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Abstract Jetphysics is again �ourishing asa resultof Chandra's ability to re-
solve high-energy emissionfrom the radio-emittingstructuresof active galaxies
andseparateit fromtheX-ray-emittingthermalenvironmentsof thejets.Theseen-
hancedcapabilitieshavecoincidedwith anincreasinginterestin thelink between
thegrowth of super-massive blackholesandgalaxies,andanappreciationof the
likely importanceof jets in feedbackprocesses.I review the progressthat has
beenmadeusingChandra andXMM-Newtonobservationsof jetsandthemedium
in which they propagate,addressingseveral importantquestions,including: Are
the radio structuresin a stateof minimum energy? Do powerful large-scalejets
have fastspinalspeeds?Whatkeepsjetscollimated?Whereandhow doesparti-
cle accelerationoccur?What is jet plasmamadeof? What doesX-ray emission
tell us aboutthe dynamicsandenergeticsof radio plasma/gas interactions?Is a
jet's fatedeterminedby thecentralengine?
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1 The stageis set

1.1 Historicalperspective

In the 1970sand 1980sthe powerful capabilitiesof radio interferometrygave
birth to the study of extragalactic radio jets. It becameclear that radio jets are
plasmaout�ows originatingin the centresof active galaxies,seenthroughtheir
synchrotronemission.After much debate,propertiessuchas the relative one-
sidednessof the jets,andthe measurementof apparentsuperluminalexpansion,
by Very Long BaselineInterferometry(VLBI), wereacceptedasdueto the out-
�o ws having relativistic bulk speeds.Early attemptsat unifying sourcepopula-
tions basedon specialrelativity andapparentsourceproperties[e.g., 175] have
developedover the yearsinto comprehensive uni�ed schemes[e.g., 8] whereby
quasarsareexplainedasradiogalaxieswhosejetsareat smallanglesto the line
of sightandsoareboostedby relativistic effects.

By themid 1990s,thestudyof radio jetshadreachedsomethingof a hiatus,
andmajorgroupsaroundtheworld turnedtheirattentionto otherpursuitssuchas
gravitationallensingandthestudyof theCosmicMicrowaveBackground(CMB)
radiation.A turningpointwasthesensitivity andhigh-�delity mirrorsof theChan-
dra X-ray Observatory [209], which resultedin the detectionof resolved X-ray
emissionfrom many tensof well-known extragalactic radio sources(see[103]
for a sourcecompilationas of 2006: the numbercontinuesto increase).When
combinedwith X-ray measurementsof theambientgasmadewith Chandra and
XMM-Newton, andmultiwavelengthdata,many importantquestionsrelatedto the
physicsof jets canbe addressed.Progresstowardsansweringthosequestionsis
thesubstanceof this review.

The enhancedcapabilitiesfor the X-ray study of jets have coincidedwith
stronginterestfrom the wider astronomicalcommunityin the growth of super-
massive blackholes(SMBHs),following the links thathave beenmadebetween
SMBH andgalaxy growth [e.g.,165; 79]. SMBHs (andindeedcompactobjects
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of stellarmass)commonlyproducejets,asanoutcomeof accretionprocessesre-
sponsiblealsofor black-holegrowth. It isalsoclearthatextragalacticjetsarecapa-
bleof transferringlargeamountsof energy to baryonicmatterin thehostgalaxies
andsurroundingclustersat large distancesfrom the SMBH. The way in which
heatingduringthejet modeof AGN activity might overcometheproblemof fast
radiative cooling in the centreof clustersis now intenselystudiedin nearbyob-
jects(seex7), andheatingfrom `radiomode'activity is includedin simulationsof
hierarchicalstructureformation[e.g.,57]. We needthereforeto understandwhat
regulatestheproductionof jetsandhow muchenergy they carry. X-ray measure-
mentsof nuclearemissionprobethefuelingandaccretionprocesses,andthoseof
resolvedjet emissionandthesurroundinggaseousmediumprobejet composition,
speed,dynamicalprocesses,energy deposition,andfeedback.

1.2 Radiationprocesses

Thetwomainjet radiationprocessesaresynchrotronradiationandinverse-Compton
scattering.Their relative importancedependson observingfrequency, location
within thejet, andthespeedof thejet. ThethermallyX-ray-emittingmediuminto
which the jets propagateplaysa major rôle in the propertiesof the �o w andthe
appearanceof the jets. The physicsof the relevant radiationprocessesarewell
describedin publishedwork [e.g.,86; 26; 153; 189; 168; 174; 137], andmostkey
equationsfor thetopicsin this review, in a form thatis independentof thesystem
of units,canbefoundin [220].

It is particularly in the X-ray band that synchrotronradiationand inverse-
Comptonemissionareboth important.X-ray synchrotronemissiondependson
thenumberof high-energy electronsandthestrengthand�lling factorof themag-
netic�eld in therestframeof thejet. InverseComptonX-ray emissiondependson
thenumberof low-energy electrons,thestrengthof anappropriatepopulationof
seedphotons(suchastheCMB, low-energy jet synchrotronradiation,or emission
from the centralengine),andthe geometryof scatteringin the restframeof the
jet. In anidealworld, observationswould besuf�cient to determinetheemission
process,andthis in turn would leadto measurementsof physical parameters.In
reality, X-ray imagingspectroscopy, evenaccompaniedby goodmeasurementsof
themultiwavelengthspectralenergy distribution (SED),often leavesambiguities
in thedominantemissionprocess.Knowledgeis furtheredthroughintensivestudy
of individual sourcesor sourcepopulations.

1.3 Genericclassesof jets

In discussingjets,it is usefulto referto theFanaroff andRiley [74] classi�cation
that dividesradio sourcesbroadly into two morphologicaltypes,FRI andFRII.
A relatively sharpdivision betweenFRIsandFRIIs hasbeenseenwhensources
aremappedontoaplaneof radioluminosityandgalaxyopticalluminosity[136] –
thesocalledLedlow-Owenrelation.FRIIsareof higherradioluminosity, with the
separationbetweentheclassesmoving to largerradio luminosity in galaxiesthat
areoptically moremassive andluminous.The distinct morphologies[e.g.,150]
arebelievedto bea re�ection of different�o w dynamics[e.g.,134].
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Fig. 1 Roughly6.6kpc(projected)of theinnerjet of thez= 0:0165FRI radiogalaxyNGC315.
Left: 5 GHz VLA radiomapshowing a knotty �lamentary structurein diffuseemission.Right:
SmoothedChandra X-ray imageof » 52:3 ks livetimealsoshowing knottystructureembedded
in diffuseemission.Theridge-linede�nedby theradiostructureis shown in white,andindicates
a level of correspondencebetweentheradioandX-ray knots.Figureadaptedfrom [221].

FRIsources(of lowerisotropicradiopower, with BL Lacobjectsasthebeamed
counterpartin uni�ed schemes)have broadeningjets feeding diffuse lobes or
plumesthat canshow signi�cant gradualbending,usually thoughtto be dueto
ram-pressureasthesourcemovesrelative to theexternalmedium.The jet emis-
sionisof highcontrastagainstdiffuseradiostructures,implying thatthejetplasma
is anef�cient radiator. kpc-scalejetsareusuallybrightestat a �aring point some
distancefrom theactive galacticnucleus,andthenfadegraduallyin brightnessat
largerdistancesfrom thecore,althoughthis patternis ofteninterruptedby bright
knots seenwhen the jet is viewed in the radio or the X-ray. Suchan example
is shown in Figure 11. The jets are believed to slow from highly-relativistic to
sub-relativistic �o w on kpc-scalesfrom entrainmentof the external interstellar
medium(ISM), perhapsenhancedby stellarmasslosswithin the jet. Thestrong
velocity shearbetweenthe jet �o w and the almoststationaryexternal medium
mustgenerateinstabilitiesat the interface[20], anddrive the �o w into a turbu-
lent state.The physicsof the resulting�o w is far from clear, althoughit canbe
investigatedwith simplifying assumptions[e.g.,14; 15, andseex4].

FRII sources(of higher isotropic radio power, with quasarsas the beamed
counterpartin uni�ed schemes)have narrower jets thataresometimesfaint with
respectto surroundinglobeplasmaandthat terminateat bright hotspots(Fig. 2).
The jets are often knotty when observed with high resolution,and the jets can
bendabruptly without losing signi�cant collimation (seex3.1 and x5.3 for ex-
amples).Thebendingis often large in quasarjets,supportingtheconjecturethat
quasarsareviewedat smallangleto theline of sightandthatbendsareampli�ed
throughprojection.In contrastto FRI jets which are in contactwith the exter-
nal medium,thestandardmodelfor FRII jets is that they arelight, embeddedin
lobe plasma,and remainsupersonicwith respectto the external gas out to the
hotspots.Theenergy andmomentum�ux esin the �o w arenormallyexpectedto

1 Valuesfor thecosmologicalparametersof H0 = 70km s¡ 1 Mpc¡ 1, Wm0 = 0:3, andWL 0 =
0:7 areadoptedthroughoutthis review.
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Fig. 2 Thez= 0:458FRII radiogalaxy3C 200.A smoothed0.3-5keV Chandra X-ray image
of » 14:7 ks livetime is shown with radio contoursfrom a 4.86 GHz VLA radio map [135]
(beamsize0:3300£ 0:3300). Bothnuclear[11] andextendedX-ray emissionaredetected.A rough
correspondenceof someof theextendedX-ray emissionwith theradiolobeshasresultedin the
claimfor inverse-Comptonscatteringof theCMB by electronsin thelobes[55], but mostof the
extendedemissionover largerscalesis now attributedto clustergas[12].

be suf�cient to drive a bow shockinto the ambientmedium.The ambientgas,
heatedasit crossestheshock,forcesold jet materialthathaspassedthroughthe
hotspotsinto edge-brightenedcocoons.FRII jetsarethuslow-ef�ciency radiators
but ef�cient conveyors of energy to large distances.They areoften hundredsof
kpc in length(particularlywhendeprojectedfor their anglesto the line of sight),
crossingmany scaleheightsof theexternalmediumfrom relatively densegasin a
galaxycoreto outergroupor clusterregionswheretheexternaldensityandpres-
sureareordersof magnitudelower. State-of-the-artthree-dimensionalmagneto-
hydrodynamicalsimulationsthatincorporateparticletransportandshockacceler-
ationdo well at reproducingtheessentialcharacteristicsof synchrotronemission
from suchasource,andsuggestthattheshockandmagnetic-�eldstructuresof the
hotspotsandlobesareextraordinarilycomplex andunsteady[201; 202].

1.4 Lifetimesanddutycycles

IndividualFRI andFRII radiogalaxiesarethoughtto livefor atmostsometensof
millions of years[e.g.,140; 118]. Ageestimatesarebasedonmeasuringcurvature
in the radio spectracausedby radiative energy lossesof the higher-energy elec-
tronsover the lifetime of thesources[e.g.,3]. In contrastto therelative youthof
observedradiostructures,present-dayclusterswerealreadyforming in theyoung
Universe.Ideasthat radio sourceshave an importantrôle in heatingclustergas
(seex7) thenrequirea correctbalancebetweenthe duty-cycle of repeatedradio
activity andheatingef�ciency asa functionof jet luminosity. Theduty cycle can
beprobedby searchingfor evidenceof repeatedactivity from individual sources.
Radiosourcesclassi�edasGHz-PeakedSpectrum(GPS)or CompactSteepSpec-
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trum(CSS)aresmallandbelievedto beeitheryoungor have theirgrowth stunted
by theexternalmedium[151], andsourcestatisticssuggestthat if they evolve to
kpc-scalesizesthey mustdim while sodoing[162]. VLBI kinematicstudiespro-
vide convincing evidencethat sourcesin the CompactSymmetricObject(CSO)
subset,at least,areyoung,with currentageslessthan104 years[52]. Thefactthat
it is relatively uncommonto seeGPSsourceswith extendedradio emissionthat
may be a relic of previous activity hasbeenusedto arguethat periodsbetween
sustainedactivity aregenerallyat leasttentimeslongerthantheradiative lifetime
of theradioemissionfrom theearlieractivity [190]. This is consistentwith a time
betweenepisodesof activity in FRIIsof betweenabout5£ 108 and109 yearsthat
is estimatedusingoptical- andradio-catalogcrosscorrelationscoupledwith an
averagesourcelifetime of about1:5£ 107 yearsfrom modellingprojectedsource
lengths[18]. Of course,within the lifetime of an individual radio sourcethere
mightbeshorter-terminterruptionsor variationsof activity (seex8.1).

