knee energy                                          

E ~ 1015 eV



Cosmic-Ray  sources  and 

acceleration  up  to  1015 eV

• Supernova explosions and Remnants

• Fast spinning neutron stars

• Relativistic jets (microquasars, NSs)

• Exotic Objects



The big question:

Do SNe produce cosmic-rays ???

V. Ginzburg, Syrovatskii, late 50’s, 1964

F. Hoyle (1960)

….



Diffusive shock acceleration (DSA) 

(first-order Fermi acceleration)

(1) upstream (2) downstream



• DSA shock acceleration timescale

ηacc ~ (10/3) η c Rg Vs
-2    ≈ 103 – 104 yrs

• Rg = cp/eB (gyroradius)

• η ≥ 1 (gyrofactor)

• Vs = shock speed (103 km/sec)

66
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From P.Blasi
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(Goumard et al. 2006)
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From P.Blasi
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(Uchiyama, Aharonian et al. 2007)

Variable (!) and strongly 

enhanced X-ray features 

large local magnetic field B

B-amplification by CR turbulent 

processes (Bell,Lucek, 2001)

B = 1 mG

proton-nuclei energies

E = 1 PeV (B/mG) (T/100 yrs)



unambiguous proof of the CR origin in 

SNRs…

• Electrons
– Bremsstrahlung  (target density)

– Synchrotron emission (magnetic field)

– Inverse Compton (CMB, interstellar photons)

• Pion production (target density)

p + p  X + 0

 +  (~70+70 MeV)

pp ~ 40 mbarn

 ~  (pp n c)-1 ~ (6∙107 yrs) n-1
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Idealized case: pion emission from accelerated CR in SNR   (Caprioli et al. 2010)

however…

* no PeV accelerator found yet

* complex interaction

* spectral cutoffs

* no clear pion-signature

the quest for a Pevatron



Cosmic-ray origin in SNRs ?                     

so far, difficult to prove 

• The ideal SNR: 

– energetic

– close to Earth

– with the right dense target (molecolar cloud) 

• f = (Wp / tpp)/4  d2 ~ ( n Wp )/ d2

• possibly low-background

• not that easy…



gamma-ray detected SNRs

75
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AGILE
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IC 443 W 28

W 44RX 1713.7- 3946



Good X-ray-TeV correlation (~80%)

ASCA-HESS data of RX 1713.7-3946 (Goumard et al. 2006)
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SNR RX 1713 (Abdo etal. 2011)
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SNR RX 1713 Fermi 1-100 GeV 

(Abdo etal. 2011)
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SNR RX 1713 (Abdo etal. 2011)
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SNR RX 1713 (Abdo etal. 2011)



RX 1713.7-3946 

leptonic (?) 

emission:                  

a crisis ?



RX 1713.7-3946 
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(Giuliani et al. 2011)



90

neutral pion emission 
(marginal Bremsstrahlung)

(Giuliani, Cardillo et al. 2011)



91

hadronic 

model,                          
B = 20 μG,

n = 100 cm-3

“ad hoc”  e-

Brems. model,                          
B = 20 μG,

n = 300 cm-3



Spectral break,

E ~3 GeV
Malkov,Sagdeev (2010)

Uchiyama et al. (2010)

(Giuliani et al. 2011)



93

• a lot of progress, but also a lot of challenge for models

• Probably magnetic energy storage and pre-jet 
launching in Cygnus X-3, very efficient particle 
acceleration during pre-jet-launching, “corona  modes”

• the surprising Crab Nebula gamma-ray flares: in 
contradiction with MHD models and DSA, probably a 
fast reconnection, a big challenge

• study of SNRs: direct evidence of hadronic 
acceleration, with challenges for current models

Theoretical challenges and conclusions



• Gamma-400 is a Russian project dedicated to the study of high-energy 

electrons and gamma rays, up to energies of ~ 3 TeV.

• The project is currently in Phase A in Russia. Key requirements of the original 

mission are, for gamma rays @ 100 GeV, an angular resolution of 0.01° and an 

energy resolution of ~ 1%.

