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OverviewOverview
 AGNsAGNs: general properties: general properties

 JetsJets in radio in radio galaxiesgalaxies

 On the AGN On the AGN jetsjets accelerationacceleration

 Why AGN jets come in two Why AGN jets come in two flavorsflavors? The ? The 
rolerole of of instabilitiesinstabilities

 SummarySummary
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Active GalaxiesActive Galaxies
About About 1%1% of the galaxies of the Local of the galaxies of the Local 
Universe show:Universe show:

 sstrong and broad trong and broad 
emission lines,  emission lines,  
consistent with consistent with 
velocity dispersion velocity dispersion 
of several thousand of several thousand 
kilometers per second kilometers per second 
for the emitting gasfor the emitting gas
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Active GalaxiesActive Galaxies
 NonNon--thermal emission thermal emission extending from extending from 

the radio to the Xthe radio to the X--rays and gamma bandsrays and gamma bands

SED of Cen A
(Prieto et al. 2007)  
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Active GalaxiesActive Galaxies
The dominant contribution to the total luminosityThe dominant contribution to the total luminosity
is not from stars but from an is not from stars but from an Active NucleusActive Nucleus

R  30 kpc R  2 kpc R  10-5 kpc
M87
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AGN ZoologyAGN Zoology
 Seyfert I galaxies (SyI) (BLR,  104 km/s)

 Seyfert II galaxies (SyII) (NLR, 103 km/s)

 Radio Quiet Quasars (QSOs) 

 Radio galaxies

 Radio Quasars

 BL Lac Objects

 Optically Violent Variables (OVV’s)

Radio quiet
AGNs:

No No jetsjets

Radio loud
AGNs:
JetsJets

Radio Radio loudnessloudness parameterparameter: R=L: R=L5GHz5GHz/L/LBB1010
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The AGN Unified ModelThe AGN Unified Model

OVV/BLLac (jet), SyI/QSO (no jet)

broad linesbroad lines
(Urry & Padovani, 1995)

radio galaxy/radio galaxy/
radio quasarradio quasar

(jet), (jet), 
SyIISyII/QSO/QSO

(no jet)(no jet)
narrow linesnarrow lines
NLR, LNLR, L0.1kpc0.1kpc
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HH34HH34
opticaloptical

3C 2733C 273
Radio+Radio+
opticaloptical

AGN and YSO AGN and YSO JetsJets

 Comparison of radioComparison of radio--loud AGN with loud AGN with YSOsYSOs::
both have jets!both have jets!

 Focus on Focus on Radio GalaxiesRadio Galaxies
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PictorPictor A (z=0.035)A (z=0.035)
Nucleus to hotNucleus to hot--spot spot  270 270 kpckpc
jet jet  120 120 kpckpc

About Radio GalaxiesAbout Radio Galaxies

Radio Radio emissionemission
SynchrotronSynchrotron::
F(F() )  --

  0.50.5

Electron powerElectron power
lawlaw distributiondistribution

n(E) n(E)  EE--pp

p=p=22+1+1

Synchrotron Radio to XSynchrotron Radio to X--raysrays

Radio: synchrotron  XRadio: synchrotron  X--
rays: synchrotron+SSCrays: synchrotron+SSC
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 Radio luminosity: 10Radio luminosity: 104141--10104444 ergs sergs s--11

 Size: a few Size: a few kpckpc –– some some MpcMpc
 MorphologiesMorphologies
 Polarization degree: about 1%Polarization degree: about 1%--30%30%

Radio Radio GalaxiesGalaxies: : MainMain factsfacts
WhatWhat wewe observeobserve::

 Life timescale: 10Life timescale: 1077--101088 ysys
 Magnetic field: 10 Magnetic field: 10 –– 101033 GG
 Kinetic power: 10Kinetic power: 104242--10104747 ergs sergs s--11

 Jet Mach number: M>1Jet Mach number: M>1
 Jet velocity: possibly relativisticJet velocity: possibly relativistic
 Jet density: 10Jet density: 10--55--1010--33 cmcm--33

 Jet composition: Jet composition: ee--pp vsvs ee++--ee--(?)(?)

WhatWhat wewe derive (derive (butbut do do notnot knowknow forfor suresure!):!):
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Absence of any line in the radiationAbsence of any line in the radiation
spectrum!spectrum!