2 Ar e the radio structur esin a stateof minimum energy?

2.1 Calculationof theminimum-energy �eld

Themagnetic�eld strengthandparticlespectrumareimportantfor jet physicsas
they de�ne the internalpressure.The level of synchrotronradiationdependson
themagnetic-�eldstrengthandthenumberof relativistic electronsandpositrons,
but thesequantitiesareinseparablebasedon the observed synchrotronradiation
alone.To progressfurther it is usualto assumethat the sourceis radiatingsuch
that its combinedenergy in relativistic particlesandmagnetic�eld is a minimum
[35]. In this situationthe energy in the magnetic�eld is » 3=4 of the energy in
the relativistic particles,andso this is similar to the conditionin which the two
areequaland the sourceis in `equipartition'.A changein any directionof the
ratioof energy densityin particlesto magnetic�eld increasesthetotalenergy and
pressurein theemittingplasma.

The minimum-energy magnetic�eld for a power-law spectrumof electrons
producingradiationof ameasured�ux densityataparticularfrequency canbecal-
culatedanalytically[e.g.,220], andfor morecomplicatedspectrathe resultscan
beobtainedvia numericalintegration.Physicalinsightcanbegainedby consider-
ing a power-law spectrumwhereelectronsgive rise to a synchrotronluminosity,
Ln , at agivenfrequency n of theform

Ln µ n¡ a : (1)

It is now normallythoughtpreferableto de�ne thespectrallimits via a minimum
andmaximumLorentzfactorfor theelectronsin thesourceframe,gmin andgmax,
[e.g., 220], ratherthanassynchrotronfrequenciesin the observer's frame[e.g.,
147], sincethe former is relatedto accelerationprocessesandhasthe potential
for beingchosenon a physical basis.Exceptin the specialcaseof a = 0:5, the
minimum-energy magnetic�eld strength,Bme, is givenby

Bme =

"
(a + 1)C1

2C2

(1+ K)
hV

Lnna

¡
g1¡ 2a
max ¡ g1¡ 2a

min

¢

(1¡ 2a )

#1=(a + 3)

; (2)
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whereV is the sourcevolume,andC1 andC2 arecombinationsof fundamental
physicalconstantsandfunctionsof a givenby synchrotrontheory[for detailssee
220]. Following thenotationof [147], K is theratio of energy in otherrelativistic
particlesto that in the electronand positroncomponent,and h is the fraction
of thevolume�lled by particlesand�elds (theso-called�lling factor).The true
minimumenergy is whentheonly relativistic particlesareradiatingleptons,and
thevolumeis completelyanduniformly �lled with radiatingparticlesand�elds.
SomeauthorsconsistentlyusetheseassumptionswhencalculatingBme. If K > 0
or h < 1 thenBme is increased.Resultsfor Bme aremorestronglydependenton
gmin thangmax, sincea > 0:5 for mostobservedradiospectra.

Relativistic beamingof asourceaffectsBme (asconsideredlaterin x3.2).Since
thereis inevitably uncertaintyin the value of beamingparameters,Bme is best
measuredin componentsfor whichbulk relativistic motionis believedto besmall
or negligible. Of course,even in the absenceof relativistic beaming,the angle
to the line of sight,q, entersinto thecalculationvia a correctionfrom projected
linearsizeinto truesourcevolume,V. Typicalvaluesfoundfor Bme in radiolobes
andhotspotsare2–200mGauss(0.2–20nT) [e.g.,119], althougha hotspot�eld
aslargeas3000mGausshasbeenmeasured[91].

Figure3 shows the dependenceof Bme on gmin, K, h , andq, separatelyfor
electronsgiving riseto synchrotronspectrawith a = 0:6 anda = 1:1. Theformer
slopeis asexpectedfrom electronsundergoinghighly relativistic shockacceler-
ation [1], and the latter whereenergy losseshave steepenedthe spectrum.The
curvesshow that Bme changesratherlittle (within factorsof at mosta few) for
ratherlargechangesin theinputassumptions.

2.2 UsingX-raysto testminimumenergy

The minimum-energy assumptioncanbe testedby combiningmeasurementsof
synchrotronandinverse-Comptonemissionfrom thesameelectronpopulation.If
theinverseComptonprocessis responsiblefor mostof theX-ray radiationthatis
measured,andthepropertiesof thephoton�eld areknown, theX-ray �ux density
is proportionalmerelyto thenormalizationof theelectronspectrum,k , if theusual
power-law form

N(rel)
e = kg¡ p (gmin · g · gmax) (3)

is assumed,whereN(rel)
e is the numberof relativistic electronsper unit g. The

upscatteredphotonsmight betheCMB, whosepropertiesarewell known. Alter-
natively they couldbetheradiosynchrotronradiationitself, in theprocessknown
assynchrotronself-Compton(SSC),or photonsfrom theactive nucleus,particu-
larly at infraredthroughultraviolet frequencies.Sincetheavailablephotonsrange
in frequency, so too do the energiesof electronsresponsiblefor scatteringthem
into the X-ray, and theseare rarely the sameelectronsfor which the magnetic
�eld is probedthroughsynchrotronradiation.Nevertheless,it is usualto assume
thatthemagnetic�eld, photons,andrelativistic electronsareco-located,with the
synchrotronphotondensityproportionalto kB1+ a . Herea is de�ned asin Equa-
tion 1, andtheorygivesa = (p¡ 1)=2. The combinationof synchrotron(radio)
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Fig. 3 Effect on the calculatedminimum-energy magnetic�eld if a parametervalueis varied
from its nominalvalue(left-hand-sideof plot). Resultsarefor a power-law electronspectrum,
extendingfrom Lorentz factor gmin to gmax = 105, that gives rise to a synchrotronspectrum
Sn µ n¡ a with a = 0:6 (solid lines) anda = 1:1 (dashedlines). (a): increasinggmin from a
valueof 10. (b): increasingtheratio of energy in otherparticlesto that in electrons,K, from a
valueof zero.(c): decreasingthe�lling factor, h , from a valueof 1. (d) decreasingtheangleto
theline of sight,andthusincreasingthesourcevolumefrom theprojectedsizeatq = 90±.

�ux densityandinverseCompton(X-ray) �ux densitythenallows a valuefor the
magnetic�eld strength,BSiC, to beinferredandcomparedwith Bme.

Sincethemodellingrequiresthatthevolumeandany bulk motionof theemit-
ting plasmabeknown, thebestlocationsfor testingminimumenergy aretheradio
hotspots,which arerelatively bright andcompact,andarethoughtto arisefrom
sub-relativistic �o wsat jet termination[but see80], andold radiolobeswherethe
plasmamay be relatively relaxed.Thereis no reasonto expectdynamicalstruc-
turesto beatminimumenergy.

It wasanticipatedthatChandra andXMM-Newtonwould make importantad-
vancesin testsof minimum energy, sincealreadywith ROSAT andASCAthere
wereconvincingdetectionsof inverseComptonX-ray emissionfrom thehotspots
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Fig. 4 Theamountby which the fractionof the total X-ray �ux densityattributableto inverse
Comptonradiation,X-rayiC/X-raytotal, would have to bereducedfor a resultof BSiC=Bme = 0:5
to beincreased.Solidanddashedcurvesarefor a = 0:6 anda = 1:1, respectively.

andlobesof ahandfulof sources[e.g.,101; 76;195], andpioneeringwork on the
hotspotsof CygnusA had found goodagreementwith minimum energy [101].
Chandra and XMM-Newton have allowed such teststo be madeon a signi�-
cantnumberof lobesandhotspots,with resultsgenerally�nding magnetic�eld
strengthswithin a factorof a few of their minimum energy (equipartition)val-
uesfor K = 0 and h = 1 [e.g., 95; 33; 110; 51; 30; 10; 54; 148]. A study of
» 40 hotspotX-ray detectionsconcludesthat the most luminoushotspotstend
to be in goodagreementwith minimum-energy magnetic�elds, whereasin less-
luminoussourcesthe interpretationis complicatedby an additionalsynchrotron
componentof X-ray emission[98]. Considerablecomplexity of structureis seen
wherehotspotsarecloseenoughfor X-ray imagesto havekpc-scaleor betterres-
olution [e.g.,126].

For radio lobes,the largestsystematicstudywhereit is assumedthat all the
X-ray emissionis inverseComptonradiationis of 33 FRII lobes,and�nds 0:3 <
BSiC=Bme < 1:3 [55]. Sincetheasymmetryis on thesideof BSiC < Bme, it is im-
portantto recognizethat theanalysismaynot have accuratelytakeninto account
contributionsto thelobeX-ray emissionfrom clustergas,now commonlydetected
away from theloberegionsin FRII radiogalaxies[12, andseeFig. 2]. However,
asseenin Figure4, thelobeX-ray emissionfrom clustergaswouldhave to befar
brighterthanthatfrom inverseComptonscatteringto causeBSiC=Bme to increase
signi�cantly (e.g.,from 0.5 to 1.0),andthis is incompatiblewith theobservation
thatlobesstandout in X-raysascomparedwith adjacentregions.

BetteragreementbetweenBSiC andBme would be achieved if Bme hasbeen
overestimated.Figure3 shows thatdecreasingthe�lling factoror includingrela-
tivistic protonsthatenergeticallydominatetheelectronshave theoppositeeffect.
A decreasein Bme is found if the sourcehasbeenassumedto be in the plane
of the sky whereasit is really at a small angle,with the structureshaving more
volume.However, the small anglesrequiredto make an appreciabledifference
would be inconsistentwith randomsampling.More promisingwould be if gmin
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Fig. 5 Theratioof totalenergy in electronsandmagnetic�eld, computedfrom combinedX-ray
inverseComptonandradiosynchrotronmeasurements,to thatcalculatedfor minimumenergy,
for the rangeof BSiC=Bme typically observed. Solid and dashedcurves are for a = 0:6 and
a = 1:1, respectively.

werehigherthantypically assumed,asstressedby [27] who claim evidencefor
a valueof gmin ashigh as» 104 in the hotspotof oneFRII radio galaxy, with a
lower valueof gmin » 103 in the lobesasa resultof adiabaticexpansion.This is
in line with earliermeasurementsof spectral�attening at low radio frequencies
in hotspotspectra,suggestive of valuesof gmin no lower thana few hundred[e.g.,
133; 41]. Why theremightbesuchagmin in ahotspotis discussedby [91].

It is importantto stressthat�nding BSiC=Bme within a factorof a few of unity
doesnotallow strongconstraintsto beplacedonphysicalparameters.As shown in
Figure3, largechangesin inputparametersdonotchangeBme, andthusBSiC=Bme,
by a large amount.It is often pointedout that if the magnetic-�eldstrengthis a
factorof a few below Bme, theenergy in relativistic electronsmustdominatethe
magnetic-�eld energy by ordersof magnitude.While this is relevant for under-
standingthestateof theplasma,doesthis really matterfrom thepoint of view of
sourceenergetics?The increasein combinedelectronandmagnetic-�eldenergy
over theminimumenergy is relatively modestaslong astheelectronspectrumis
not verysteepandthe�eld strengthis no lessthanabouta third of Bme (Fig. 5).

In any case,it is clearthatapplicationof minimumenergy over largeregions
is anoversimpli�cation.Three-dimensionalmagneto-hydrodynamicalsimulations
that incorporateparticle transportandshockacceleration[201; 202] �nd much
substructureof particledistributionsand�elds within thevolumestypically inte-
gratedover observationally. Complexity on a coarserscaleis seenin someobser-
vations[e.g.,110; 148].
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100 kpc

Fig. 6 Thez= 0:651quasarPKS0637-752,usingdatafrom [177]. Theplot showsasmoothed
Chandra X-ray imageof » 35 ks exposurewith radiocontoursfrom an8.64GHz ATCAradio
map(beamsize0:9600£ 0:8100). X-ray emissionis detectedfrom thenucleusandfrom thewest-
ern radio jet beforeit bendsnorth.The bright jet region 7:800westof the nucleusis known as
Knot WK7.8.

