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OverviewOverview
�� AGNsAGNs: Observations and interpretations: Observations and interpretations

((ConstrainingConstraining the the physicalphysical parametersparameters))

�� MHD MHD simulationssimulations ofof AGN AGN jetsjets: : 
propagationpropagation and and morphologiesmorphologies

�� MHD MHD simulationssimulations ofof AGN AGN jetsjets: : 
Jet instabilitiesJet instabilities

�� MHD acceleration of jetsMHD acceleration of jets
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�� AGNsAGNs: Observations and interpretations: Observations and interpretations
((ConstrainingConstraining the the physicalphysical parametersparameters))
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Normal GalaxiesNormal Galaxies
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Normal GalaxiesNormal Galaxies
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Normal GalaxiesNormal Galaxies

�� Stars and interstellar gas contribute to theStars and interstellar gas contribute to the
radiation emission, predominantly in the radiation emission, predominantly in the 
optical band. optical band. 

�� The spectrum shows absorption lines by The spectrum shows absorption lines by 
stars and emission by HII regions.stars and emission by HII regions.

NGC 4750
(Kennicut 1992)
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Normal GalaxiesNormal Galaxies

�� Typically, Typically, ∼∼∼∼∼∼∼∼ 10101111 stars of a galaxy like the stars of a galaxy like the 
Milky Way emit a luminosity of Milky Way emit a luminosity of ∼∼∼∼∼∼∼∼ 10104444 ergs sergs s--1 1 

�� About About 99%99% of the galaxies of the Local of the galaxies of the Local 
Universe are normal galaxiesUniverse are normal galaxies

SpectralSpectral Energy Energy 
DistributionDistribution (SED) of (SED) of 
a a normalnormal galaxiesgalaxies
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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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Normal Normal vsvs Active GalaxiesActive Galaxies

Spectral Energy DistributionsSpectral Energy Distributions
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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 1 galaxies (Sey 1) (BLR, ∼∼∼∼ 104 km/s)

� Seyfert 2 galaxies (Sey 2) (NLR, ≤≤≤≤103 km/s)

� Radio Quiet Quasars (QSOs) 

� Radio galaxies

� Radio Quasars

� BL Lac Objects

� Optically Violent Variables (OVV’s)

~90%
Radio quiet

AGNs:

No No jetsjets

~10%
Radio loud

AGNs:

JetsJets

Radio Radio loudnessloudness parameterparameter: R=L: R=L5GHz5GHz/L/LB(B(nuclearnuclear))>>1010
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The AGN Unified ModelThe AGN Unified Model

(Urry & Padovani, 1995)

narrow linesnarrow lines
NLR, LNLR, L∼∼0.1kpc0.1kpc

broad linesbroad lines

AccretionAccretion ontoonto a SMBHa SMBH
through through anan accretionaccretion
disk, disk, withwith possiblepossible jetjet
ejectionejection seenseen at at 
differendifferen anglesangles

ObscuringObscuring torustorus
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Astrophysical JetsAstrophysical Jets

Collimated outflows in form of jets are Collimated outflows in form of jets are 
ubiquitous in the Universe:ubiquitous in the Universe:

1.1. Jets from Jets from AGNsAGNs in Radio Galaxies;in Radio Galaxies;
2.2. binary systems;binary systems;
3.3. from Young Stellar Objects;from Young Stellar Objects;
4.4. in SS433;in SS433;
5.5. from the Crab Pulsar;from the Crab Pulsar;
6.6. in the sources of Gamma Ray Burstsin the sources of Gamma Ray Bursts
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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 Galaxies and JetsAbout Radio Galaxies and Jets

Radio Radio emissionemission
SynchrotronSynchrotron::
F(F(νννννννν) ) ∝∝∝∝∝∝∝∝ νννννννν--αααααααα

αααααααα ∼∼∼∼∼∼∼∼ 0.50.5

Electron powerElectron power
lawlaw distributiondistribution

n(E) n(E) ∝∝∝∝∝∝∝∝ EE--pp

p=p=22αααααααα+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
�� Morphologies: brightness distributionsMorphologies: brightness distributions
�� Polarization degree: about 1%Polarization degree: about 1%--30%30%

Radio Radio GalaxiesGalaxies: : MainMain factsfacts

WhatWhat wewe knowknow::