Radio Radio GalaxiesGalaxies: : MainMain factsfacts
WhyWhy thesethese uncertaintiesuncertainties in in constrainingconstraining the basicthe basic
parametersparameters?:?:

Parameters are constrained by indirect means:Parameters are constrained by indirect means:
 Magnetic field: by minimum energy  Magnetic field: by minimum energy  

condition (condition (equipartitionequipartition))
 Kinetic power: work done against the ambientKinetic power: work done against the ambient
 Jet Mach number: indication of shocksJet Mach number: indication of shocks
 Jet velocity: jet oneJet velocity: jet one--sidedness sidedness 
 Jet density: jet numerical Jet density: jet numerical modellingmodelling
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ObservedObserved morphologiesmorphologies::
The The FanaroffFanaroff--Riley classificationRiley classification

FR IFR II or I or lobe dominatedlobe dominated
(classical doubles)(classical doubles)FR I or jet FR I or jet dominateddominated

3C 98
VLA

3C 31
VLA

FR II FR II onlyonly havehave
HotHot--spotsspots!!
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 FR I:FR I: Jet dominated emission, twoJet dominated emission, two--sided jets, sided jets, 
found in rich clustersfound in rich clusters, weak, weak--lined galaxies,lined galaxies,
less powerfulless powerful

 FR II:FR II: Lobe dominated emission, oneLobe dominated emission, one--sided                    sided                    
jets, jets, isolatedisolated or in or in poor groupspoor groups, strong  , strong  
emission  lines galaxies, more powerfulemission  lines galaxies, more powerful

Radio Radio vsvs optical luminositiesoptical luminosities::
LLR R  LLoptopt

1.7 1.7 

(Owen & Ledlow 1994)(Owen & Ledlow 1994)
Environment plays a role?Environment plays a role?
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Jet Jet compositioncomposition
 YSO YSO jetsjets::

are made of ordinary matter, we are made of ordinary matter, we 
observe emission lines of H, observe emission lines of H, HeHe and and metalsmetals
comingcoming fromfrom the the jetjet’’s medium.s medium.

 AGN AGN jetsjets: : 
1.1. ordinary ordinary protonproton--electronelectron plasma;plasma;
2.2. ee----ee+ + dominateddominated plasma;plasma;
3.3. PoyntingPoynting fluxflux jetsjets. . 
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Jet Jet compositioncomposition
AGN AGN jetsjets: : 
 The work The work donedone byby the the jetsjets againstagainst the the 

ambient to inflate lobes and cocoon favors ambient to inflate lobes and cocoon favors 
the electron/the electron/protonproton jetsjets interpretationinterpretation
(Shankar et al. 2008);(Shankar et al. 2008);

 ee----ee+ + jets suffer strong inverse Compton jets suffer strong inverse Compton 
losseslosses off the CMB off the CMB 
(e.g. Harris(e.g. Harris & & KrawczynskiKrawczynski 2006)2006)

 Jets can be Jets can be PoyntingPoynting--dominateddominated up up toto
1000 r1000 rgg butbut become become kineticallykinetically--dominateddominated
furtherfurther awayaway ((SikoraSikora etet al.al. 2005,2005,
GianniosGiannios and and SpruitSpruit 2008: 2008: kinkkink instabilityinstability?,?,
VlahakisVlahakis talk)talk)
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Jet Jet accelerationacceleration
YSO YSO jetsjets: : 
MHDMHD--wind wind accelerationacceleration modelsmodels, , drivendriven byby
the mass accretion rate through a disk, the mass accretion rate through a disk, withwith
likelylikely a stellar a stellar windwind componentcomponent (MAES).(MAES).

AGN AGN jetsjets::
 Jet energy extracted from the rotatingJet energy extracted from the rotating

SMBH (Blandford & Znajek 1977), SMBH (Blandford & Znajek 1977), needneed ofof
a strong a strong magneticmagnetic fieldfield threadingthreading the SMBH;the SMBH;

 Jet kinetic energy originating from theJet kinetic energy originating from the
accretion energy (e.g. accretion energy (e.g. LivioLivio et al. 1999)et al. 1999)
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AccretionAccretion and and jetsjets
CorrelationCorrelation foundfound betweenbetween the the accretionaccretion
ontoonto BH and the jet BH and the jet kinetickinetic power (power (AllenAllen
etet al.al. 2006, 2006, HeinzHeinz etet al.al. 2007)2007)

((BalmaverdeBalmaverde etet al.al. 2008)2008)
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AGNAGN--YSO YSO JetsJets ComparisonComparison