3 Do powerful large-scalejets have fast spinal speeds?

3.1 Theimpetusfrom PKS0637-752

Chandra is centralto thecurrentdebateconcerningjet speedin thepowerful radio
jetsof quasars.Thework waskick-startedunexpectedly. Observingquasarswas
not initialy a high scienti�c priority for Chandra, as it was recognizedthat the
coreswerebright, andthe likelihoodof multiple photonsarriving betweenCCD
readoutswashigh,leadingto distortedspectralmeasurements(socalled`pileup').
It wasthusfortuitousthata radio-loudquasarwasthechosentarget for in-�ight
focuscalibration,sincethis led to thedetectionof resolvedjet emissionfrom the
z= 0:651quasarPKS0637-752[177; 45, andseeFig. 6].

Severalpossibleoriginsfor PKS0637-752's jet X-rayswereconsidered.The
level of optical emissionwas too low to explain the X-rays as the synchrotron
radiationfrom a single populationof electrons,and SSCwas disfavouredas it
would requirestrongdominanceof the energy in relativistic electronsover that
in magnetic�eld, giving a total energy in particlesand�eld that is » 1000times
thatgivenby minimumenergy [177]. A morepromisingexplanationallowedthe
jet to be at minimum energy but requiredit to have fastbulk motion (a Lorentz
factorof G » 20atq » 5± to theline of sight),in whichcaseit wouldseeboosted
CMB in its restframeandemit beamedX-raysin theobserver's frame[197; 44].
Althoughsucha speedandangleareconsistentwith VLBI measurementson pc
scales[139], thefastspeedmustpersistup to hundredsof kpc from thecore(after
projectionis takeninto account)for theX-raysto beproducedby thismechanism,
which I will call “beamediC-CMB”. Thisexplanationrancounterto thecommon
wisdomof thetime,basedon radiodata,thatthebulk relativistic speedof quasar
jetson the largescaleis G » 2 [e.g.,31; 208]. To overcomethecontradiction,it
wassuggestedthat quasarjets have a fast-moving centralspineresponsiblefor
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the observed X-rays, and a slower-moving outer region that emits the bulk of
theobservedradioemission[44]. This follows thesamepatternasthetransverse
velocity structures,conjecturedfor FRI jets, that are thoughtto result from the
entrainmentof externalmaterial(seex4).

3.2 Thedependenceof beamediC-CMB onbeamingfactorsandredshift

In modellingbeamediC-CMB emission,mostauthorsusetheapproximationthat
CMB photons,isotropic in the observer's frame,arescatteredinto directionsin
the jet framethatareparallelto the instantaneousvelocity vectorsof thescatter-
ing electrons[e.g.,58; 102]. Thishasbeenshown to beanexcellentapproximation
for calculatingtheX-ray emissivity aslong asthe jet's bulk motionhasLorentz
factorG ¸ 2 [59], whichis, in any case,requiredfor themechanismto beeffective
at producingstrongX-ray �ux es.The basicphysicsof the formalismis particu-
larly clearlypresentedin [58], andherethoseformulaearepresentedin a slightly
differentform which is independentof thesystemof units.

Weconsiderasourcetravelling atspeedbc andbulk LorentzfactorG towards
theobserver at anangleq to theline of sight,sothatthebulk relativistic Doppler
factor, d, is givenby

d =
1

G(1¡ b cosq)
: (4)

An electronof Lorentzfactorg will scattera CMB photonthathasa charac-
teristicfrequency todayof nCMB to anobservedfrequency, n, givenby

n = nCMBg2 d2(1+ cosq)
(1+ b)

; (5)

where the spectralredistribution function is approximatedas a delta function
[equation(7) of 58, written in the notationof this paper].A delta-functionap-
proximationis alsousedfor the synchrotronspectraldistribution function such
thatanelectronof Lorentzfactorg radiatesat frequency

n = g2ng; (6)

whereng is the non-relativistic electrongyrofrequency, which is proportionalto
the magnetic�eld strength,B. Written in SI units, ng = eB=2pme ¼ 30B GHz,
whereB is in unitsof Tesla.For a CMB that is monochromaticat a frequency of
nCMB at redshiftequalto zero,thenthe ratio of inverseComptonto synchrotron
�ux densityata �x edfrequency in theobserver's frameis simplygivenby

SiC¡ CMB

Ssyn
=

3
4

d1+ a (1+ z)3+ a
µ

1+ cosq
1+ b

¶ 1+ a uCMB

uB

µ
nCMB

ng

¶ a ¡ 1

; (7)

whereuCMB is the energy-densityof the CMB at a redshift of zero and uB is
the energy densityin the magnetic�eld in the rest-frameof the jet. Noting that
uB µ B2

int andng µ Bint, whereBint is the intrinsic magnetic-�eldstrengthin the
rest-frameof thejet,
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SiC¡ CMB

Ssyn
µ

d1+ a

B1+ a
int

(1+ z)3+ a
µ

1+ cosq
1+ b

¶ 1+ a

: (8)

If themodellingassumesminimumenergy in relativistic particlesand�elds,
thenEquation2 canbeused.Theluminositydensitycanbewritten in termsof the
observablesynchrotron�ux densityusing

Lnd(3+ a ) = (1+ z)a ¡ 1Sn 4pD2
L ; (9)

whereDL is theluminositydistance.Thevolumeof aradiosourcecanbespeci�ed
in termsof its angularcomponentsizes,qx, qy andpathlengththroughthesource,
d, as

V = qxqy dD2
L=(1+ z)4: (10)

Substitutingfor Ln andV (Equations9 and10) in Equation2 thengives

Bme =

"
(a + 1)C1

2C2

(1+ K)
h qxqyd

4p
Sn

d(3+ a )
na (1+ z)3+ a

¡
g1¡ 2a
max ¡ g1¡ 2a

min

¢

(1¡ 2a )

#1=(a + 3)

;

(11)
i.e.,

Bme µ
(1+ z)

d
: (12)

Substitutingfor Bint = Bme in Equation8 gives

SiC¡ CMB

Ssyn
µ d2+ 2a (1+ z)2

µ
1+ cosq

1+ b

¶ 1+ a

: (13)

Equation9 (andthusEquations11,12and13)appliesto asphericalblobin which
Ssyn µ d3+ a : for a continuousjet whereSsyn µ d2+ a , Bme µ 1=d(2+ a )=(3+ a ) , and
Equation13hasaslightly morecomplicateddependenceond. Also, Equation10
adoptsthe assumptionthat the pathlengththroughthe jet is independentof red-
shift.Alternativeassumptionscouldbeadopted,modifyingtheredshiftdependen-
ciesin Equations11,12and 13.

3.3 How is thebeamediC-CMB modelfaringunderscrutiny?

It wasobvious that therewere importantconsequencesif the beamediC-CMB
interpretationof the X-ray emissionfrom the resolved jet of PKS 0637-752is
correct,andholdsfor otherquasarjets.In particular, increasingG from theprevi-
ouslyacceptedvalueof » 2 to G » 20 meansincreasingthejet powerby a factor
of » 100,or moreif cold ionsareanimportantcontributor to thejet composition
[seeappendixB of 178].

Programstargeting the resolved radio jets of core-dominatedquasarswith
Chandra followed the work on PKS 0637-752[170; 171; 141]. The detection
successrate of roughly 50 per cent in relatively short exposuresmadeit clear
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Fig. 7 Normalizedratio of inverseComptonto synchrotron�ux densityfor a �x ed intrinsic
magnetic�eld strengthfor differentjet anglesto the line of sight.The normalizationis to the
valuefor a jet with a Lorentzfactorof 15 anda =1.1at 0± to theline of sight.Solid anddashed
curvesarefor a = 0:6 anda = 1:1, respectively. Eachsethascurvesfor G = 15,G = 10,and
G = 5, in descendingorderatq = 0±. BasedonEquation8.

thatPKS0637-752is not anoutlier. LongerChandra observationsweremadeof
someof the X-ray brightestandmorphologicallymost interestingsources[e.g.,
142; 169; 181; 182; 183; 115; 116; 178; 180; 179; 200]. Thecombinationof sur-
veys andlong pointedobservationshave madeit possibleto look critically at the
applicationof thebeamediC-CMB modelto thesesources.

The high X-ray detectionrate of quasarjets in short exposuresis notable.
In mostChandra observationsof FRII radio galaxiesat similar redshiftsto the
quasars,thejets(asopposedto theterminalhotspots)arenot detected[e.g.,218;
12]. This canbeunderstoodin the framework of quasar/radio-galaxyuni�cation
with referenceto Figure7 (basedonEquation8) whichshowsthatfor jetsthatare
intrinsically the same,the ratio of beamed-iCto synchrotronradiationstrongly
decreaseswith increasingjet angleto the line of sight.The observed quasarX-
ray jet emissionis normallyone-sidedandon thesamesideasthebrighterradio
jet, in supportof relativistic beaming.Wheretwo-sidedX-ray emissionhasbeen
seen,explanationscanbefoundwhich arenot in violation of fastjet speeds[e.g.
71; 120].

In generalthejetscontainmultipleknotsthatcanbe�tted independentlyto the
beamediC-CMB modelwith minimum-energy magnetic�eld strengthsof order
10–20mG (1–2nT) [e.g.,178]. Note,however, thatthereareinsuf�cient observa-
tionalconstraintsto �t thetwo freeparametersof angleto theline of sightandbulk
Lorentzfactorseparately, andanassumptionmustbemadeononeof theseparam-
eters.It hasbeencommonto assumesinq = 1=G (i.e., d = G), althoughthis is
notparticularlysensiblefor sourceswheremultipleknotsin thesamesourcegive
differentvaluesfor G, sinceit canleadto a jet that bendsmoreerraticallythan
makesphysical sense.In somecasesthe resultscanbe shown to agreewith the
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Fig. 8 MeanLorentz factor, g, of electronswhich scatterCMB photonsnearthe black-body
peakto X-ray photonsof 1 keV. Resultsareshown for anemissionregion at selectedanglesto
theline of sightovera rangeof bulk Lorentzfactor, G. BasedonEquation5.

Fig. 9 The X-ray and radio pro�les down the jet of PKS 0637-752(seeFig 6). The X-ray
intensitydropsbeforetheradioat largejet angles.100correspondsto a projectedlineardistance
of 6.93kpc.

estimatesof speedandpower from simplemodelsfor thepc-scaleemission[e.g.,
116; 200, andseex8.4], althoughwith ratherlargeuncertainties.

Thereis, however, a majordif�culty with thebeamediC-CMB interpretation
thatarisesfrom adetailedcomparisonbetweenradioandX-ray emission.Figure8
(basedonEquation5) showsthemeanLorentzfactorof electronsthatscatterpho-
tonsfrom thepeakof theCMB spectruminto theX-ray at 1 keV, for variousjet
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Fig. 10 Normalizedratio of inverseComptonto synchrotron�ux densityfor a �x ed jet angle
to the line of sightwith decreasingLorentzfactor, G. Left: with �x ed intrinsic magnetic�eld.
Right:with minimum-energy magnetic�eld. In eachpanelseparatelythecurvesarenormalized
to thevalueof SiC=Ssyn for ajet with aLorentzfactorof 15,a =1.1,at5± to theline of sight.Solid
anddashedcurvesarefor a = 0:6 anda = 1:1, respectively. Eachsethascurvesfor q = 5±,
q = 10±, andq = 15±, in descendingvalueon they-axisatG = 15.

bulk Lorentz factorsand anglesto the line of sight. The synchrotronemission
from theseelectronswill beat a peakfrequency of ¼ g2ng ¼ 30g2B GHz, where
ng is the gyrofrequency andB is magnetic�eld strengthin Tesla.For a typical
�eld of 2 nT, the radiosynchrotronemissionfrom theseelectronsis at 0.3 MHz
if g = 100,or 20 MHz if g = 103, bothbelow theobservableradioband.Under
the beamediC-CMB model,which requiressmall angleto the line of sight, q,
to be effective, the X-ray emissionthusarisesfrom lower-energy electronsthan
the radioemission.Theseelectronshave long synchrotronenergy-losslifetimes.
However, observationssometimesshow X-ray emissionthat weakensrelative to
theradiotowardsthedownstreamregionsof thejetsandin somecasesin individ-
ual knots,indicatingthatthepopulationof low-energy electronsis beingdepleted
morerapidly thanthe populationof high-energy electrons,contraryto expecta-
tions basedon radiationlosses.This was seenin PKS 0637-752[177; 45, and
seeFig. 9], and suchbehaviour is also seenstrikingly in several other sources
including 3C 273 [142; 169], quasar0827+243[115], PKS 1127-145[181] and
PKS1136-135[172]. Varioussuggestionshavebeenmadeto overcometheprob-
lem within the framework of thebeamediC-CMB model,but noneis uniformly
regardedassatisfactory.