�� Life timescale: 10Life timescale: 1077--101088 ysys
�� Magnetic field: 10 Magnetic field: 10 –– 101033 µµµµµµµµGG
�� Kinetic power: 10Kinetic power: 104444--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--44 cmcm--33

WhatWhat wewe derive derive fromfrom hypotheseshypotheses and and modelsmodels::
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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: energy requirementsKinetic power: energy requirements
�� 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 clusters, weakfound in rich clusters, weak--lined galaxies,lined galaxies,
less powerfulless powerful

�� FR II:FR II: Lobe dominated emission, oneLobe dominated emission, one--sided                    sided                    
jets, isolatedjets, isolated or in or in poor groups, strong  poor groups, 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

DifferentDifferent possibilitiespossibilities::

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

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. 2005,al. 2005,
GianniosGiannios and and SpruitSpruit 2008: 2008: kinkkink instabilityinstability??
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HowHow can can wewe model model jetsjets??

These are some of the main questions concerningThese are some of the main questions concerning
radio galaxies and jets. To understand theradio galaxies and jets. To understand the
physics of these systems one must start fromphysics of these systems one must start from
basic principles, i.e. can jets be considered asbasic principles, i.e. can jets be considered as
fluids in motion?fluids in motion?

The particleThe particle--particle collision particle collision m.f.pm.f.p. is much . is much 
larger than the size of the system:larger than the size of the system:

does a fluid description apply?does a fluid description apply?
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On the On the ValidityValidity of the (M)HD of the (M)HD EquationsEquations
((PoedtsPoedts talkstalks))

Consider a system made of identical particles
of mass  m and assume that we can write a statistical
distribution function (i.e.               ) in the 6th-dimensional 
space (x,y,z,vx,vy,vz)  can be defined for these particles:

f[ r(t),v(t),t]

and the number of particles in the hyper-volume d3r d3v at
the time t is:

f(r,v,t) d3r d3v 

If we neglect collisions, i.e. sudden changes in the particle
velocity coordinates, and if velocity and acceleration of each
particle are finite the distribution function obeys

NN >>
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anan equationequation of of continuitycontinuity ((LiouvilleLiouville’’s s theoremtheorem):):
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((collisionlesscollisionless) ) BOLTZMANN EQUATION BOLTZMANN EQUATION ::

withwith::

No No hypotheseshypotheses mademade on the on the distributiondistribution functionfunction..

or:or:

PointsPoints in the in the hyperhyper--spacespace (r, v) behavebehave asas anan
incompressibleincompressible fluidfluid..
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The 1st-order moment of the Boltzmann Equation
is the equation of motion:
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27

CollisionsCollisions: yes or no: yes or no

FluidFluid equationsequations are a are a correctcorrect descriptiondescription of the system of the system 
eveneven withoutwithout the the interventionintervention of of collisionscollisions, , forfor a a generalgeneral
distributiondistribution functionfunction in the in the hyperspacehyperspace;;
BUT the BUT the pressurepressure isis a a tensortensor..

TypicallyTypically, , wewe do do notnot knowknow the the locallocal physicalphysical parametersparameters
enoughenough forfor beeingbeeing ableable toto writewrite down the down the pressurepressure
tensortensor..

ForFor adoptingadopting the the classicalclassical scalar scalar formform of the of the pressurepressure
forfor a a perfectperfect gas gas wewe needneed collisionscollisions MM--B B 
distributiondistribution EulerianEulerian fluidfluid
HypothesisHypothesis: : particleparticle distributiondistribution becomesbecomes a a thermalthermal
MaxwellMaxwell--BoltzmannBoltzmann distributiondistribution byby collisionscollisions withwith
magneticmagnetic inhomogeneitiesinhomogeneities ((AlfvAlfvéénn waveswaves))
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Radio Radio jetsjets in the in the galaxygalaxy cluster cluster AbellAbell 400400
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IdealIdeal MHD MHD EquationsEquations
((MignoneMignone, , PoedtsPoedts lectures)lectures)
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SolutionSolution of (M)HD of (M)HD EquationsEquations

(M)HD equations can be solved by (M)HD equations can be solved by 
analytical means in a limited set of analytical means in a limited set of 
cases (e.g. linear stability analyses, cases (e.g. linear stability analyses, 
ParkerParker’’s solar wind, etc.)s solar wind, etc.)