• Italian researchers have been invited since 2009 to consider participation in the 

project. PAMELA groups from the INFN Units of Trieste, Roma 2 and Florence 

(joined by groups from INFN Pisa/University of Siena and IASF/University of 

Roma 2) have felt that the mission had a great scientific potential and started to 

interact with the Russian colleagues since 2009.

• Possible modification of the original physical scheme of the apparatus are under 

study, in order (while maintaining, or even improving, the original objectives) to 

achieve other extremely important physics tasks, namely:

- to extend the GAMMA-400 measuring capabilities for low- and  

medium-energy gamma rays in the range 30-300 MeV

- to achieve a total GF for nuclei exceeding 1 m2sr, thus enabling the 

measurement, in a few years, of the proton flux beyond 1 PeV and the 

helium flux beyond 0.5 PeV/nucleon

• An official proposal to INFN is being submitted to support the Italian participation 

to the project.
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back-up slides
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Plasma diagnostics in Cyg X-3





Comptonizing cloud

Compton-thick,  = T n R  ~ 1-10 n ~ (1015 cm-3) R-1
8
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•discovery that the Crab Nebula is 
variable in gamma-rays !!!

102

• optimal sensitivity at “low”   
energies (E < 200 MeV)
• VERY EFFICIENT ALERT SYSTEM 
FOR TRANSIENTS



A quick comparison

AGILE-1 FERMI/LAT

Aeff (100 MeV) (cm2) ~ 400 ~ 400-800

Aeff (1 GeV) (cm2) ~ 500 ~ 4000 - 8000 

FOV  (sr) 2.5 2.5

sky coverage 1/5 whole sky

Energy resolution 

(~ 400 MeV)

50 % 10 %

PSF (68 % cont. radius)

100 MeV

1 GeV
3o - 4o

< 1o

4o - 5o

< 1o



104Marco Tavani, "AGILE Discovery 

of Gamma-Ray flares from the 

Crab Nebula"
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Crab Nebula"
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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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Vittorini & M.T. 2011
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KC MHD modelling: RH eqs.
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KC MHD modelling: RH eqs.

PSR wind magnetization
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KC MHD modelling: RH eqs. solution
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KC MHD modelling: RH eqs. solution
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AGILE-GRID spectrum at the peak (Sept. 2010)



fermi, 4 hr.





and also…

• X-ray (secular) variations 1-100 keV 

(Wilson-Hodge 2010)

• 2-3 year timescale

• a few % / year variation,                                     

10% decrease in 4 years

121
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Wilson-Hodge et  al. 2010) 
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• short timescale Crab variability                  

(Sept. 2010):

– currently published data:

• 2-day integration (AGILE)

• 4-day integration (Fermi) 

– study 1-day and 12-hr integrations

– are AGILE and Fermi data consistent with 

12-hr variability ?
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1-day bin lightcurves (AGILE and Fermi)
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12-hr bin lightcurves (AGILE and Fermi)
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12-hr bin lightcurves (AGILE and Fermi)



127

12-hr bin lightcurves (AGILE and Fermi)
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(Balbo et al., A&A, 527, L4,  2011)independent Fermi data analysis
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• evidence for very short (12 hrs or less) 

variability detected both by AGILE and 

Fermi

• not the end of the story…
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still more surprises..!

• TeV observations and ARGO-YBJ 

detection in Sept. 2010 (ATEL 2921)

• see also ATELs by VERITAS and MAGIC
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Inverse Compton

contribution from

pop I electrons  

scattering:

IC1 dust  ph

IC2 CMB ph

IC3 syn ph from pop I

IC8 syn ph from pop II

TeV nebular emission
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Inverse Compton

contribution from

pop II electrons  scattering:

IC4 dust  ph

IC5 CMB ph

IC6 syn ph from pop II

IC7 syn ph from pop I

TeV nebular emission
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post-flare TeV observations (ATel’s: 2921, 2967, 2968)

Instrument Epoch (MJD) Duration

VERITAS 55456.44 20 min.

55456.47 20 min.

55457.47 20 min.

55458.45 20 min. no variation

55458.47 20 min.