It hasbeensuggestedthatstrongclumpingin thejetsmayresolve theproblem
throughadiabaticenergy losses[198]. However, it is not clear that the beamed
iC-CMB mechanismis then required,sincesuchclumping would increasethe
SSCyield for a slow jet at minimumenergy [177]. Alternatively, it hasbeensug-
gestedthat jet decelerationis important,perhapsthroughentrainmentof exter-
nal gas[e.g.,81; 172; 199]. A problemwith this asa generalsolutionis that,as
shown in Figure10 (basedon Equations8 and13), theratio of inverseCompton
to synchrotronemissiononly falls for a deceleratingjet over particularrangesof
bulk Lorentzfactorfor jets at an angleof lessthanabout5± to the line of sight.
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100 kpc

Fig. 11 The z = 0:72 quasar4C19.44,usingdatafrom [179]. The plot show an unsmoothed
Chandra X-ray imageof » 189:4 ks exposurewith radiocontoursfrom a 4.86GHz VLA radio
map(beamsize0:4700£ 0:4300). X-ray emissionis detectedfrom thenucleus,thesouthernradio
jet, the northernhotspotand southernradio lobe. The excessX-ray countsin a line running
NE-SWcentredon thenucleusarea frame-readoutartifact.

This meansthat any sourcefor which the X-ray dropsoff fasterthan the radio
with downstreamdistancewould needto beat particularlysmallangleto theline
of sight or ratherslow (but see[81] for a moredetailedtreatmentthat includes
compressionof themagnetic�eld andthusrelativeampli�cation of theradiosyn-
chrotronemissiondownstream).Jet decelerationis potentially testablethrough
lookingat theX-ray andradiopro�les of sourcesamples.

A point in favour of thebeamediC-CMB explanationis that theparticularly
straightknotty jet in the quasar4C 19.44shows oneof the mostuniform X-ray
to radio ratiosover almosta dozendiscreteknotsin its straightestsection[179,
andseeFig. 11]. In contrastto PKS0637-752,theradiodropsmorerapidly than
the X-ray at the endof the straight,well-collimatedjet beyond about1500from
the nucleus(Fig. 12). This might suggestthat dropsin the level of X-ray to ra-
dio emissionalongotherjets arethe resultof the jets bendingout of the line of
sight.Sincequasarjetsareselectedfor observationbasedpartly on their corera-
dio emission,any bendingdownstreamis morelikely in adirectionawayfrom the
line of sight thantowardsit. A largechangein jet anglecouldeasilyproducethe
typical decreasesin X-ray to radio ratio (a factorof a few to about10; compare
with Fig. 7). However, it is dif�cult to understandhow a realchangein angleof a
G » 20 �o w by morethanabouta degreecouldoccurwithout severejet decolli-
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Fig. 12 The X-ray and radio pro�les down the jet of 4C 19.44(seeFig. 11). In contrastto
PKS0637-752(Fig. 9), theradio intensitydropsbeforetheX-ray at large jet angles.100corre-
spondsto aprojectedlineardistanceof 7.23kpc.

mation2. As apparentfrom Figure7, morethana factorof abouttwo decreasein
X-ray to radioratio is thennotexpectedfrom bendingalone.

A testthat the beamediC-CMB explanationmustpassconcernsthe redshift
dependency. The increasein CMB energy densitywith redshift meansthat the
X-ray to radio ratio shouldincreasewith redshiftby a factorof somethinglike
(1+ z)2 (Equation13: theprecisedependenceonredshiftdependsonassumptions
concerningminimumenergyandwhetherornotthepathlengththroughthesource
is redshiftdependent).Sucharedshifteffectisnotruledout[141] althoughalarger
sampleis neededfor amorede�niti ve test.

3.4 Synchrotronemissionasanalternative

The fastjet speedrequiredfor thebeamediC-CMB explanationof quasarX-ray
emissiondisappearsif an alternative explanationcanbe found for the X-rays. It
is thennaturalto invoke synchrotronradiation,themechanismproducingtheX-
raysin low-powerFRI jets(seex5.1).However, whereasfor FRI jetstheSEDcan
normallybemodelledwith a brokenpower-law spectrumfrom theradio,through
the optical to the X-ray [e.g., 29; 96; 21], PKS 0637-752hastoo little optical
emissionto allow this,andaseparatepopulationof electronswith ananomalously
high low-energy cutoff would berequired[177]. Figure13 comparesthespectral
distributionof theFRI radiogalaxyM 87,whereabroken-power-law synchrotron
components�ts well, with thatof theFRII quasarPKS0637-752.

Most of the several tensof currentquasarX-ray jet detectionswere found
throughtargetedChandra programsto observebright,prominent,one-sidedradio

2 Largechangesin jet anglein projectionareobservedin many sources,but Figure7 relates
to thetruejet angleto theline of sight.
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Fig. 13 Spectraldistributions from the radio to X-ray. Left: The integratedemissionfrom
KnotsA, B andC of M 87,usingdatafrom [28] and[13], �ts a brokenpower law synchrotron
spectrum,althoughthechangeof 1.5 in electronspectralslopeis greaterthanexpectedfrom a
simplemodelfor synchrotronenergy losses.Right: A brokenpower-law spectrumdoesnot �t
throughthe emissionfrom Knot WK7.8 of PKS 0637-752(taken from [45]) althougha syn-
chrotroncomponentwith an exponentialcutoff andeithera beamediC-CMB componentor a
separatesynchrotroncomponentwith ananomalouslyhigh low-energy cutoff canbemadeto �t
thedata.

jets. In most casestherewas no pre-existing reportedoptical jet detection,but
therehasbeenreasonablesuccessfrom follow-up work. Thelevel of suchoptical
detectionsoften lies below aninterpolationbetweentheradioandX-ray spectra,
supportingtheideathatsynchrotronemissionfrom asinglepower-law distribution
of electronsis not responsiblefor all theemission[e.g.,171].

However, theconclusionregardingsynchrotronemissionis not quiteasclear
cut, sincea single-componentelectronspectrumwill hardenat high energies if
inverse-Comptonlossesarealsoimportant(sincethis lossprocessis lessef�cient
in the Klein-Nishinaregime),andthe consequentspectralhardeningin the syn-
chrotronspectrummight thenbettermatchobservations[60].

As long aselectronscanbe acceleratedto high energy (and they canbe in
FRIs) they will producesynchrotronradiationat somelevel. Radiogalaxiesare
at largeangleto the line of sightandany iC-CMB emissionwill bebeamedout
of the line of sight of the observer (an extensionof Fig. 7 to large angleshows
that,evenfor themostoptimisticcase,theratio of iC-CMB to synchrotronemis-
siondropsthreeordersof magnitudebetweenq = 0 andq = 80±). Indeed,syn-
chrotronX-ray emissionfrom knotsin theradiojetsof nearbyFRII radiogalaxies
is reported[e.g.,212; 219; 125; 120]. Whenopticaldetectionsarealsoavailable,
the energy distributions [125; 219] areof similar simple form to thosein FRIs
(seeFig. 14),not requiringthecomplex electronspectralformsgenerallyneeded
to explain quasarX-ray emissionassynchrotronradiation.Spatialoffsetsremi-
niscentof thoseseenin FRIsandwhich arepresumablya featureof theparticle
accelerationprocesses(seex5.2)arealsoseen[219; 120].

It remainsuncertainasto whetheror not in quasarsit is necessaryto explain
the jet X-ray emissionasthesynchrotronoutputof a distortedelectronspectrum
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Fig. 14 Thespectrumfrom theradioto X-ray for theknot in theFRII radiogalaxy3C346(see
Fig. 16) �ts abroken-power-law synchrotronmodel.

[60] or from separatepopulationsof electrons[e.g., 7], asan alternative to the
beamediC-CMB model.In the caseof 3C 273, the run of X-ray spectralslope
down thejet rulesoutasimplebeamediC-CMB interpretation,but atwo-zoneiC-
CMB modelwith a fasterspine,althoughdisfavoured,cannotberuledout [112].
If a synchrotroninterpretationis sought,similar, simpleelectronspectrain all jet
regionsdonot �t observations[e.g.,166; 169; 142]. A two-zonemodelwith faster
spinehasbeenproposed,where,unlike for beamediC-CMB in which theX-rays
arefrom thespine,theX-rayswould arisefrom theshearlayer throughelectron
accelerationto veryhighenergy [112].

It is importantto understandthe primary X-ray emissionin quasarjets,and
this remainsanobservationalproblem— morework on samplesandfurtherde-
tailed,deep,multiwavelengthobservationsof individual sourcesareneeded.Pre-
dictionsfor yieldsat higherenergiesalsodiffer accordingto theX-ray emission
mechanism,andsothereis aprospectthatthenew FermiGamma-raySpaceTele-
scopewill helpin �nding solutions[e.g.,60; 83]. Opticalpolarimetryispotentially
a strongdiscriminantsince,unlike for optical synchrotronemission,the optical
emissionshouldbeessentiallyunpolarizedif it is a lower-energy extensionof X-
rayemissionthatisproducedvia thebeamediC-CMB mechanism[e.g.,113; 203].

4 What keepsjets collimated?

X-ray measurementsof the externalmediumsupportargumentsthat low-power
FRI jetsslow throughentrainmentof thisgas.

For thefew low-power radiogalaxieswith heavily studied,straight,radiojets
andcounterjets(andsolying relatively closeto theplaneof thesky andpresum-
ably in relatively relaxedenvironments),kinematicmodelshavebeenconstructed
to �t thejet-counterjetasymmetry[131; 38; 39; 132]. Typically, thejetsstartfast
(relativistic) andrelatively faintwith asmallopeningangle.Thenthey gothrough
a �aring region wherethey steadilybroadenandaretypically bright both in ra-
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dio andX-ray (Fig. 1), and�nally theopeninganglechangesandthejet becomes
fainter, particularlyat X-ray energies[e.g.,221]. It is in this �nal region, beyond
that shown for NGC 315 in Figure1, that the jets aremodelledasdecelerating
steadilyas they collect massfrom the external mediumor stellar winds [122].
Buoyancy forcesarethenimportantfor muchof the�o w furtherdownstream,as
the jets adjustto changesin the densityof the externalmedium,causingde�ec-
tionsfrom straight-linemotion.

In ongoingwork, thesekinematicmodelsarebeingextendedinto dynamical
models,basedon conservation laws for mass,momentum,andenergy [16], and
arebeingtestedfor self consistency with thedensityandpressureof theexternal
medium.For onesourcesofar, 3C 31, excellentself consistency hasbeenfound
[130]. This lendscon�denceto an understandingof the basic�o w behaviour of
thesesources.

Decelerationvia massentrainmentis consistentwith a rangeof observational
evidenceat radio frequencies[129], andnaturallyleadsto the outerpartsof the
jet (sheath)beingdeceleratedbeforethe inner (spine).Applied to morecentral
regions,the consequencethat emissionfrom a slower sheathbecomesrelatively
moreimportantin jetsat largerangleto theline of sightthenresolvesdif�culties
in modelsthatunify BL Lacobjectswith FRI radiogalaxies[e.g.,48].

It hasbeenknown sincetheEinsteinandROSAT X-ray observatoriesthatthe
minimumpressurein low-power FRI jets(calculatedwithout relativistic protons)
is normallybelow thatof theexternalX-ray-emittingmedium[e.g.,149; 121; 77;
216]. The model for 3C 31 [130] demonstratesthat entrainmentof the external
mediumexplains the jet dynamicsin the decelerationregion, andpressurebal-
ancecanbeachievedby addingrelativistic protons(with neutralitypreservedby
balancingprotonandelectronnumberdensities)or extendingthe electronspec-
trum to lower energies(if electron-positroncharge balanceis enforced).Recent
work [56] hasclaimeda greaterpressureimbalancein FRI jets that aremorein
contactwith external gas (lessin contactwith the plumesor lobesof older jet
plasma),andspeculatesthat the pressureis balancedby heatedentrainedmate-
rial, with anentrainmentrateor a heatingef�ciency that is higherwherejetsare
in greaterdirectcontactwith theX-ray-emittingatmosphere.This seemsin con-
�ict with the entrainmentmodel for the quasarPKS 1136-135in the context of
thebeamediC-CMB model,wherea standardmodelwould have thejetsheavily
embeddedin old lobeplasmaandyet wheretheestimatedentrainmentrateis an
orderof magnitudehigherthanfor 3C31 [199].