In general, one has to employ numericalIn general, one has to employ numerical
methods for the solution.methods for the solution.
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NumericalNumerical modellingmodelling::
basicbasic physicalphysical parametersparameters

Theoretical Theoretical modellingmodelling andand numerical numerical 
simulationssimulations of AGN of AGN jets on large scale jets on large scale 
requirerequire a a minimumminimum set of set of parameters:parameters:

How to constrain these parameters?How to constrain these parameters?

1.1. LorentzLorentz factorfactor ((gg))

2.2. Jet Mach numberJet Mach number (M)(M)

3.3. JetJet--ambientambient density ratio (density ratio (ηη))
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VelocityVelocity: jet : jet oneone--sidednesssidedness
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NGC 4261NGC 4261

Jet and counterjet are both visible and proper 
motions detected: β=0.46±0.02, θ=63±3°

Core

Gap

(Piner et al. 2002)
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DifficultiesDifficulties……
1. The counterjet is not visible in most cases 
2. Proper motions observed in few objects only
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Jet Mach number: indication of Jet Mach number: indication of 
shocksshocks

PictorPictor AA
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Jet Mach number: indication of Jet Mach number: indication of 
shocksshocks

BBeqeq=4.6=4.6¥¥1010--4 4 GG
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Jet Mach number: indication of Jet Mach number: indication of 
shocksshocks
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ObservationsObservations of FR II of FR II hothot--spotsspots

3C445 at 3C445 at 
the VLT the VLT 
II--band band 
(0.9 (0.9 µµµµµµµµm)m)
((PrietoPrieto etet
al. 2003)al. 2003)
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FR II FR II hothot--spotsspots

SynchrotronSynchrotron
modelsmodels

K, H, J and IK, H, J and I
bandsbands and radioand radio
fluxflux at 8.4GHzat 8.4GHz
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ModellingModelling the jthe jet et terminationtermination in in 
FR II FR II sourcessources

�� AGN (FRII) AGN (FRII) jetsjets are are 
supersonicsupersonic (M>1)(M>1)

�� EmissionEmission nonnon--thermalthermal
�� Comparison of model B Comparison of model B withwith BBeqeq

BowBow--shockshock

Mach disk:Mach disk: possiblepossible cosmiccosmic rayray
accelerationacceleration sitesite

Contact Contact discontinuitydiscontinuity
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ModellingModelling the jthe jet et terminationtermination
in FR II in FR II sourcessources
((MignoneMignone’’s s lecturelecture))

jetjet

TerminalTerminal
shockshock



44Cygnus A Cygnus A (FR II) (FR II) -- VLA, 6cmVLA, 6cm

Jet density Jet density fromfrom FRIIFRII
morphologiesmorphologies



45Cygnus A Cygnus A (FR II) (FR II) -- VLA, 6cmVLA, 6cm
bow shock

undisturbed 
intergalactic gas

“cocoon” (shocked
jet gas)

splash point

backflow

Jet density Jet density fromfrom FRIIFRII
morphologiesmorphologies
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��MHD MHD simulationssimulations ofof AGN AGN jetsjets: : 
propagationpropagation and and morphologiesmorphologies
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Numerical simulations of FR II Numerical simulations of FR II 

SupersonicSupersonic jet (jet (M=10M=10), ), weaklyweakly relativisticrelativistic ((γγ =2=2))
withwith differentdifferent density density jetjet--ambientambient ratiosratios ηη
((classicalclassical case case byby MignoneMignone))

(M)HD code PLUTO, (M)HD code PLUTO, basedbased on high on high resolutionresolution shockshock--capturingcapturing schemesschemes..
(http://(http://plutocode.ph.unito.itplutocode.ph.unito.it))

ηη=10=10
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Numerical simulations of FR II Numerical simulations of FR II 

ηη=0.1=0.1
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Numerical simulations of FR II Numerical simulations of FR II 

ηη=0.001=0.001
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Chandra X-ray Observatory

