
Relativistic extragalatic jetsRelativistic extragalatic jets
Gabriele GhiselliniGabriele Ghisellini  

Almost every galaxy hosts a BHAlmost every galaxy hosts a BH

99% are silent99% are silent

1% are active1% are active

0.1% have jets0.1% have jets



FRI-FRII & BlazarsFRI-FRII & Blazars



Back to 1980sBack to 1980s

inhomogenous jets inhomogenous jets 
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SynchroSynchro SSCSSC

COS-BCOS-B



1990s: EGRET1990s: EGRET



1990s: WHIPPLE1990s: WHIPPLE



TeV BL LacsTeV BL Lacs

GLASTGLAST

HESS+ HESS+ 
MAGICMAGIC

EGRET: ~60 blazarsEGRET: ~60 blazars

Cherenkov: ~6 BL LacsCherenkov: ~6 BL Lacs

The Universe The Universe 
becomes opacque becomes opacque 
at z~0.1 at 1TeV at z~0.1 at 1TeV 
at z~2 at 20 GeV at z~2 at 20 GeV 



Coordinated variability at different Coordinated variability at different 
ν  ν  

Mkn 421Mkn 421

TeV

PDS

MECS

LECS



RBLR~10
18

 cm  

Γ=10-20

~1017 cm

Dissipation 
here?

NO!

Dissipation 
here?Yes!

Leptonic models:Leptonic models:

Maraschi Ghisellini Celotti 1992Maraschi Ghisellini Celotti 1992

Dermer Schlickeiser 1993Dermer Schlickeiser 1993

Sikora Begelman Rees 1994Sikora Begelman Rees 1994

Blandford Levinson 1995Blandford Levinson 1995

Ghisellini Madau 1996Ghisellini Madau 1996

But see e.g.:   But see e.g.:   
Mannheim 1993; Mannheim 1993; 
Aharonian 2002; Aharonian 2002; 
Rachen 2000 for Rachen 2000 for 
proton modelsproton models



Importance of Importance of 
γγ -rays-rays

If If γγ --γγ  important       too many X- important       too many X-
rays      rays       δ δ x,x,γγ >1 (>10) >1 (>10) 

RRblobblob large enough (>10 large enough (>101616 cm), but  cm), but 
ttvarvar<1day    R<1day    Rblobblob <2.5x10 <2.5x101515 t tvarvarδδ  cm cm

Blob away from accretion disk X-ray Blob away from accretion disk X-ray 
corona (>10corona (>101717 cm) cm)
Energy transport in inner jet Energy transport in inner jet 

must be dissipationlessmust be dissipationless
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TheThe  blazarblazar  sequencesequence

GLASTGLAST

5@55@5



Fo
ss

at
i 
et

 a
l.
 1

99
8;

 D
on

at
o 

et
 a

l.
 2

00
1

Fo
ss

at
i 
et

 a
l.
 1

99
8;

 D
on

at
o 

et
 a

l.
 2

00
1

TheThe  blazarblazar  sequencesequence

SynchroSynchro

InverseInverse
ComptonCompton

νν peakpeak   γγ peakpeak 
22∞∞



By modeling, By modeling, 
we find we find 
physical physical 
parameters in parameters in 
the comoving the comoving 
frame.frame.

γγ peakpeak is the  is the 
energy of energy of 
electrons electrons 
emitting at emitting at 
the peak of the peak of 
the SEDthe SED

EGRET EGRET 
blazarsblazars



Low power    slow 
cooling    large γ peak

Big power   Big power   
fast cooling  fast cooling  
  small   small γγ peakpeak



ttcoolcool   1/(   1/(γγ peakpeak U) = R/c U) = R/c

γγ       γγ peakpeakU = constU = const

∝∝

∝∝ 22



Observed time: (RObserved time: (R00/c)/c)ΓΓ22(1-(1-ββ coscosθθ ) ~ R) ~ R00/c !/c !