While theX-ray-emittinginterstellaror intergalacticmediumcanthusbecon-
trolling the �o w whereFRI jets are decelerating,and indeedwherebuoyancy
forcesor an excessof gaspressuredominate[e.g. 215; 222], FRI radio jets are
highly overpressuredin their inner regionscloseto thenucleus[e.g.,130]. Here
the X-ray emissionhasyet to contribute in a signi�cant way to the collimation
debate.

Thejetsof FRII radiogalaxiesarenot signi�cantly in contactwith theexter-
nalmediumfor mostof their length,sotheexternalmediumis unlikely to control
jet collimation, althoughentrainmentof external gas might be signi�cant over
their longpropagationpaths[199]. Currentuncertaintiesin thejet X-ray emission
mechanism,andthustheparticlecontentandenergy, make directcomparisonof
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the internalandexternalpressuresdif�cult, exceptin the large-scalelobesif dy-
namicaleffectsareignored.

5 Whereand how doesparticle accelerationoccur?

5.1 Thelink with synchrotronX-ray emission

Chandra found X-ray synchrotronemissionto be commonin the resolved kpc-
scalejetsof FRI radiosources[217]. TheX-ray jetsarereadilydetectedin sources
covering the whole rangeof orientationin uni�ed schemes.The several tensof
detectedsourcesrangefrom beamedjetsin BL Lacobjects[21; 157; 173] to two-
sidedjets in radio galaxies[46; 97], with mostX-ray jets correspondingto the
brighterradio jet, [e.g.,217; 96; 104; 143; 68; 221]. Several of the observations
have beentargetedat sourcesalreadyknown to have optical jets, from ground-
basedwork or HST. However, it' s proved easierto detectX-ray jets in modest
Chandra exposuresthanto detectoptical jets in HST snapshotsurveys, because
of bettercontrastwith galaxyemissionin theX-ray bandthanin theoptical[217].

InverseComptonmodelsfor any reasonablephoton�eld suggestan uncom-
fortably large departurefrom a minimum-energy magnetic�eld in most low-
power X-ray jets [e.g.,96], althoughthe beamediC-CMB model is a contender
for the emissionfrom someBL Lac objects[e.g., 173]. Otherwisesynchrotron
missionfrom asingleelectronpopulation,usuallywith abrokenpower law, is the
modelof choiceto �t theradio,optical,andX-ray �ux densitiesandtherelatively
steepX-ray spectra[e.g.,29; 96]. GivenEquation6, X-ray synchrotronradiation
at 1 keV requireselectronsof energy » 1013 eV (Lorentzfactorg ¼ 2£ 107) if
themagnetic�eld strengthis of order20 nT (200mG; theelectronenergy scales
as B¡ 1=2). Averagingover pitch-angledistribution, the lifetime of synchrotron-
emittingelectronsis givenby

t =
3mec

4sTuBg
; (14)

whereme is theelectronmass,sT is theThomsoncrosssection,anduB is theen-
ergy densityin themagnetic�eld. We thusseethatelectronsemitting1 keV syn-
chrotronradiationin a 20nT magnetic�eld have anenergy-losslifetime of about
30 years(lifetime scalesasB¡ 3=2). The electronsmust thereforebe accelerated
in situ, sincetheir lifetimesagainstsynchrotronlossesarelessthantheminimum
transporttimes from the active nuclei, or even from side to sideacrossthe jet.
(Thisshouldnotbethecaseif protonsynchrotronradiationis important[2], since
lifetime scalesas(mp=me)5=2.) Particleaccelerationis generallydiscussedfor the
casesof a particle interactingwith a distributedpopulationof plasmawavesor
magnetohydrodynamicturbulence,or shockacceleration[seee.g.,25; 66; 108; 5].

For electrons,particleaccelerationandenergy lossesarein competition[e.g.,
106], no moresothanin hotspotsof FRIIs [e.g.,34], which markthetermination
pointsof thebeam.Hotspotsdisplayconsiderablecomplexity in theX-ray, with
synchrotroncomponentsseenin the lesspowerful sourcesindicating that TeV
electronsare present[e.g., 98; 126]. It hasbeensuggestedthat the low-energy
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1 arcmin

Fig. 15 A rotatedimageof a roughly4.5 kpc (projected)lengthof the0.8–3keV X-ray jet of
CenA from combiningsix deep(» 100ks)Chandra exposures.Imagetakenfrom [223].

radiospectral-slopechangeseenin hotspotsmaymarka transitionbetweenelec-
tronsthatareacceleratedthroughelectron-protoncyclotron resonanceandthose
(at higherenergy) thataresimply undergoingshockacceleration[e.g.,192; 91].
If in FRIsthefar-IR spectralbreakconsistentlymapselectronsof a particularen-
ergy, it is possiblethatthebreakhereis alsomorerelatedto accelerationthanloss
processes[22].

Whetheror not particleaccelerationis requiredalongthe jets of quasarsde-
pendson the emissionprocessat high energies. If the beamediC-CMB model
holds,thentheelectronsparticipatingin radiationatwavelengthscurrentlymapped
aregenerallyof low enoughenergy to reachtheendof thejet without signi�cant
energy loss,exceptif a relatively high level of opticalemissionmustbeexplained
assynchrotronradiation.Theknotty naturecould thenbeunderstoodasvariable
output in the jet [e.g., 191]. However, in nearbyFRII radio-galaxy jets, where
synchrotronX-ray emissionis seen(x3.4), the needfor particle accelerationis
secure,andsimilar underlyingprocessesareexpectedin quasarsevenwherethe
synchrotronX-raysmightbeoutshoneby beamediC-CMB emission.

Detailsof the regionsof particleaccelerationarebeststudiedin the closest
sources.CenA (Fig. 15) andNGC 315 (Fig. 1) areparticularlygoodexamples
of FRI jets wherethe X-ray jet emissionis resolved acrossaswell asalongthe
jet, andX-ray knotsareembeddedin morediffusestructure[97; 221; 100; 223].
ThefactthattheX-ray emissionis not just con�ned to regionswithin energy-loss
light travel distancesof theknotsshowsthatparticleaccelerationcanoccuralsoin
diffuseregions.Therelatively softX-ray spectrumseenin thediffuseemissionin
CenA hasbeenusedto arguethatsomethingotherthanshockacceleration(pro-
posedfor theknots)might be takingplacein thediffuseregions[100], although
no speci�c explanationis suggested,andthe competitionbetweenenergy losses
andaccelerationmaybemoreimportanthere.

5.2 Particleaccelerationin knottystructures

The model of jet decelerationthroughentrainment(x4) leaves unansweredim-
portantquestionsaboutthe origins of the bright knotsthat appearin many jets,
particularlyFRIs, and that areusually interpretedas the sitesof strongshocks.
Radiostudieshave searchedfor high-speedknot motions,with apparentspeeds
greaterthanthespeedof light having beennotedin M 87 [19]. A proper-motion
studyof the knotsin CenA over a 10-yearbaselinefound that someknots,and
evensomemorediffuseemission,travel at about0.5c,indicative of bulk motion
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ratherthan patternspeed[97]. This motion, coupledwith the jet-to-counterjet
asymmetry, suggestsconsiderableintrinsicdifferencesin thetwo jets,to avoid the
jetsbeingatanimplausiblysmallangleto theline of sight.

Otherknotsin CenA appearto bestationary, whichmightsuggestthatthey re-
sult from intrudersin the�o w, suchasgascloudsor high-massstars[e.g.,75; 97].
Someof thesehave emissionpro�les in theX-ray andradio thatareunexpected
from asimpletoy modelwheretheelectronsareacceleratedandthenadvectdown
the jet, losing energy from synchrotronradiation.Insteadthe bulk of the radio
emissionpeaksdownstreamfrom theX-ray within theseknots,leadingto sugges-
tionsthatbothradioandX-ray-emittingelectronsareacceleratedin thestanding
shockof a stationaryobstacle,anda wake downstreamcausesfurther accelera-
tion of the low-energy, radio-emitting,electrons[97]. The resultingradio-X-ray
offsets,averagedoverseveralknots,couldgive theradio-X-rayoffsetscommonly
seenin moredistantjets[e.g.,96; 219; 63].

Theknotsof CenA arenot highly variablein observationsto date[100], but
dramaticvariability on a timescaleof monthsis seenin a knot in thejet of M 87,
and the X-ray, optical and radio light curvesarebroadlyconsistentwith shock
acceleration,expansion,andenergy losses,althoughthetimeline is currentlytoo
shortfor strongconclusionsto bedrawn [105].

It is importanttostudythelocationof jet knotswithin the�o w, toseeif thatcan
provide a clueasto their nature.A particularlyinterestingexampleis NGC 315
[221]. Herethediffuseemissioncontainsaknottystructurein theradioandX-ray
that appearsto describean oscillatory �lament (Fig. 1). Although the structure
couldbetheresultof achancesuperpositionof non-axisymmetricknots,thelevel
of coherenceled to suggestionsthat theknotsmight bepredominantlya surface
featureresidingin theshearlayerbetweenthefastspineandslower, outer, sheath
plasma.If this interpretationis correct,we might expecttheX-ray spectraof the
knots to be similar acrossthe transversewidth of the jet. However, the distinct
knottyemissionis only about10%of thetotal in X-raysandradioalongthe» 2:5
kpc of projectedjet lengthover which it is detected,andwith a sourcedistance
of » 70 Mpc the observationsdid not allow the spectraof the knot anddiffuse
emissionto beseparated.

At 3.7 Mpc, CentaurusA is a muchcloserexampleof an FRI radio galaxy
whoseknotsanddiffuseemissionareseenoverasimilarprojectedlineardistance
to that of NGC 315.An X-ray spectralstudyof CenA's knotsfound a spectral
steepeningwith increasinglateraldistancefrom the jet axis, disfavouring these
knotsall residingin ashearlayer[223]. A �atter X-ray spectrumis seenmorecen-
tral to the�o w, andanalternativeexplanationto accelerationin stationaryshocks
is that theknotsheremight be formedby strongerturbulentcascadeswith more
ef�cient particleacceleration.Knot migrationunderthein�uenceof theshear�o w
mightthenbeexpected,andproper-motionstudiesmightthendistinguishbetween
this interpretationandstationaryshocksfrom stellaror gaseousintrudersentering
the�o w [223].

5.3 Incorporatingpolarizationdata

Thereareno currentX-ray missionswith polarizationcapabilities.However, the
radioandopticalbandsprobeelectronpopulationsresponsiblefor theX-ray emis-
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sion,albeitat differentelectronenergies.If theemissionis synchrotron,polariza-
tion dataprovideourbesthandleonthedirectionandrelativedegreeof alignment
of the magnetic�eld. Radioobservationsshow that the �elds arerelatively well
ordered,althoughthereis muchcomplexity. Broadly, themagnetic�elds in FRII
jets tend to be parallel to the jet axis, whereasin FRI jets they are either pre-
dominantlyperpendicular, or perpendicularat the jet centreandparallelnearthe
edges,with the mixed con�gurationspointing to perpendicular�elds associated
with shocksandparallel�elds from shearor obliqueshocks[32].

Opticalpolarizationmeasurementsof resolved jet structureshave beenmade
with HST. So far thesehave mostly concentratedon nearbyFRI radio galaxies,
wheretheopticalfeaturesarebrighterandtheemissionmechanismis synchrotron
radiation[for anatlasof polarizationimagessee156]. Work is underway to ex-
ploreopticalpolarizationin the jetsof FRII radiogalaxiesandquasars.As men-
tioned in x3.4, the optical emissionshouldbe essentiallyunpolarizedif it is an
extensionof a beamediC-CMB X-ray component,in contrastto beingof syn-
chrotronorigin.

The�rst jet to bestudiedin detailin bothits radioandopticalpolarizedemis-
sion was M 87, wherethereis evidencefor strongshockaccelerationin com-
pressedtransversemagnetic�elds at thebaseof brightemittingregions,although
the polarizationfraction becomeslow at the �ux maxima[155]. Signi�cant dif-
ferencesbetweenthepolarizationstructuresseenin theopticalandradiosuggest
that thesitesof accelerationaredifferentfor differentelectronenergies,with the
strongestshocks,that provide accelerationto the highestenergies,appearingin
the mostcentralpartsof the jet [155]. Detailedwork on 3C 15 shows a jet that
narrowsfrom theradioto theopticalto theX-ray, showing thataccelerationto the
highestenergiesoccursmorecentrallyto the�o w, andamixtureof strongshocks
andstrati�ed �o wscanaccountfor thebroadfeaturesseenin theopticalandradio
polarization[63].