CXC

Cygnus A Wilson Wilson etet al. (2001)al. (2001)
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Numerical simulations of FR IINumerical simulations of FR II

backflow

intergalactic gas

Mach disk

bow-shock

Contact discontinuity
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Numerical simulations of FR IINumerical simulations of FR II

cocoon

intergalactic gas

splash point

bow-shock

backflow

Comparison of observed and simulatedComparison of observed and simulated
morphologiesmorphologies

1.1. Relativistic (oneRelativistic (one--sidesideddnessness)), , gg>1>1
2.2. Supersonic (presence hotSupersonic (presence hot--spots)spots), , MM>1>1
3.3. UnderdenseUnderdense (presence of cocoons)(presence of cocoons), , ηη<1<1

(simulations)(simulations)

coana
Line
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Jet Jet modelsmodels through through conservationconservation lawslaws can can obtainobtain
jet density, jet density, pressurepressure, Mach , Mach numbernumber, etc. , etc. alongalong
the jet the jet compatiblecompatible withwith observationsobservations
((BicknellBicknell 1994, 1994, LaingLaing & & BridleBridle 2002)2002)

TheyThey relyrely uponupon assumptionsassumptions concerningconcerning thethe
geometrygeometry and and kinematicskinematics of the jet.of the jet.

TheseThese assumptionsassumptions are hard are hard toto reproducereproduce byby
dynamicaldynamical modelsmodels basedbased on the on the solutionsolution ofof
(M)HD (M)HD equationsequations..

On Kinematical Models for On Kinematical Models for FRIsFRIs
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FR I source 3C31, VLA FR I source 3C31, VLA observationsobservations::
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ThisThis configurationconfiguration can can 
hardlyhardly bebe reproducedreproduced byby
numericalnumerical simulationssimulations

LateralLateral shocksshocks necessarilynecessarily
formform byby the jet the jet expansionexpansion
and and recollimaterecollimate the jetthe jet
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FRI 3C31, FRI 3C31, LaingLaing 20022002
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Velocity β = v/c: deceleration and 
transverse gradients

3C 31 B2 0326+39

NGC 315                                             3C296
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Pressure ratio=Pressure ratio=1010, , ηη=0.1=0.1, , MM rr=10=10, , γγ=2=2

KH unstable
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OverOver--pressured jets do not flare as invoked by pressured jets do not flare as invoked by 
empirical models. FRI morphologies remain difficult empirical models. FRI morphologies remain difficult 
to reproduce.to reproduce.
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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. 1999al. 1999
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

QuestionQuestion::
�� WhyWhy are radio are radio jetsjets dichotomicdichotomic? (YSO? (YSO

jetsjets are are notnot))

About FRI/FRII DichotomyAbout FRI/FRII Dichotomy
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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 
Lorentz factor is in the range Lorentz factor is in the range γγ =3=3--1010
(e.g. (e.g. GiovanniniGiovannini et al. 2001)et al. 2001)

�� FR I FR I sourcessources are are weaklyweakly or or 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. 1996, al. 1996, LaingLaing 1996, Rossi 1996, Rossi etet al. 2008)al. 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, Laing et al. 2003)scale (Bowman et al. 1996, Laing 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 Lorentz factor surroundedinner core with high Lorentz factor 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 αα δθβγ +−+− ×=−×= emittedemittedobserved PPP

1) The jet has a spine1) The jet has a spine--layer structure from itslayer structure from its
origin;origin;

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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�� MHD MHD simulationssimulations ofof AGN AGN jetsjets: : 
Jet instabilitiesJet 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 ≤≤≤≤ 10RJ / cs

Mixing and mass entrainment 

Jet braking

Limb-brightening
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About shearAbout shear--layer instabilitieslayer instabilities

ShearShear--layerlayer (or (or KelvinKelvin--HelmholtzHelmholtz) ) instabilitiesinstabilities
arisearise at the interface of at the interface of twotwo fluidfluid in in pressurepressure
equilibriumequilibrium and in relative and in relative motionmotion..

TheyThey are are relevantrelevant forfor astrophysicalastrophysical flowsflows wherewhere
geometricalgeometrical, , magneticmagnetic and and relativisticrelativistic effectseffects
governgovern theirtheir behaviorbehavior and and evolutionevolution..