55459.47 20 min.

MAGIC 55459.20 58 min. no variation

ARGO-YBJ 55456-55461 5 days 3-4 times 

enhancement

55456-55466 10 days possible 

enhancement
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12-hr bin lightcurves (AGILE and Fermi)

MAGIC
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post-flare TeV observations

Instrument Epoch (MJD) Duration

VERITAS 55456.44 20 min.

55456.47 20 min.

55457.47 20 min.

55458.45 20 min. no variation

55458.47 20 min.

55459.47 20 min.

MAGIC 55459.20 58 min. no variation

ARGO-YBJ 55456-55461 5 days 3-4 times 

enhancement

55456-55466 10 days possible 

enhancement
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exciting prospects

• room for possible short timescale TeV 
emission

• test VERITAS data during the first peak of 
emission (MJD 55458.5)

• search for similar episodes in the past ?

• TeV emission requires enhancement !
– favorable Doppler beaming
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• very exciting results, the Crab Nebula 

produces ~day-long gamma-ray flares !                      

Not a standard candle in gamma-rays.

• nebular origin, not clear yet the association 

with a wisp or feature, South East “jet” base ?

• dramatic confirmation of high-efficiency 

relativistic particle acceleration
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• we “lost” the stability of an ideal reference source,               
but gained tremendous information about the 
fundamental process of particle acceleration

• a big theoretical challenge

• shock acceleration + magnetic field reconnection ?

• current sheet and MHD instabilities

• Doppler boosting ?

• the ultimate site of particle acceleration needs to be 
established: future surprises 

Conclusions



CR physics 

CREAM p+He

EAS-TOP + MACRO

Horandel p+He

CREAM p

CREAM He

ARGO



CR physics 
PAMELA
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Spectral Modelling…

RX J1713.7-3946
Berezkho & Völk
astro/ph-0602177

d = 1 kpc
E = 1.8.1051 erg
M = 3.5 M

r(r) = 0.01 … 10 /cm3

B = 126 mG
e/p= 10-4

~10 mG



composite scenario of gamma-ray emission: 

forward shock in dense clouds and reverse shock



SNR 1713.7    

CO map
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young SNRs (X-rays, Chandra)



theoretical challenges

• spectral breaks near 1-10 GeV for emission 

associated to molecular clouds

• co-existence” (?) of average low-B and                 

local strongly enhanced-B (1 mG): 

filamentary structure of shocks

• no obvious sign of shock-accelerated 

particle concave spectra (non-linear effect)

• “escape” and propagation of hadronic CRs

• explain local anisotropies, … 147
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SNR 1713.7    NANTEN CO map



SNR RX J1713-3946       
AGILE gamma-ray imaging,

Tavani et al. 2011 in prep.



SNR RX J1713-3946
AGILE gamma-ray imaging,

E> 400 MeV

Intensity map

Tavani et al. 2011 in prep.



NANTEN

CO map

SNR RX J1713-3946

HESS map + 

AGILE/GRID contours  (E> 400 MeV)
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lessons from RX 1713.7-3946 

* complex patchy emission

* coexistence of hadronic and leptonic

* spectral cutoffs, “escape”



DIFFICULT TO PROVE: Fermi paper on W51C,                                           

Abdo et al. 2010



SNR Age (yrs) distance

IC 443 ~ 30.000 ~ 1.5 kpc

W28 ~ 35.000 ~ 1.8-3.3 kpc

W44 ~ 20.000 ~ 3 kpc

1713.7-3946 1.000-

3.000

~ 1 kpc



advancement in CR astrophysics

• about 10 SNRs detected in gamma-rays 

Fermi and AGILE

• complex interaction with the surroundings

• acceleration and “escape” of accelerated 

CRs play a crucial role

• co-existence of leptonic and hadronic 

emission

• so far, only 1 case of clear pion emission 

(W44) unveiled by AGILE
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• Synchrotron cooling timescales

• ηs = (30 yrs) B-4
-3/2  (Eph /1 keV)-1/2

• ηs = (0.1 yrs) B-4
-3/2  (Eph /100 MeV)-1/2