A third sourcefor which opticalandradiopolarizationdatahave beenimpor-
tantis 3C346(Fig. 16).HereX-ray emissionis associatedwith abright radioand
optical knot wherethe jet bendsby 70± in projection(the X-ray emissionpeaks
somewhatupstreamof theradio,asseenin othersources),leadingto asuggestion
that the bendingandX-ray brighteningare the resultof a strongobliqueshock
locatedin thewakeof acompaniongalaxy[219]. Polarizationdatahassupported
themodelby revealinga compressedandampli�ed magnetic�eld in a direction
consistentwith thatof theproposedshock,in boththeradioandoptical [64, and
seeFig. 16].

6 What is jet plasmamadeof?

Jetsarepresumedto obtainmuchof their energy from the infall of matterinto a
supermassive blackhole.It is thennaturalto supposethatelectromagneticradia-
tion wouldcarrymuchof theenergy from thesystemonthesmallestscales,since
aplausiblemechanismfor theextractionof energy is thetwistingof magnetic�eld
linkedto theaccretiondisk [e.g.,138]. Fastinteractionswith theplasmaenviron-
mentandef�cient particleaccelerationshouldload the �eld with matter. In the
resultingmagnetohydrodynamic�o w muchof the momentumwould be carried
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Fig. 16 3C346.Upper:Schematicshowing anobliqueshockformedin thewakeof thepassage
of a companiongalaxy to 3C 346,andhow it affectsthe radio jet, from [219]. Circlesarethe
galaxiesandredmarksthepathof theradiojet.Lower:Radiointensitycontoursandpolarization
vectors(rotatedthrough90± roughly to representthe magnetic-�elddirection)on a smoothed
Chandra X-ray image,indicatingcompressed�eld linesalignedwith theproposedshock,from
[64].

by particles,althoughPoynting �ux may carry a signi�cant fraction of the total
energy [163; 6].

Polarizedradiationis thesignpostto signi�cant energy in relativistic particles
andmagnetic�elds. Jetplasmamustbeneutral,onaverage,to remaincollimated,
but thiscanbeachievedby variouscombinationsof relativistic andcoldelectrons,
positrons,andprotons.Alternatively, it hasbeensuggestedthatsomeof theenergy
is transportedin adecayingneutralbeamof ultra-high-energy neutronsandg-rays
[7].

Severalquantitiesareavailableto helpsortout thejet composition.

1. Thesynchrotronemission.Sincetheelectronrestmassis only 1/1836thatof a
proton,andsincesynchrotronenergy lossratesareproportionalto theinverse
squareof mass,the observation of synchrotronradiationis usually usedto
infer thepresenceof relativistic electrons(andperhapspositrons),althoughan
alternativemodelproducesthesynchrotronradiationfrom protonsaccelerated
to energiesgreaterthan» 1018 eV [2].

2. The jet power. All the particles,relativistic and thermal,combinewith the
magnetic�eld strengthandbulk Lorentzfactorto producethis quantity[see
appendixB of 178]. It shouldbe no smallerthanthe radiative power of the
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old lobematerial(theenergy sink),averagedover thelifetime of thesource.In
caseswherejetshave excavatedcavities in theexternalgas,theenthalpy can
beestimatedasthatrequiredto displacethegas[e.g.,23; 65; 4].

3. Faradayrotation.Thecontribution from thermalparticlesmustnot besohigh
asto exceedconstraintsplacedby Faradayrotation,or by Faradaydepolariza-
tion for extendedregions.

4. Thejet pressure.Relativistic particlesandmagnetic�eld arethoughtto domi-
natethisquantity, which is 1/3of theirenergy density, andwhichcanbecom-
paredto theexternalgaspressure.If X-ray inverseComptonemissionis ob-
servedtheinternalenergy densitycanbeestimatedusingtheradiosynchrotron
and X-ray �ux densities(x2.2). Otherwiseit is usual to assumeminimum
energy (x2.1). A dif�culty is that relativistic electron-protonand electron-
positronjetsgive similar pressureswith differentassumptionsaboutthe least
energetic particles,for which observationalconstraintsarepoor at best.The
contributionof thermalparticlesto thepressureis usuallytakento besmall.

Radiationdragandobservationalconstraintson Comptonizedradiationby cold
electronsandpositronsseriouslyhamperelectron-positronjets formedcloseto
thecentralblackhole[185; 186]. In thecoresof somequasarstheradiatedpower
is too large to bemetby that containedin a jet of magnetic�eld andrelativistic
leptonscloseto minimumenergy, andobservationalconstraintson Comptonized
radiationlimit thedensityof cold leptons,sothata signi�cant protoncomponent
is requiredif theenergy carrieris indeedparticles[196]. Thus,anelectron-proton
plasmais usuallyfavouredwhenjetsarediscussed.

The presenceof relativistic protonsis supportedfor someFRI radio galax-
ies: the lobes,if assumedto be lepton-dominatedandradiatingat minimum en-
ergy (x2.2) would collapseunderthepressureof theX-ray-emittingmediumun-
lessthereis an additionalpressuresourceand,althoughthereareseveral ways
of boostingthe internalpressurein sucha situation,magneticdominancewould
make the sourcesunusual,electrondominanceis unlikely from constraintson
inverse-Comptonscatteringof theCMB, andnon-relativisticprotonsaredisfavoured
ongroundsof Faradayrotation,leavingarelativisticprotoncomponentmostlikely
[e.g., 53]. However, decreased�lling factorscannotbe ruled out [e.g., 65], ex-
ceptperhapswheretheradiostructurehasexcavateda clearcavity in theX-ray-
emitting atmosphere[e.g., 24]. If indeedthe extra pressureis from relativistic
protons,it is uncertainasto how mucharisesfrom entrainedmaterialaccelerated
in theshearlayerof thedeceleratingjet ascomparedto particlestransportedfrom
thecore(seex4).

FRII jets transportmoreenergy to largerdistances,andthushave moreneed
thanFRI jets for a non-radiatingenergy carrierwith high momentumtransport.
Relativistic hydrodynamicsimulations�nd that the key parameterin preventing
jets from stronglydeceleratingin an externalboundarylayer is densitycontrast
with theexternalmedium,in thesensethatdenserjetscanpropagatefurther[167].
A moredominantrelativistic protoncontentcould provide this. Protonsarealso
requiredif the low-frequency spectralturn-over in hotspotsis the result of cy-
clotron resonantabsorption[e.g., 91]. On the other hand,pressurebalancehas
beenusedto argueagainst relativistic protonsin someFRII lobes.It is argued
that thepresenceof relativistic protonsis improbablesince(a) thelobemagnetic
�eld basedon synchrotronandinverseComptonemissionagreeswith that from
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minimumenergy calculatedusingrelativistic leptonsalone,and(b) that,even in
the absenceof suchprotons,the sourceis in pressurebalancewith the external
medium[e.g.,10; 54]. However, thesecalculationsignorepossibledynamicalef-
fects in FRII lobes,andthereareconsiderableadditionalsourcesof uncertainty
(seex2.2anditem4 above).

In thecontext of thebeamediC-CMB modelfor quasarjets(x3.2),it ispossible
to extendanargumentlimiting thedensityof coldelectron-positronpairs[186] to
kpc-scaleregions[82]. In thecaseof PKS0637-752,upperlimits onComptonized
CMB radiationfrom Spitzeraresuf�ciently low to placestringentlimits on the
mass�ux carriedby cold leptonpairs,with the implicationthat this jet is indeed
madeelectricallyneutralthrougha strongpresenceof protons[203]. However,
this argumentrelies on the beamediC-CMB model being correct,with a large
kinematicpowerbeingsustainedthroughoutthejet (seex3.3).

Jetcompositionremainsuncertain,andvariousdegeneraciesbetweenphysical
quantitiesandobservableparametersrenderit dif�cult to make watertightargu-
ments.However, X-ray measurementscontinueto provide importantcluesto the
puzzle.

7 What doesX-ray emissiontell usabout the dynamicsand energeticsof
radio plasma/gasinteractions?

7.1 Expectationsfor FRIIs

Theenergy andmomentum�ux esin FRII jetsareexpectedto besuf�cient to drive
a bow shockat supersonicspeedinto the ambientmedium[e.g.,134]. Ambient
gascrossingthebow shockwill beheated.For a shockadvancespeedrelative to
thespeedof light of vadv=c, theMachnumber, M , in monatomicgasof normal
cosmicabundanceswith thermalenergy kT in unitsof keV, is givenby

M » 580(vadv=c)(kT)1=2: (15)

For a non-relativistic equationof state(g = 5=3), the jump conditionsfor a non-
radiatingshock[e.g.,189] �nd thatpressure,density, andtemperatureratiosbe-
tweengasthathascrossedtheshockandtheambientmediumare

P2=P1 = (5M 2 ¡ 1)=4 (16)

r 2=r 1 = 4M 2=(M 2 + 3) (17)

T2=T1 = (5M 2 ¡ 1)(M 2 + 3)=16M 2 (18)

wheresubscripts2 and1 refer to post-shockandpre-shockconditions,respec-
tively. For highadvancespeedandlargeMachnumberthedensitycontrastreaches
a factorof four, resultingin enhancedX-ray emissivity from shocked gas.The
visibility in observationswill dependon therelative volumesof shockedandun-
shockedgasalonggivenlinesof sight.

Complicationsapply in reality. Firstly, thereis observationalevidencethat in
supernova remnantsthe post-shockelectronsarecoolerthanthe ions [e.g.,109;
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160]. Secondly, a bow shockarounda lobeis obliqueaway from its head,with a
consequentchangein the jump conditionsandtheemissivity contrast[210]. The
closera structureis to a sphericalexpansion,themorenormaltheshockwill be
everywhereandthebettertheapplicabilityof theaboveequations.

ROSAT datarevealedthepresenceof X-ray cavities coincidentwith theinner
partsof the radio lobesof CygnusA, and thesewere interpretedas due to the
contrastbetweenundisturbedambientgasandgasaroundthelobesthathadbeen
heatedin the pastbut hasnow expandedand cooledto a low emissivity [42],
althoughtheparametersof theshockarenot effectively constrainedby thedata.
More recentChandra observationsof CygnusA �nd gasat thesidesof thelobes
to havekT » 6 keV, slightly hotterthanthevalueof 5 keV from ambientmedium
at thesameclusterradius,but thegasmayhave cooledafterbow-shockheating,
andagain thedatado not usefullyconstrainmodelparameters[188]. Evidenceof
strongshockheatingaroundmoredistantFRII radiogalaxieshasyet to beseen.

CSSand GPSsourceshave beenexaminedfor evidenceof shockheating.
Thesearegoodplacesto look astheradiosourcesaregenerallyconsideredto be
in an early stageof expansionand they areoverpressuredwith respectto even
a clusterambientmedium[e.g., 184]. The disadvantageis that sourcesizesare
small so that even Chandra will have dif�culty in separatingemissionfrom the
nuclei, radiostructures,andambientmediumfrom thatof any shockedgas.The
bestevidencefor detectionof shocked gasthusarisesfrom deepXMM-Newton
spectroscopy, andin particularthatof theCSSsource3C 303.1[152]. TheX-ray
spectrumcontainssoftemission(associatedwith theambientgalaxyatmosphere)
and a hard component.Sincenuclearemissionis undetectedin the radio, it is
reasonableto associatethehardemissionwith shockedgas,anda modelcanbe
constructed[152] thathasanexpansionvelocity consistentwith cooling-timear-
gumentsfor opticalemission-linegas[61].

7.2 Dynamicsof FRIsin clusters

Low-powersourcesarecloserandmoreamenableto detailedstudy, sincethevar-
iouscomponentsof X-ray emissionaremoreeasilyseparated.Themediumplays
an importantrôle in thedecelerationof the jets,which sharemomentumanden-
ergy with entrainedmaterial(x4).