In the case of In the case of jetsjets, , thesethese instabilitiesinstabilities areare
invokedinvoked toto interpretinterpret the the observedobserved morphologiesmorphologies, , 
relativisticrelativistic particleparticle accelerationacceleration and and entrainmententrainment
processesprocesses..
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The linear stability analysisThe linear stability analysis

1.1. toto classifyclassify the the unstableunstable modesmodes;;
2.2. toto limitlimit the the instabilityinstability regionsregions in the in the 

parameterparameter space;space;
3. 3. toto obtainobtain the the spatialspatial or or temporaltemporal growthgrowth rate.rate.

AdvantagesAdvantages::
1.1. possibilitypossibility toto studystudy the the stabilitystability forfor a wide a wide 

fieldfield of of physicalphysical parametersparameters and and spatialspatial andand
temporaltemporal scalesscales;;

2. derive a 2. derive a guidelineguideline forfor a a physicalphysical understandingunderstanding
of the of the nonlinearnonlinear developmentdevelopment of the of the instabilityinstability..

BUT the reality BUT the reality isis nonlinearnonlinear……
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The linear stability analysisThe linear stability analysis

The interface The interface betweenbetween the the twotwo fluidsfluids
isis displaceddisplaced byby a a smallsmall amountamount::

u>u
0         

P<P
0

u<u
0         

P>P
0
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The linear stability analysisThe linear stability analysis

Qualitative Qualitative interpretationinterpretation::
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LinearizeLinearize the HD equations:the HD equations:
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PlanePlane--wave analysis:wave analysis:

( ){ }trkipu ωρ −⋅∝ rrr
exp,, 111

The linear stability analysisThe linear stability analysis

Temporal analysis: Temporal analysis: ww complex and complex and kk realreal
Temporal analysis: Temporal analysis: ww real and real and kk complexcomplex

After imposing the pressure equilibrium After imposing the pressure equilibrium 
across the interface and the continuity of across the interface and the continuity of 
the displacement of the surface separating the displacement of the surface separating 
the two fluids one obtains the:the two fluids one obtains the:

Dispersion relation Dispersion relation D(D(ww , k)=0, k)=0
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Planar flow           algebraic DR (temporal)Planar flow           algebraic DR (temporal)

The linear stability analysisThe linear stability analysis

Unstable solutions are:Unstable solutions are:
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The linear stability analysis (planar)The linear stability analysis (planar)

Growth rate Growth rate behaviourbehaviour::

8
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The limitThe limit MMÜÜ 11, incompressible flow:, incompressible flow:

The linear stability analysis (planar)The linear stability analysis (planar)

Always unstable against KHI.Always unstable against KHI.

( )iM ±= 1
2

φ

ForFor the the twotwo rootsroots becomebecome realreal and the and the 
perturbationsperturbations becomebecome travellingtravelling sound sound waveswaves..

8>M
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Effect of a magnetic fieldEffect of a magnetic field

Longitudinal:decreaseLongitudinal:decrease in the growth rates (Fig.)in the growth rates (Fig.)
Transverse: no effect if Transverse: no effect if 
((TrussoniTrussoni 2007)2007)

( )22
0 / As vcuM +→
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In cylindrical geometry the DR is:In cylindrical geometry the DR is:
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Ordinary (surface) modes:Ordinary (surface) modes:
1.1. decay with distance from the sheardecay with distance from the shear
2.2. non propagatingnon propagating

Reflected (body) modes:Reflected (body) modes:
1.1. unstable forunstable for MMtt22
2.2. propagating as sound waves or MHD propagating as sound waves or MHD 

waveswaves
3.3. interest the whole spaceinterest the whole space

The linear stability analysisThe linear stability analysis
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Growth times of the most unstable modes:Growth times of the most unstable modes:

The linear stability analysisThe linear stability analysis
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Growth lengths of the most unstable modes:Growth lengths of the most unstable modes:

1, 21
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((dependdepend on on theoreticaltheoretical detailsdetails))



81

Ordinary (surface) modesOrdinary (surface) modes ((M=1M=1):):

The nonlinear evolutionThe nonlinear evolution
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Reflected (body) modesReflected (body) modes ((M=3M=3):):

The nonlinear evolutionThe nonlinear evolution
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Reflected (body) modesReflected (body) modes ((M=3M=3) ) in cylindricalin cylindrical
geometry:geometry:

