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Outline	

Cen A: a radiogalaxy as UHECR and TeV γ-Rays source
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Centaurus A 
FR I radiogalaxy - non blazar 

Distance ~ 3.4 Mpc

Central Black Hole Mass 108 M⊙ 

TeV γ-Rays source

HESS detection (100h)

Emission up to 5 TeV

relatively hard spectrum (photon index 2.7) 

non-variability

UHE Cosmic Rays source?

Apparent clustering of arrival directions 

up to 4 of 27 Auger events 

 Recap 1 - VHE gamma-rays from non-blazar Cen A
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radio (VLA)!_Cen A: FR I radio galaxy, non-blazar prototype:

! distance ~ 3.4 Mpc 

! central BH mass MBH ~ 108 Msun 

! under-luminous Lbol ~1043  erg/s 

! jet velocity ~ 0.5c

! jet inclination (VLBI) > 50°, modest beaming

! _H.E.S.S. detection (more than 100h):  

! Emission up to 5 TeV

! relatively hard spectrum (photon index -2.7)

! isotropic L(>250 GeV) = 2.6 x1039 erg/s

! no variability detected 

! _But without strong Doppler boosting: 
! intrinsic max. energy not boosted

! absorption not reduced  

! .... 
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Basic Scenario	

Particle acceleration by shocks in the jet

Jet kinetic power Lk = qj LEdd  ; qj ≪ 1

Jet content : thermal plasma middly 
relativistic.

Few % of jet power carried by relativistic 
particles:

Basic scenario

Scheme:

Le + Lp = qrelLk ; Lp = aLe
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Plasma at equipartion with a tangled 
magnetic field at the jet base (z0 = 50 Rg)



Basic Scenario	

   

Basic scenario

Scheme:

Primary protons & electrons injected at 
zacc

Injection: 

(ρm � ρk)
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Basic Scenario	
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B(z) = B0

�z0

z

�m
; m ∈ [1, 2]

Photon absorption : 

γγ anhilation within the jet

External photons + dust column (NH)



Primary relativistic particles

t−1
acc(E, z) = η

ceB(z)
E

t−1
(loss,e) = t−1

syn + t−1
ad + t−1

IC

t−1
(loss,p) = t−1

syn + t−1
ad + t−1

pγ + t−1
pp

Acceleration rate

Energy loss rates 

Cen A, zacc, electrons Cen A, zacc, protons

Emax,e Emax,p
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 Primary particles distributions 

Resolution of 1D Steady state equation

Electrons Protons

v
∂N(E, z)

∂z
+

∂ [b(E, z)N(E, z)]
∂E

= Q(E, z) b(E, z) =
dE

dt
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Method of characteristics
dz

vb
=

dE

b(E, z)
=

dN(E, z)
Q(E, z)− δb(E,z)

δE N(E, z)



Secondary particles in the jet
Pion production

v
∂N(E, z)

∂z
+

∂ [b(E, z)N(E, z)]
∂E

+
N(E, z)
Tdec(E)

= Q(E, z)

p + γ −→ p + nπ0 + m(π+ + π−) n, m = 0, 1, 2...

p + γ −→ ∆+ −→ p + π0

p + γ −→ ∆+ −→ n + π0

p + p −→ p + p + aπ0 + b(π+ + π−)
p + p −→ p + n + π+ + aπ0 + b(π+ + π−)
p + p −→ n + n + 2π+ + aπ0 + b(π+ + π−)

π± −→ 2µ± + ν̄µ(νµ)

Atoyan & Delmer 2003

Kelner et al. 2006

Pion decay Lipari et al. 2007
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Secondary particles in the jet

9

Pion cooling and decay rates:
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High energy pions in the jet
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Cen A case
Parameter Value

Mass BH MBH 108 M⊙

Lorentz factor Γ 3

Jet kinetic power Lk 1,25 x 1045 erg s-1

fraction of power in relativistic particles qrel 0,1

proton to electron ratio a 0,1

jet launching position z0 50 Rg = 7,38 x 1014 cm

particle acceleration  position zacc 250 Rg = 3,69 x 1015 cm

jet opening angle ξ 5°

viewing angle θ 25°

acceleration efficiency η 0,01

spectral index injection s 1,8

dust column density NH 1x1023 cm-2
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Cen A radiative output

1121/07/2010

Parameter Value

Max. proton energy Emax,p 2,7x108 GeV

Max. electron energy Emax,z 800 GeV

Magnetic Field at z0 B0 9234 G

Magnetic Field at zacc Bacc 826 G
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Cen A radiative output

Parameter Value

Max. proton energy Emax,p 2,7x108 GeV

Max. electron energy Emax,z 800 GeV

Magnetic Field at z0 B0 9234 G

Magnetic Field at zacc Bacc 826 G

 1e-15

 1e-14
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 1e-12

 1e-11

 1e-10

 1e-09

 1e-08

 1e-10  1e-05  1  100000  1e+10  1e+15  1e+20  1e+25

 F
 [

er
g 

cm
-2
 s

-1
]

E [eV] 

Fermi (Core)
H.E.S.S.

p syn
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 syn

!-syn
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pairs-IC
p
pp

Total
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M87 case: 
Parameter Value

Mass BH MBH 6 x 109 M⊙

Lorentz factor Γ 5

Jet kinetic power Lk 6,78 x 1046 erg s-1

fraction of power in relativistic particles qrel 0,1

proton to electron ratio a 80

jet launching position z0 50 Rg = 4,42 x 1016 cm

particle acceleration  position zacc 250 Rg = 2,21 x 1017 cm

jet opening angle ξ 1,5°

viewing angle θ 20°

acceleration efficiency η 0,0001

spectral index injection s 2,4

dust column density NH 2,5 x 1020 cm-2
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M87 radiative output

Parameter Value

Max. proton energy Emax,p 3,6 x108 GeV

Max. electron energy Emax,z 175 GeV

Magnetic Field at z0 B0 3706 G

Magnetic Field at zacc Bacc 331 G
1421/07/2010
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M87 radiative output

Parameter Value

Max. proton energy Emax,p 3,6 x108 GeV

Max. electron energy Emax,z 175 GeV

Magnetic Field at z0 B0 3706 G

Magnetic Field at zacc Bacc 331 G
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Final comments

Cen A SED:

inhomogeneous in time, angular & spatial resolution

Nevertheless, spectral energy distribution basically 
consistent with the multi-λ emission from Cen A.

VHE emission : p − p interactions.

Hard X-ray peak : electron synchrotron radiation

Soft γ : mainly IC emission

1621/07/2010



Final comments

Photoionization interactions in the surrounding dust:

Drastic modulation in the electron synchrotron spectrum 
(broadband range 10−5 − 107eV)

Maximum proton energy obtained:  ~ 3 ×1017 eV.

Other mechanisms for UHECR observed by Auger:

Shear acceleration along the jet (Rieger et Aharonian,2009)

Production of neutrons in the jet which decay in protons 
near radio lobes (re-acceleration)
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Final comments

M87 case:

Model compatible with stationary SED.

VHE emission  & Soft γ: p − p interactions.

Steeper injection (spectral index of 2.4)

Bigger proportion of protons

Challenge : flux variability
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Neutrino production
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