Rees 1978 Rees 1978 
for M87for M87



3C 279 Spada et al. 20013C 279 Spada et al. 2001
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Ghisellini 1999, Spada et al. 2001; Guetta et al. 2004



Blandford 2002, 2003, Lyutikov 2003



What carries the energy?What carries the energy?

      e-p  or  e+e-  or  B?e-p  or  e+e-  or  B?

Power of jets firstPower of jets first



Power of Power of 
jets in jets in 
blazarsblazars



Power of jetsPower of jets



Power of Power of 
jets in jets in 
blazarsblazars



Chandra jetsChandra jets

0637-7520637-752



IC/CMBIC/CMB

SynchrotronSynchrotron

    γγ minmin∼20∼20

ΓΓ~10~10
P~10P~104747-10-104848 erg/s erg/s
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Alternatives:Alternatives: Dermer & Atoyan 2002;  Dermer & Atoyan 2002; 
Aharonian 2002; Stawarz et al. 2004; Aharonian 2002; Stawarz et al. 2004; 

Harris et al. 2004Harris et al. 2004



Power of Power of 
jets in jets in 
blazarsblazars



Protons      Protons      
      (1 proton (1 proton 
per emitting per emitting 
e-)e-)

Relat. Relat. 
ElectronsElectrons

B-fieldB-field

RadiationRadiation

Cold Cold 
elecronselecrons
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If jet is matter If jet is matter 
dominated dominated and and 
fastfast from the  from the 
beginning, it beginning, it 
Comptonizes the Comptonizes the 
radiation from radiation from 
the accretion the accretion 
disk...disk...



Protons or Poynting?Protons or Poynting?

Pairs can outnumber protons, but are not Pairs can outnumber protons, but are not 
dynamically important (Sikora et al. 2005)dynamically important (Sikora et al. 2005)
Large LLarge Licic/L/Lsynsyn seems to favor protons seems to favor protons
But no signs of bulk Compton…But no signs of bulk Compton…
Constraints are more severe for powerful jetsConstraints are more severe for powerful jets



Jet vs disk powerJet vs disk power
GR

Bs
GR

Bs

Blaza
rs 
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Outflowing/inflowing mass rateOutflowing/inflowing mass rate

LLoutout=M=MoutoutΓΓcc22

MMin in ~ M~ MTorusTorus/t/tburstburst

ΓΓMMTorusToruscc2                 2                 ΓΓ22MMTorus,-1Torus,-1              

ηη -1-1 L Loutout

  LLoutout t tburstburst                          EEburst,52burst,52~~~~MMoutout

MMinin

0.0050.005

For blazars: LFor blazars: Ldiskdisk==ηη MMinincc22

MMoutout

MMinin

~~ 0.010.01
ΓΓ11LLdiskdisk

~0.1M~0.1MOO



Jet vs disk powerJet vs disk power
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High energy peak is getting largeHigh energy peak is getting large

Mkn 421Mkn 421Mkn 501Mkn 501

19591959 14261426
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Testing IR bkg modelsTesting IR bkg models



WhyWhy  δδ >20?>20?

νν ss
νν

cc

νν cc//νν s ~ s ~ γγ 22

νν s ~ s ~ γγ 22BBδδ

LLcc/L/Lss ~ L ~ Lss/(B/(B22δδ 66))

                        ~ L~ Lssγγ 44//δδ 44

BBδ  ∼  γδ  ∼  γ -2-2  

δ     νδ     ν cc
1/21/2

K-N: the sameK-N: the same

∝∝



Subluminal motion for all TeV sources?Subluminal motion for all TeV sources?