The nonlinear evolutionThe nonlinear evolution

Responsible of the knots along the jets?Responsible of the knots along the jets?
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Jet instabilities and braking in Jet instabilities and braking in FRIsFRIs

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

02

2

2

2

=





















+
∂
∂+





















−∂
∂ ∑

i

i

kiik

i

i i

k

vf

vw

pvvw

v

x

f

pw

vw

t

ργ
γ

δγ
ργ

ργ
γ
γ
ργ

pp=gas=gas pressurepressure, , ww=enthalpy=enthalpy, , ρρ=rest=rest mass density, mass density, 

γγ=Lorentz =Lorentz factorfactor,, f f =tracer=tracer
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Parameter space:Parameter space:

ηη = = ambientambient--toto--jetjet ((properproper) density ratio) density ratio

MM = = Mach Mach numbernumber, , homogeneoushomogeneous ambientambient mediummedium
NonNon--axialaxial 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 al. 2007, PPM (Mignone et al. 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 LorentzPresence of a central spine at high Lorentz
factorfactor
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10,3,104 ==== γ
ρ
ρ

s

j

jet

amb

c

v
M

LorentzLorentz factorfactor distributiondistribution



88

LongitudinalLongitudinal behaviorbehavior of of maximummaximum and and averagedaveraged
LorentzLorentz factorfactor (at VLBI (at VLBI scalesscales) vs ) vs distancedistance::
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““SpineSpine--layerlayer”” structurestructure formationformation::

Spine: Jet mass atSpine: Jet mass at γβγβ ∼∼∼∼∼∼∼∼ 55
LayerLayer: Jet mass at: Jet mass at γβγβ ∼∼∼∼∼∼∼∼ 0.20.2

t=400 t=400 ((dasheddashed),), t=600 t=600 ((solidsolid))
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““SpineSpine--layerlayer”” structurestructure formationformation: : 
syntheticsynthetic VLBI VLBI mapsmaps = radio = radio emissivityemissivity ∝∝∝∝∝∝∝∝ properproper
density density ×××××××× δδ––(2+(2+αα))=[=[γγ(1(1--ββ coscosθθ)] )] ––(2+(2+αα))

θθ = 20= 20°°°°°°°° ::
SpineSpine
boostedboosted

θθ = 60= 60°°°°°°°° ::
SpineSpine
deboosteddeboosted
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�� KHI in low density KHI in low density jetsjets wouldwould produce jet produce jet 
brakingbraking and and limblimb brighteningbrightening at VLBI at VLBI scalesscales

�� ThisThis isis consistentconsistent withwith the low the low 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 10 10 33
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PurelyPurely poloidalpoloidal fieldfield::
�� behaviourbehaviour similarsimilar toto the RHD casethe RHD case

Effects of magnetic fieldsEffects of magnetic fields

GB
v

v
M

A

j
A

41067.1 −≈→==

DisplacementDisplacement currentcurrent notnot
negligiblenegligible anyany longerlonger
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PurelyPurely toroidaltoroidal fieldfield::
�� kinkkink instabilityinstability inducedinduced wigglingwiggling
�� shieldingshielding of the jet of the jet innerinner core, core, reducingreducing thethe

jet jet entrainmententrainment and and brakingbraking
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KinkKink instabilityinstability

2
φφ

BPB ∝
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PurelyPurely toroidaltoroidal fieldfield::
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Effect of magnetic fields: jet axis Effect of magnetic fields: jet axis 
displacementdisplacement

RMHDRMHD

RHDRHD
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�� MHD acceleration of jetsMHD acceleration of jets
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Jet Jet accelerationacceleration

�� 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 threading the SMBH;threading the SMBH;

�� Jet kinetic energy originating from theJet kinetic energy originating from the
accretion energy (e.g. accretion energy (e.g. BlandfordBlandford & & PaynePayne
1982):1982):

MHDMHD--windwind accelerationacceleration modelsmodels, , drivendriven byby
the mass the mass accretionaccretion rate through a diskrate through a disk
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Jet Jet accelerationacceleration

1) 1) Jet energy extracted from the rotatingJet energy extracted from the rotating
SMBH (Blandford & Znajek 1977):SMBH (Blandford & Znajek 1977):
needneed of a strong of a strong magneticmagnetic fieldfield threading threading 
the SMBH (Livio the SMBH (Livio etet al. 1999), al. 1999), muchmuch
largerlarger thanthan the the innerinner disk disk fieldfield::