The Einstein and ROSAT missionsfound evidencethat the radio lobes of
NGC1275havepushedPerseus-clustergasaside[e.g.,28],andnow many clusters
andgroupsarefound to harbourgascavities containingradio plasmathat origi-
natesfrom activegalaxies[e.g.,23]. RatherthanexpansionathighMachnumber,
thedisplacementof thegasappearsnormallyto createlow-density, risingbubbles
in roughpressurebalancewith the surroundingmedium[e.g., 50]. NGC 1275,
M 87, andHydra A areshowcaseexampleswith deepChandra exposuresand
complex bubbleandcavity systems[72; 78; 213]. Radiobubblesin clustersare
suf�ciently commonthat they arean importantheatsourcetoday, with enough
power to balancethe radiative cooling of densegas in clusters[e.g., 65; 159],
althoughthe total energiesand lifetimes of individual bubblesareconsiderably
uncertain.An issueof particularinterestthatfollows from this is thepotentialfor
theassociatedheatingandcoolingto forgethelink betweenblack-holeandgalaxy
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Fig. 17 Radio contourson a deepChandra imageof Cen A, showing the core and NE jet
crossedby absorptionstripescorrespondingto NGC 5128's dustlanes,theSW lobe,structures
associatedwith the NE lobe, the positionof a merger-relatedgasdiscontinuitythat shows up
betterat lowerenergies,andmany XRBs in NGC5128[see100; 114; 223; 127; 187].

growth. A recentreview is available[144], andso the topic is not dealtin depth
here.

It is noteworthy that theluminosity functionof radiosourcesplacestheener-
geticallydominantpopulationto beroughlyat theFRI/FRII boundary[e.g.,136],
ratherthanwithin themorenumerousbut lowerpowerpopulationof FRIsstudied
in nearbyclusters(althoughthereareclaims that total jet power scalesslightly
lessthanlinearly with radio power [e.g.,211; 24]). It thusremainspossiblethat
therathergentleheatingaroundcurrentlystudiedsourcesdoesnotprovideuswith
thecompletepicture,andviolent shockheatingaroundmorepowerful sourcesis
energeticallyimportantbut currentlyeludingdetection.

7.3 CentaurusA

Thebestexampleof supersonicexpansionis not in anFRII radiosourcebut as-
sociatedwith the inner southwestradio lobe of CenA [124, andseeFig. 17 for
a morerecent,deeper, Chandra image].CenA is our nearestradiogalaxy, where
1 arcmincorrespondsto » 1:1 kpc.Thefull extentof CenA's radioemissioncov-
ersseveral degreeson the sky [117]. Within this lies a sub-galaxy-sizeddouble-
lobedinnerstructure[36] with a predominantlyone-sidedjet to theNE andweak
counter-jet knotsto theSW [97] thatareembeddedin a radio lobewith pressure
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at leastten timeslarger thanthat of the ambientISM [124]. The lobe shouldbe
expandingandbesurroundedby a shock.Theassociatedstructureis exquisitely
seenin Figure17.AlthoughthecappedSWlobeis aroundtheweakcounterjet,so
it is notevidentthatthelobeis beingthrustforwardsupersonicallywith respectto
theexternalinterstellarmedium(ISM) by themomentum�ux of anactive jet, the
high internalpressurein theradiolobeensuresits strongexpansion.

Thedensitycontrastbetweenpost-shockandpre-shockgasin CenA inferred
by [124] waslargerthanfour, whichisnotallowedbyEquation17,andsostraight-
forward modelling was not possible.New modelling is underway using results
from the new deepobservation. However, the conclusionthat the lobe's kinetic
energy exceedsits thermalenergy, andthe thermalenergy of the ISM within 15
kpcof thecentreof thegalaxy, is unlikely to change.As theshelldissipates,most
of thekinetic energy shouldultimatelybeconvertedinto heatandthis will have a
majoreffectonCenA's ISM, providing distributedheating.

Thereis muchstill to be learnedabouthow gasis displacedby radio struc-
tures,and the processesof heattransfer. A new view will be possiblewith the
high-resolutionspectroscopiccapabilitiesof the InternationalX-ray Observatory
currentlyunderstudyby ESA andNASA. This will provide the vital ingredient
of usefulvelocitydata,giving ahandlealsoonsuchissuesasturbulenceandnon-
perpendicularvelocitiesat shocks.

7.4 Theeffectof galaxymergers

It is importantto understandwhat triggersradio activity and what causesit to
cease,particularlysinceradio sourcesarenow recognizedasan importantheat
sourcefor large-scalestructure(x 7.2). It haslong beenrecognizedthat merg-
ersmay be importantin triggering radio activity, andthis is consistentwith the
preferencefor low-power radiogalaxiesto residein clustersandrich groups.For
example,NGC 1275andM 87 (x 7.2) arethe dominantgalaxiesof the Perseus
andVirgo clusters,respectively. CenA (x 7.3) is hostedby NGC 5128which in
turn hostsan inner warpeddisk suspectedto be the merger remnantof a small
gas-richspiralgalaxy[e.g.,158].

Mergersleave an imprint on the temperature,density, andmetallicity struc-
turesof thegas.Due to goodlinear resolutionit is again CenA thatshows such
effectsparticularlywell, with clear indicationsthat even the hot X-ray-emitting
gasis poorly mixed.Themergerappearsto behaving an importantin�uence on
theevolutionof thenortheastradiojet andinnerlobe[127].

In the more extremecaseof 3C 442A (Figure 18) thereis evidencethat a
mergermayhave smothereda previously active jet, leaving a largevolumeof de-
cayingradioplasma,while at thesametime re-startingjet activity in thenucleus
of oneof thegalaxies[222]. Herethemergergashassuf�ciently highpressurefor
theradiolobesto beriding onthepressurefront of themergergasthatis sweeping
themapart.Theenergy in themergergaswill eventuallybedissipatedin theouter
regionsof thegroupatmosphere— anadditionalsourceof heatingto thatarising
from boththeold andnew merger-inducedradioactivity. Theradiospectrumfrom
theold decayingradiolobesis �atter wherethey arebeingcompressedby theex-
pandingmerger gas,suggestingthat energy from the gashasa secondeffect, in
re-exciting relativistic electronsthroughcompressionandadiabaticheating[222].
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Fig. 18 Chandra contours(logarithmicspacing)onacolor radioimageof 3C442A,takenfrom
[222]. Bright X-ray emissionfrom the merger atmospheresof NGC7236andNGC7237�lls
thegapbetweentheradiolobeswhichareno longerfuelledby anactive jet.

While it is undoubtedlytruethatmergersproducemessysubstructures,theexam-
ple of 3C 442A suggeststhatthereis someprospectthattheswitchingon andoff
of radioactivity by mergerscanbe timed(albeit roughly)usingthemorphology
of thestellarcomponentof thegalaxiesandspectralchangesin theradioplasma,
andthatthiscanbecombinedwith themeasuredenergy contentof thegasandra-
dio plasmato tracethehistoryof radiooutburstsandtheireffectivenessin heating
gas.

8 Is a jet' s fate determinedby the central engine?

8.1 An evolutionarycycle?

The Ledlow-Owenrelation(x1.3) showed that a galaxy of a given optical lumi-
nositycanhosteitheranFRI or FRII radiosource.This resultedin renewedspec-
ulationin the1990sthattheremaybeanevolutionbetweenFRII andFRI activity
controlledby externalin�uences.Suchspeculationwassupportedby evidenceof
FRIIs associatedwith galaxymergers(distortedisophotesandhigheramountsof
high-excitation ionizedgas)andFRIs associatedwith galaxiesin more relaxed
dynamicalstates[17]. Evolutionaryideashavealsoarisenfrom thesocalled`fun-
damentalplane'thatplacesAGNonanextensionof therelationshipbetweeninner
jet radio power, X-ray luminosity andblack-holemassfound for X-ray binaries
(XRBs)[146; 73]. It hasbeensuggestedthatthechangesin X-ray spectrumandjet
luminosity thataccompany changesin accretioncharacteristicsin anXRB could
apply to AGN, suchthatan individual objectmaygo thoughtransitionsbetween
anFRI andFRII, andindeedto becomingradioquiet[e.g.,123].
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Observationally, kpc-scalejets accompany AGN with accretion�o ws that in
theextremeareeithergeometrically-thickandradiatively inef�cient orgeometrically-
thin andradiatively ef�cient, with thelatteraccompaniedby high-excitationopti-
cal emissionlines.It is possiblethatanAGN changesover thelifetime of a radio
source,suchthattheobservedkpc-scaleradiostructuresaretheresultof ejection
from anAGN evolving throughdifferentstates.Somesortof intermittency of the
centralengineover timescalesof » 104 ¡ 106 years(shorterthanthe lifetime of
radio sources,x1.4) gainssupportfrom observationalandtheoreticalconsidera-
tions [e.g., 164; 176; 111; 191]. Multiple changesto the centralstructureover
the lifetime of the radio sourcewould be requiredto reconcilethe claim that a
geometrically-thick�o w is neededto sustainasigni�cant jet (with themostpow-
erful requiringa spinningblackhole)[145] with theobservationthatmany AGN
with powerful jets currently show geometrically-thindisks and high-excitation
emissionlines(seebelow).

Closerexaminationis neededof theextentto which theobservedpowersand
structuresof jetsrelateeitherto theaccretionprocessesor to large-scaleenviron-
mentaleffects.Bothappearto playa rôle.

8.2 Therôleplayedby accretionprocesses

Broadly, powerful jetsof FRII structureareassociatedwith AGN showing high-
excitationopticalemissionlines,while lower-power jets,normallybut notalways
of FRI structure,areassociatedwith AGN showing low-excitationlines.Thissug-
geststhat the centralenginehasat leastsomein�uence on the power andlarge-
scalestructureof thejets[e.g.,9].

A correlationbetweenthecoreradioemissionandlow-energy (» 1 to 2 keV)
nuclearX-ray output of radio galaxieshasbeenknown sincethe Einsteinand
ROSAT missions,and has beenusedto argue that the soft X-rays arise from
pc-scalejets [70; 214; 37; 93]. An optical core is often seenwith HST, and is
interpretedas synchrotronemissionfrom a similar small-scaleemitting region
[47; 94; 40; 49; 207]. Suchpc-scalesjets protrudefrom any gasanddust torus
invoked by AGN uni�ed models,and so this componentshouldnot be greatly
affectedby absorption,althoughrelativistic effects will causejet orientationto
affect thelevel of X-ray �ux observed.

Sincejet emissiondominatesat low X-ray energies,it hasbeenimportantto
obtainsensitive spectralmeasurementsthat extendto the higherX-ray energies
accessibleto Chandra andXMM-Newtonin orderto probetheregioncloserto the
SMBH andrepresentative of thebolometricpower of thecentralengine.At these
energiesany strongemissionfromtheAGNshoulddominatejetemissionevenif it
is largelyabsorbedat lowerenergiesby agastorus.Results�nd anumberof radio
galaxiesshowing clearevidenceof ahardcontinuum,sometimesaccompaniedby
Fe-lineemission,andpresumedto beemissionassociatedwith anaccretion-disk
corona[e.g.,204; 224; 90]. Both thejet andcentral-engineX-ray componentscan
sometimesbedistinguishedin thesamespectrum[e.g.,54; 67; 225].

Thehardcomponentis moreoftendetectedin FRIIs thanin FRIs.Of course,
greaterabsorptionfrom atoruscouldpotentiallycombinewith lowerX-ray lumi-
nosity in causingthe non-detectionof the secondcomponentin mostFRIs,and
soparticularreliability canbeplacedon theresultsof a studyof nearby(z< 0:1)
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radio galaxiesthat hasallowed for absorptionin placingupperlimits on the lu-
minosity of undetectednuclearcomponents[69]. The radiative ef�ciency of the
centralenginewasthenfoundby correctingtheX-ray luminosityto a bolometric
luminosity andcombiningit with the inferredSMBH mass.In powerful FRIIs,
radiatively-ef�cient accretionassociatedwith a thin disk surroundedby an ob-
scuringtorus is normally inferred.FRII radio galaxiesat z » 0:5 alsoshow an
absorbedX-ray component[11]. In contrast,in z< 0:1 FRIs,all thenuclearX-ray
emissioncannormallybeinterpretedasjet related,andusuallyonly upperlimits
are found for accretion-relatedemission[69]. Any X-ray luminosity associated
with a non-jetcentral-enginecomponentin low-power sourcesis normally suf-
�ciently low to supportearlierspeculationsbasedon the Ledlow-Owenrelation
thatthephysicaldifferencebetweenthetwo typesof radiosourcearisesfrom the
differentnatureof their accretiondisksandef�ciency of accretion[85]. Further
supportfor theseideascomesfrom Spitzerresultsfor thez< 0:1 sample[22] that
show anadditionalcomponentof hotdustonly in FRIIs.