ββ appapp~ 0 – 0.5 (+-0.5)~ 0 – 0.5 (+-0.5)2344+5142344+514

ββ appapp~ 4.4 (+-2.9)~ 4.4 (+-2.9)2155-3042155-304

ββ appapp~ 0  ~ 0  1959+6501959+650

ββ appapp~ 0.05 – 0.54~ 0.05 – 0.54Mkn 501 Mkn 501 

ββ appapp~ 0.04 –  0.18~ 0.04 –  0.18Mkn 421Mkn 421

Piner & Edwards, 2004Piner & Edwards, 2004



Decelerating the entire jetDecelerating the entire jet
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ΓΓ=15=15
ΓΓ=4=4

ΓΓ’’

~10~101616cmcm

IC is enhancedIC is enhanced
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Instead, at the pc scale….Instead, at the pc scale….
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Mkn 501Mkn 501



Cospatial fast spine & slow layerCospatial fast spine & slow layer

∆∆RRll~10~101616 cm cm
∆∆RRss~10~101414 cm cm

1010
1515
 c

m
 c

m

Strong feedback between spine and layerStrong feedback between spine and layer
For both: enhanced IC emissionFor both: enhanced IC emission Gh
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No No 
feedbackfeedback

B =1.3 G  B =1.3 G  
LLe e =4x10=4x1042 42 

LLB B =1x10=1x104343  
LLp p =2x10=2x104343



BL LacBL Lac

Radiogalaxy



Spine-layer 
feedback

UB~Urad

BL Lac

FR1

0735+1780735+178
B=5 GB=5 G

LLBB~L~Lee~6x10~6x104444

LLpp~7x10~7x104545

NGC 6251NGC 6251
B=1.8 GB=1.8 G

LLBB=4x10=4x104141      
LLee=2x10=2x104242      
LLpp=2x10=2x104343
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Having increased the B-field, we Having increased the B-field, we 
need fewer electrons to do the need fewer electrons to do the 

radiation we seeradiation we see

The jet is lighterThe jet is lighter

It is easier to make it decelerateIt is easier to make it decelerate  



Synchro and SSC Synchro and SSC 

KK

K’K’

In K there is a loss  of In K there is a loss  of 
momentum…momentum…

   And in K’?  no, but the mass And in K’?  no, but the mass 
<<γγ >m>mee decreases.                   decreases.                  

ΓΓbulkbulk remains the same remains the same



External Compton: the rocketExternal Compton: the rocket

KK

K’K’

more collimated more collimated 
than before than before 
(Dermer 1995)(Dermer 1995)

Anisotropic! Loss of Anisotropic! Loss of 
momentum    recoil   momentum    recoil   

Important when <Important when <γγ >m>mee~m~mp p 

ΓΓbulkbulk decreases decreases



The Mkn 421 caseThe Mkn 421 case



ConsequencesConsequences

Low power jets decelerate more? Low power jets decelerate more? 
Extended emission smaller for TeV BL Extended emission smaller for TeV BL 
Lacs?Lacs?
Large angles? Layer. Also GeV-TeV Large angles? Layer. Also GeV-TeV 
for radio-galaxies (GLAST)for radio-galaxies (GLAST)



Aborted JetsAborted Jets

MMoutout=M=Minin; P; Pjetjet=P=Pdiskdisk

Relative kinetic energy   heating Relative kinetic energy   heating 

UV radiation field     coolingUV radiation field     cooling

Thermal plasma (TThermal plasma (Tee~50-100 keV)   ~50-100 keV)   
                                                

ComptonizationComptonization

If PIf Pjetjet~P~Pdiskdisk        ττ =0.1-1=0.1-1
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Open issuesOpen issues
We “know” the radiated power. We “guess” the We “know” the radiated power. We “guess” the 
kinetic power kinetic power (AGILE-GLAST-Cherenkov)(AGILE-GLAST-Cherenkov)
We must find the energy carriers. Matter or We must find the energy carriers. Matter or 
Poynting flux? Poynting flux? (Compt. bump – theory)(Compt. bump – theory)
Similarities with GRBs are intriguing, do they Similarities with GRBs are intriguing, do they 
mean something, or coincidence? mean something, or coincidence? (continue…)(continue…)

PPjetjet can be > P can be > Paccretion accretion  (ADAF for FR I?) (ADAF for FR I?)

Radio-loud vs quiet Radio-loud vs quiet (a matter of M(a matter of Moutout/M/Minin? or ? or 
MMBHBH, or BH spin?), or BH spin?)