BH BH spinspin parameterparameter (a(a22 < 1)< 1)
No No reasonreason toto supportsupport thisthis hypothesishypothesis..
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Acceleration in jets  Acceleration in jets  
FromFrom the work the work donedone toto produce produce 
cavitiescavities (Allen (Allen etet al. 2006,al. 2006,
Heinz Heinz etet al. 2007):al. 2007):
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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 (Allenpower (Allen
etet al. 2006, Heinz al. 2006, Heinz etet al. 2007, al. 2007, BalmaverdeBalmaverde
etet al. 2008)al. 2008) Ordinary Ordinary mattermatter in the jet?in the jet?
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Jet acceleration: classes of modelsJet acceleration: classes of models

a)a) DiskDisk --wind models                                                     wind models                                                     
acceleration: centrifugal below the acceleration: centrifugal below the alfvalfv èènicnic surface, magnetic surface, magnetic 
pressure gradient above                                         pressure gradient above                                         
collimation: magnetic tension (hoopcollimation: magnetic tension (hoop --stress)stress)

b)b) ““ StellarStellar ”” wind models                                                    wind models                                                    
acceleration: mostly due to pressure gradient               acceleration: mostly due to pressure gradient               
collimation: magnetic tensioncollimation: magnetic tension

a) b)
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DiskDisk--windwind jetsjets: : stationarystationary modelsmodels

ThinThin diskdisk

CorotationCorotation

No No corotationcorotation

BlandfordBlandford & & PaynePayne (1982), (1982), CamenzindCamenzind (1996)(1996)
SpruitSpruit (1996), (1996), FerreiraFerreira (1997)(1997)
VlahakisVlahakis etet al. (2000)al. (2000)
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DW DW jetsjets: : launchinglaunching mechanismmechanism

CentralCentral objectobject

BeadBead --onon --aa--wirewire FieldField lineline

DiskDisk

CentrifugalCentrifugal
forceforce

θ

1.1. ΘΘ >> 6060oo: no flow: no flow
2.2. ΘΘ ≤≤ 6060oo: : windwind
3.3. ΘΘ <<<< 6060oo: slow flow: slow flow
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DW DW jetsjets: : launchinglaunching mechanismmechanism

CentralCentral objectobject

CollimationCollimation ::
MagneticMagnetic tensiontension

((HoopHoop --stressstress ))

AccelerationAcceleration ::
MagneticMagnetic pressurepressure

gradientgradient

DiskDisk

AccelerationAcceleration ::
centrifugalcentrifugal
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Analytical Approaches Analytical Approaches 

•• The ideal, steadyThe ideal, steady --state state axisymmetricaxisymmetric MHD equations have been MHD equations have been 
solved by a nonsolved by a non --linear separation of the variableslinear separation of the variables

•• Solutions are obtained by the assumption of selfSolutions are obtained by the assumption of self --similarity, which similarity, which 
implies the invariance along one direction of the sp herical implies the invariance along one direction of the sp herical 
coordinates (r, coordinates (r, θθ))

•• The analytical models provide density and the veloci ty and The analytical models provide density and the veloci ty and 
magnetic field vectors as functions of (r, magnetic field vectors as functions of (r, θθ))

– Radially
Self-Similar (a)

the same                              
for any θ

– Meridionally
Self-Similar (b)

the same
for spherical surfaces

21 /ϖϖ

21 /ϖϖ
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The solutionsThe solutions

The The RadiallyRadially Self Similar Models:Self Similar Models:

– describe a magneto-
centrifugally disk wind

– they have conical critical 
surfaces (slow, Alfvèn, fast)

– however, they are singular at 
the axis

– they are derived with the 
polytropic assumption with a 
constant polytropic index

(Contopulos & Lovelace 1994, 
Ferreira 1997, Vlahakis et al. 2000)
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The solutionsThe solutions
MeridionallyMeridionally Self Similar ModelsSelf Similar Models :

– describe a thermally driven stellar outflow

– have spherical critical surfaces (slow, Alfvèn, fast)

– there are magnetic fieldlines not connected to the star surface
– they correspond to a variable effective polytropic index