Jets in Jets in radiogalaxiesradiogalaxies::

YSO jets:YSO jets:

Radiation: nonRadiation: non--thermalthermal
Shocks:Shocks: likelylikely
Line emission: noLine emission: no
Composition: Composition: ee——p(p(?)?)
FRI/FRII dichotomy: yesFRI/FRII dichotomy: yes

Radiation: thermalRadiation: thermal
Shock Shock emission:yesemission:yes
Line emission: yesLine emission: yes
Composition: Composition: ee----pp
Dichotomy: noDichotomy: no

M87M87

HH111HH111
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AssumptionsAssumptions::

 AGN jet AGN jet accelerationacceleration isis governedgoverned byby the the 
accretionaccretion rate through rate through anan accretionaccretion diskdisk
in a in a relativisticrelativistic regime (e.g. regime (e.g. CamenzindCamenzind
1998 in steady state, 1998 in steady state, KoideKoide etet al.al. 19991999
simulationssimulations GRMHD).GRMHD).

 AGN jets can be Poynting AGN jets can be Poynting dominateddominated in thein the
subsub--parsec parsec regionregion, , butbut are are mattermatter--dominateddominated
beyondbeyond

Aim:Aim:
 WhyWhy are radio are radio jetsjets dichotomicdichotomic? (and YSO? (and YSO

jetsjets are are notnot?)?)
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 FR I and FR II have different FR I and FR II have different kpckpc--scale scale 
morphologies and radio power but are similarmorphologies and radio power but are similar
on the parsec scale, where the jet bulk on the parsec scale, where the jet bulk 
LorentzLorentz factor is in the range factor is in the range γγ=3=3--10 10 
(e.g. (e.g. GiovanniniGiovannini et al. 2001)et al. 2001)

 FR I FR I sourcessources are are nonnon--relativisticrelativistic at at kpckpc
scalesscales

 FR I FR I radiogalaxiesradiogalaxies, , aboutabout 10 VLBI 10 VLBI sourcessources, , 
show show limblimb--brightenedbrightened radio emission at radio emission at 
parsec parsec scalesscales

Radio Radio GalaxiesGalaxies: More : More factsfacts
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LimbLimb--brighteningbrightening

B2 1144+35B2 1144+35
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AboutAbout FR I / FR II  FR I / FR II  DichotomyDichotomy

 Intrinsic explanationIntrinsic explanations:s:
1.1. Differences in jet composition (eDifferences in jet composition (e++--ee-- for FR I sources, for FR I sources, 

Reynolds et al. 1996a);Reynolds et al. 1996a);
2.2. Difference in the central engine (a fast spinning BH Difference in the central engine (a fast spinning BH 

yields  FR II jets, Meier 1999)yields  FR II jets, Meier 1999)
3.3. ADAF produce FR I (and BL ADAF produce FR I (and BL LacsLacs), while ), while ‘‘standardstandard’’

accretion discs FR II (and quasars) (Reynolds et al. accretion discs FR II (and quasars) (Reynolds et al. 
1996b).1996b).

 Extrinsic explanation: Extrinsic explanation: 
1.1. Jets are similar close to the source (apart from power); Jets are similar close to the source (apart from power); 

weaker jets are decelerated by instabilities and/or weaker jets are decelerated by instabilities and/or 
entrainment to produce FR Is, stronger jets remain entrainment to produce FR Is, stronger jets remain 
stable to form FR stable to form FR IIsIIs ((KomissarovKomissarov 1990, 1990, BicknellBicknell 1995, 1995, 
BowmanBowman etet al.al. 1996, 1996, LaingLaing 1996, Rossi 1996, Rossi etet al.al. 2008)2008)..
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FRI FRI jetsjets brakingbraking
Problem: jet deceleration from the VLBI to VLA Problem: jet deceleration from the VLBI to VLA 
scale (Bowman et al. 1996, scale (Bowman et al. 1996, LaingLaing et al. 2003)et al. 2003)

VLBI VLA
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FRI FRI jetsjets limblimb--brighteningbrightening
““SpineSpine--layerlayer”” velocity structure of the jet:  velocity structure of the jet:  
inner core with high inner core with high LorentzLorentz factor surroundedfactor surrounded
by a slower external layer (e.g. by a slower external layer (e.g. ChiabergeChiaberge et al.et al.
2000, 2000, PinerPiner & Edwards 2004)& Edwards 2004)