While resultsat �rst-look appearquite convincing of a connectionbetween
large-scaleradiopower andthestructureof thecentralengine,therearesources
whichdefy thetrend.BothCenA andNGC4261have large-scaleFRI structures,
andyet containabsorbed,hard,luminousX-ray componentscharacteristicof the
coronaeof thin accretiondisksseenthroughan obscuringtorus[67; 225]. This
might suggestthatsomethingrelatively recent(perhapsthegalaxymerger in the
caseof CenA [69]) hasprovidedadditionalmaterialfor accretionandaffectedthe
centralenginein awaythathasyetto bere�ectedin thepowerandstructureof the
large-scaleradioemission.Thedif�culty is thatmergerandsource-development
timescalesareexpectedto becomparable.A furthercomplicationis thetendency
for any X-ray accretion-relatedcomponentsin FRII low-excitation radio galax-
ies to be lessluminousthan thoseseenin a typical FRII high-excitation radio
galaxy [99], aswasknown for theoptical continuum[49; 206]. This meansthat
not all FRIIs have equivalentcentralengines.However, it is is hardto treatasa
coincidencethetendency for themostpowerful FRIIs with theleastevidencefor
externaldisruptionto arisefrom AGN showing high-excitation optical emission
linesandevidencefor thin accretiondisks.

In thenormallyinferredabsenceof thin radiatively-ef�cient accretiondisksin
FRIs, it hasbeenarguedin severalcasesthatsuf�cient X-ray-emittinghot gasis
presentin their galaxiesandclustersto producethe requiredjet power through
a geometrically-thickBondi accretion�o w [e.g., 62; 4]. Here the jet power is
inferredfrom theenergy requiredto excavatethecavities observed in theX-ray-
emittinggas,i.e.,a moredirectmethodthanscalingfrom radiopower [e.g.,211]
asis normalin the absenceof otherinformation.Recentwork con�rms that the
most luminousFRIIs also tend to lie in luminousX-ray clusters[12], and it is
reasonableto assumethat they experiencesimilar or greatersuppliesof galaxy
andclusterhot gas.However jet powersarealsohigher(how muchso restson
uncertaintiesin speedandcomposition),consistentwith requiringanextraenergy
sourcein theform of starsandgascloudsfuelling a thin accretiondisk.A major
outstandingproblemis a full understandingof themechanismswhichconvertgas
infall into two differentaccretionstructures.Jetsareexpectedto bemorestrongly
coupledto thestructureof thehoststellarsystem,andhenceto playamoremajor
rôle in feedback,if theaccretinggasoriginatespredominantlyfrom thereservoir
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containedin thepotentialwell of thesystemasawhole,whetherit behot [e.g.,4]
or cold [e.g.,161] in origin.

8.3 Therôleof theenvironment

Assumingthat jets aregenuinelysymmetricat production,the environmentap-
pearsto be, at a minimum, a strongsecondaryfactor (with jet power beingthe
likely primary in�uence) in shapinglarge-scalejet structure.For example,some
radiosourcesshow whatappearsto beFRI morphologyon onesideandFRII on
the other, andthis hasbeenusedto arguefor differentenvironmentaleffectson
thetwo sides[92].

VLBI proper-motionstudies�nd few, if any, differencesin thespeedor mor-
phologyof FRI andFRII radiojetsin their initial stagesof developmentfrom the
centralengine[154; 88]. However, the radiative powersarehigherin FRIIs, but
not in linear proportionto their total radio powers[e.g.,87; 89], suggestingthat
on the small scalea radio sourcehasknowledgeof how it will evolve. Particu-
larly compellingevidencethat the environmentdoeshave somein�uence is the
recentdiscovery thatquasars,traditionally thehostsonly of FRII structures,can
hostFRI radiostructures,with evidencethatdenser, moreclumpy, environments
at higherredshiftareallowing this to occur[107]. Therôle of theX-ray-emitting
environmentin deceleratingFRI jetswasdiscussedin x4.

8.4 Informationfrom beamedsources

The beamedcounterpartsof radio galaxies(quasarsandBL Lac objects)do not
allow theaccretionstructuresto beprobedin theX-ray, sincethebeamedjet emis-
sionswampsall othernuclearcomponents;indeedit is sometimesdominantup to
theTeV band.Multi-wavelengthspectralenergy distributionsandvariability time
scalesareusedto probethebeamingparametersandthephysicalpropertiesof the
emitting regions[e.g., 84; 128; 193]. Correlated�ares aresometimesmeasured
acrosswavebands,giving supportto thepresenceof a dominantspatialregion of
emission[e.g.,205; 194], but otherwiseuncertaintiesof sizescales,geometries,
andparametersfor thecompetingprocessesof energy lossandaccelerationoften
force theadoptionof oversimpli�ed or poorly-constrainedmodelsfor individual
jets. Much is publishedon the topic, and a review is beyond the scopeof this
work. Substantialprogressin understandingis anticipatedfrom multiwavelength
programmesassociatedwith theFermiGamma-raySpaceTelescope.

VLBI radio-polarizationstudieshave found systematicdifferencesbetween
powerful quasars(beamedFRIIs) and BL Lac objects(beamedFRIs) in core
polarizations,the orientationsof the magnetic�elds in the inner jets, andin jet
length,althoughit is dif�cult to separateintrinsic differencesfrom the possible
in�uence of theparsec-scaleenvironment,suchasthedensityandmagnetic�eld
containedin line-emittinggas[43].
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9 Summary and concluding remarks

Thelastdecadehasseenmassiveprogressin ourunderstandingof theX-ray prop-
ertiesof extragalacticradiojetsandtheirenvironments.Chandra'ssub-arcsecspa-
tial resolutionhasbeenof paramountimportancein measuringresolved X-ray
emissionfrom kpc-scalejet structures,andin extendingstudiesof X-ray nucleito
sourcesotherthanbeamedquasarsandBL Lacobjectsby separatingtheemission
of weakernucleifrom thatof thejetsandX-ray emittingenvironments.

Theassumptionthatradiostructuresroughlylie in astateof minimumenergy
betweentheir relativistic particlesandmagnetic�elds is broadlyveri�ed in a few
tensof sourcesthroughcombiningX-ray inverseComptonwith radiosynchrotron
data(x2.2). This is the assumptioncommonlyadoptedin the absenceof other
information,andso its veri�cation is reassuring,althoughmuchsub-structureis
likely to occurandthereis no reasonto expectminimum energy to hold in dy-
namicalstructures.

Theincreasein numbersof known resolvedkpc-scaleX-ray jetshasbeenre-
markable,from a handfulto theseveraltensof sourcesthatChandra hasmapped
in detail.Therearegroundsto believe that thereareX-raysfrom synchrotronra-
diation in sourcesboth of FRI and FRII types(x5.1), requiring in-situ particle
accelerationto TeV energies.The steepeningin spectralslopewhich mostcom-
monly occursat infra-redenergiesmayberelatedmoreto accelerationprocesses
thanenergy losses,but moremultiwavelengthobservationalwork is requiredto
characterizethe accelerationsitesand supporta theoreticalunderstanding.The
fact that X-ray synchrotronemissionwith an X-ray to radio �ux-density ratio,
S1 keV=S5 GHz, betweenabout10¡ 8 and10¡ 7 is socommonin jetswherethebulk
�o w is inferredto be relativistic implies that therewill be many moreX-ray jet
detectionswith currentinstrumentationin suf�cient exposuretime.

ThedominantX-ray emissionmechanismin resolvedquasarjetsremainsun-
certain,but it is likely thatbeamedemissionfrom scatteringof CMB photonsis
dominantin jetsat smallanglesto the line of sight.This requiresthathighly rel-
ativistic bulk �o ws exist far from thecores,contradictingearlierradiostudiesbut
possiblyunderstandablein thecontext of transversevelocity pro�les. Theknotty
appearanceof thesejetsis thenpossiblyaresultof variableoutputfrom thenuclei.
Much of theknotty X-ray appearanceof FRI jets,on theotherhand,likely arises
from spatialvariationsin thestrengthof particleacceleration(x5.2).

Jettheoryhashadsomepleasingsuccesses,suchastheagreementbetweenX-
ray pressurepro�les andpredictionsfrom hydrodynamicalmodelsfor low-power
jets in the regions wherethey are believed to be slowed by entrainmentof the
externalmediumor stellarmassloss(x4).

We arestill largely ignorantof jet composition,andthis is a dif�cult problem
to solvesincejet dynamicsaregovernedby theenergy of theconstituentparticles
ratherthantheirmass.Thereis generallygrowing supportfor astrongpresenceof
relativistic protons(x6).

Theobservationof bubblesandcavities in clustergasproduceddynamically
by radiostructureshasrenewedinterestin themechanismsby whichactivegalax-
ies introduceheatinto gaseousatmospheres.A few nearbybright systemshave
beenthesubjectof intensestudywith Chandra (x7.2).Althoughtheway in which
energy is depositedon the largescaleis still far from clear, informationon mor-
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phologyandtemperaturehasbeenusedto infer theunderlyingenergeticsof the
structures.

An areawherework is still in its infancy is that of understandingthe trig-
geringof radio sources,andthe possiblerôle playedhereby galaxy andcluster
mergersin promotingor inhibiting radio-sourcedevelopment(x7.4).Theemerg-
ing pictureshowsthatverydifferentaccretionstructurescanhostradiojets,with a
tendency for quasar-typenucleito beassociatedwith morepowerful jets.How jets
arepoweredby thesedifferentaccretionstructuresandgasinfall, andtheduration
of a givenmoderelative to typical lifetimesof radiosources,remainto bebetter
understood.

Thefutureisbright.ChandraandXMM-Newtonarenow matureobservatories.
Operationalexperienceis enablingbothmoreambitiousandmorespeculativepro-
gramsto beundertaken.For example,Chandra is completingsensitive exposures
of all 3CRR radio sourceswithin a redshift of 0.1, and a large shallow survey
of quasarjets to study the X-ray-emissionmechanismin a statisticalsenseand
seekoutmoresourcesfor deep,detailedstudy. Observationsof asomewhatmore
speculative naturearealsobeingmade,suchasobservingradio sourcesof dif-
ferentinferredages,andstudyinghow galaxyandclustermergersareimpacting
the radio-sourcestructuresand their in�uence on the surroundingatmospheres.
Thesearejust examples.At the sametime, Suzakuis makingspectralmeasure-
mentsof active-galaxy nuclei,andtestingthe spin characteristicsof black holes
hostingradiosourcesthroughsearchingfor relativistic broadeningin Felines.We
canexpectfantasticresultsfrom continuingX-ray work, andmany surprises.

New facilitiescomingon line will enrichtheX-ray results.Spitzerhasmea-
sureddust,stars,andnon-thermalcoresin the centresof radio galaxies,placing
constraintson the centralstructures.It hasalsodetecteda numberof kpc-scale
jets,helpingto tie down the all-importantbreaksin the spectraldistributionsof
thesynchrotronradiationthatarelikely to beconnectedto theprocessof particle
acceleration.Herschelwill continuesuchwork.

The characteristicsof the non-thermalemissionat energies higher than the
X-ray provide a sensitive testof emissionmechanismsanda probeof jet compo-
sition.TheFermiGamma-raySpaceTelescopeis providing suchdata,particularly
for theembeddedsmall-scalejetsof highly-beamedquasarsandBL Lac objects,
asareground-basedCerenkov telescopessensitive to TeV emission.

ALMA will probethe cool componentof gasin active galaxies,andprovide
informationon onepossiblecomponentof accretionpower. Radiomeasurements
with e-MERLINandEVLAwill probespatialscalesintermediatebetweenpc and
kpc, importantin the launchingandcollimation of jets. They will alsoprovide
improvedinformationon transversejet structure.

Extendingpolarimetryto theX-ray, asis understudyin thecommunity, will
provide key testsof jet emissionandaccelerationmechanisms,just assuchwork
with HST is startingto do in the optical. Most importantly, a future X-ray ob-
servatory that hasthe sensitivity andspectralresolutionto probegasdynamics
associatedwith radiosourcesis crucialfor con�rming andextendingsourcemod-
elling that is currentlyin its infancy. Suchcapabilitieswill comewith the launch
of anew facility suchastheInternationalX-ray Observatorycurrentlyunderstudy
by ESAandNASA.
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