(Sauty & Tsinganos 1994, Trussoni et al. 1997, Sauty et al. 2002)
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Numerical simulationsNumerical simulations

MHD jet MHD jet accelerationacceleration studiesstudies byby numericalnumerical meansmeans ,,
in 2D in 2D axisymmetryaxisymmetry ::

1.1. Considering the disk as a Considering the disk as a givengiven boundaryboundary conditioncondition
(e.g., (e.g., OuyedOuyed & & PudritzPudritz 1997,  1997,  UstyugovaUstyugova etet al. 1999, al. 1999, 
FendtFendt 2006 ); 2006 ); 

2.2. ProducingProducing accretionaccretion --ejection flows evolving disk ejection flows evolving disk 
and jet and jet selfself --consistentlyconsistently (e.g., Casse & Keppens (e.g., Casse & Keppens 
2002, Kato 2002, Kato etet al. 2002, Zanni al. 2002, Zanni etet al. 2007, al. 2007, TzeferacosTzeferacos
etet al. 2009)al. 2009)
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AccretionAccretion--ejectionejection: : initialinitial setupsetup
SelfSelf--similarsimilar ““KeplerianKeplerian”” disk in disk in equilibriumequilibrium withwith
gravitygravity, , thermalthermal pressurepressure gradientgradient and and LorentzLorentz forceforce

Disk Disk parametersparameters at at r=rr=r 00:: β = 2P/B2 , h = α Va H exp[-2(z/H)2]

H = thermalthermal disk disk heightscaleheightscale =(Cs/ΩK)z=0 ,  

η = magneticmagnetic diffusivitydiffusivity (“ α” prescriptionprescription) (Rogava and Rogava and 
BodoBodo talkstalks)

((ShakuraShakura & & SunyaevSunyaev 1973, 1973, FerreiraFerreira 1997)1997)

UnitUnit of time, of time, rr00 innerinner truncationtruncation radiusradius::
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AccretionAccretion--ejectionejection: : initialinitial setupsetup
SelfSelf--similarsimilar initialinitial conditioncondition forfor a a physicalphysical quantityquantity UU::

z=0z=0 isis the disk the disk midplanemidplane
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• Resistive 2.5D MHD simulations of 
jet launching. Focus: magnetization

Tzeferacos et al. MNRAS 2009

β = 2P / B2 

• Self-consistent jet ejection 
from an accretion disc.  Super 
Alfvènic, super fast magneto-
sonic outflows

• Steady state solutions 
obtained only for above 
equipartition plasma β (c 1,2)

• From weak (c 1, 2) to strong 
magnetic fields (c 3, 4), we study 
the range

1/3 ≤ β ≤ 10.0
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Temporal evolutionTemporal evolution
CloseClose--up on the ejection regionup on the ejection region

Initial conditionsInitial conditions
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•Strong correlation between 
disc heating effects and 
mass loading.

•Efficient acceleration and 
stationarity is found for mildly 
warm and cold cases, 
comparable to slow radio-
galaxies and YSO jets   

• Viscous and Resistive 2.5D MHD 
simulations of jet launching. 
Focus: Effects of entropy generation 
due to viscous and Ohmic heating

• Shakura& Sunyaev α prescription
for viscosity and resistivity, with a 
magnetic prandtl number (viscous/
magnetic diffusion rates):

Pm= ηu  / ηm ~ 1 Tzeferacos et al. (TBS to MNRAS)
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cold warm
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ConclusionsConclusions
�� AGN AGN jetsjets ccrucialrucial physicalphysical parametersparameters mustmust

bebe indirectlyindirectly derivedderived fromfrom observationsobservations

�� A A fluidfluid descriptiondescription can can bebe reasonablyreasonably

appliedapplied toto describedescribe the jet the jet phenomenologyphenomenology

�� Jet Jet brakingbraking and and limblimb--brighteningbrightening can can bebe

intepretedintepreted in in termsterms of the of the evolutionevolution of KH of KH 

instabilitiesinstabilities

�� Jet power Jet power appearappear toto bebe connectedconnected

toto the the accretionaccretion power power ontoonto the the centralcentral

SMBH       SMBH       accretionaccretion--ejectionejection windwind--jetjet

modelsmodels