For For θθ ((angle jet to lineangle jet to line--ofof--sight) large enoughsight) large enough
the spine emission is the spine emission is ““dede--boostedboosted””. Possibilities:. Possibilities:

   )2()2(cos1     emittedemittedobserved PPP

1) The jet has a spine1) The jet has a spine--layer structure from itslayer structure from its
origin (care about its stability, Mizuno poster);origin (care about its stability, Mizuno poster);

2) this structure results from interaction with2) this structure results from interaction with
the ambient medium via instabilities.the ambient medium via instabilities.
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Jet instability and braking in Jet instability and braking in FRIsFRIs
Jet instabilities: linear growth τKH ~ 2π MJ RJ / cs

Nonlinear growth: τKH 10 RJ / cs

Mixing and mass entrainment 

Jet braking

Limb-brightening



26

Jet instabilities and braking in Jet instabilities and braking in FRIsFRIs

3D nonlinear evolution of Kelvin3D nonlinear evolution of Kelvin--HelmholtzHelmholtz
instabilities in relativistic hydro jets instabilities in relativistic hydro jets 
(Rossi et al. 2008). Relativistic equation set:(Rossi et al. 2008). Relativistic equation set:
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Parameter space:Parameter space:

ηη = = ambientambient--toto--jetjet ((properproper) density ratio) density ratio
M M = = Mach Mach numbernumber
PerturbationPerturbation introducedintroduced at the jet at the jet inletinlet..
The The temporaltemporal evolutionevolution of the system of the system studiedstudied
numericallynumerically with the code PLUTOwith the code PLUTO
(Mignone et (Mignone et al.al. 2007, PPM 2007, PPM modulemodule))
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Numerical simulations: ResultsNumerical simulations: Results

 The dominant parameter in determining theThe dominant parameter in determining the
instability evolution and the entrainment instability evolution and the entrainment 
properties is the ambientproperties is the ambient--toto--jet densityjet density
contrast contrast ηη..

 Lighter jets suffer stronger slowing down inLighter jets suffer stronger slowing down in
the external layer that in the central partthe external layer that in the central part

 Presence of a central spine at high Presence of a central spine at high LorentzLorentz
factorfactor
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LongitudinalLongitudinal behaviorbehavior of of maximummaximum and and averagedaveraged
LorentzLorentz factorfactor
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““SpineSpine--layerlayer”” structurestructure formationformation::

Spine: Jet mass at Spine: Jet mass at γβγβ  55
LayerLayer: Jet mass at : Jet mass at γβγβ  0.20.2
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““SpineSpine--layerlayer”” structurestructure formationformation: : 
syntheticsynthetic VLBI VLBI mapsmaps = radio = radio emissivityemissivity  properproper
density density  δδ––(2+(2+αα))

θθ = 20= 20::
SpineSpine
boostedboosted

θθ = 60= 60::
SpineSpine
deboosteddeboosted
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 KHI in KHI in lowlow density density jetsjets wouldwould produce jet produce jet 
brakingbraking, FRI, FRI--like morphologies, and like morphologies, and limblimb
brighteningbrightening at VLBI at VLBI scalesscales

 ThisThis isis consistentconsistent withwith the the lowlow kinetickinetic
power of FRI power of FRI sourcessources (e.g. (e.g. CelottiCelotti 2003).2003).
The The criticalcritical kinetickinetic power:power:

 FRI FRI jetsjets wouldwould havehave a density a density contrastcontrast
ambientambient--toto--jetjet exceedingexceeding 101033
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HintHint forfor YSO YSO jetsjets

 NotNot--dichotomicdichotomic
 In In thisthis schemescheme, YSO , YSO jetsjets wouldwould bebe

similarsimilar toto FRIIsFRIIs: : 
presencepresence of a final working of a final working surfacesurface
and a and a cocooncocoon seenseen in the in the infraredinfrared
((BallyBally’’s talk) s talk) 

 The moderate density The moderate density contrastcontrast jetjet--
toto--ambientambient wouldwould reduce reduce instabilityinstability
growthgrowth
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SummarySummary

 The jet power The jet power appearappear toto bebe connectedconnected
toto the the accretionaccretion power power ontoonto the the 
centralcentral SMBHSMBH

 FRI/FRII FRI/FRII dichotomydichotomy can can bebe intepretedintepreted
byby the the evolutionevolution of KHIof KHI

 The The dominantdominant parameterparameter isis the the 
density density contrastcontrast ambientambient/jet/jet
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