Astronomy and AstrophysicsReview manuscript No.
(will beinsertedby theeditor)

D.M. Worrall

The X-ray Jetsof Active Galaxies

The AstronomyandAstroplysicsReview, Volume17,1-46(2009)

Abstract Jetphysicsis again ourishing asa resultof Chanda's ability to re-

solve high-enegy emissionfrom the radio-emittingstructuresof active galaxies
andseparaté fromtheX-ray-emittingthermalenvironmentsof thejets. Theseen-

hancectapabilitieshave coincidedwith anincreasingnterestin thelink between
the growth of supermassve black holesandgalaxies,andan appreciatiorof the

likely importanceof jets in feedbackprocessesl review the progressthat has
beenmadeusingChandia andXMM-Newtonobsenationsof jetsandthemedium
in which they propagte,addressingereral importantquestionsjncluding: Are

the radio structuresin a stateof minimum enegy? Do powerful large-scalgets
have fastspinalspeeds™hat keepsets collimatedWhereandhow doesparti-

cle acceleratioroccur?Whatis jet plasmamadeof? What doesX-ray emission
tell us aboutthe dynamicsand enegeticsof radio plasma/@sinteractionsds a
jet'sfatedeterminecdy the centralengine?
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1 The stageis set
1.1 Historical perspectie

In the 1970sand 1980sthe powerful capabilitiesof radio interferometrygave
birth to the study of extragalacticradio jets. It becameclearthat radio jets are
plasmaout ows originatingin the centresof active galaxies,seenthroughtheir
synchrotronemission.After much debate,propertiessuch as the relative one-
sidednes®f the jets, andthe measurementf apparensuperluminalexpansion,
by Very Long Baselinelnterferometry(VLBI), wereacceptedisdueto the out-
0 ws having relatistic bulk speedsEarly attemptsat unifying sourcepopula-
tions basedon specialrelativity andapparentsourcepropertiele.g., 175 have
developedover the yearsinto comprehensie uni ed schemege.g., 8] whereby
quasarareexplainedasradio galaxieswhosejets areat small anglesto the line
of sightandsoareboostedyy relatiistic effects.

By the mid 1990s,the studyof radio jets hadreachedsomethingof a hiatus,
andmajorgroupsaroundtheworld turnedtheir attentionto otherpursuitssuchas
gravitationallensingandthe studyof the CosmicMicrowave Background CMB)
radiation A turningpointwasthesensitvity andhigh- delity mirrorsof theChan-
dra X-ray Obsenratory [209], which resultedin the detectionof resohed X-ray
emissionfrom mary tensof well-known extragalactic radio sourceg(see[103]
for a sourcecompilationas of 2006: the numbercontinuesto increase) When
combinedwith X-ray measurementsf the ambientgasmadewith Chandia and
XMM-Newton andmultiwavelengthdata,mary importantquestionselatedto the
physicsof jets canbe addressedProgressowardsansweringthosequestionss
the substancef this review.

The enhancedcapabilitiesfor the X-ray study of jets have coincidedwith
stronginterestfrom the wider astronomicacommunityin the growth of super
massie black holes(SMBHSs), following the links that have beenmadebetween
SMBH andgalaxy growth [e.g., 165 79]. SMBHs (andindeedcompactobjects
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of stellarmass)}commonlyproducgets,asanoutcomeof accretionprocessese-
sponsiblelsofor black-holegrowth. It is alsoclearthatextragalacticjetsarecapa-
ble of transferringarge amountsof enegy to baryonicmatterin the hostgalaxies
and surroundingclustersat large distancesrom the SMBH. The way in which
heatingduringthe jet modeof AGN activity might overcomethe problemof fast
radiatve coolingin the centreof clustersis now intenselystudiedin nearbyob-
jects(seex7), andheatingfrom ‘radiomode'actvity is includedin simulationsof
hierarchicalstructureformation[e.g.,57]. We needthereforeto understandvhat
regulatesthe productionof jetsandhow muchenegy they carry X-ray measure-
mentsof nuclearemissiorprobethefueling andaccretiorprocessesandthoseof
resohedjet emissiorandthe surroundinggaseousnediumprobejet composition,
speeddynamicalprocessesnegy depositionandfeedback.

1.2 Radiationprocesses

Thetwo mainjet radiationprocessearesynchrotrorradiationandinverse-Compton
scattering.Their relative importancedependson observingfrequeng, location
within thejet, andthe speedf thejet. ThethermallyX-ray-emittingmediuminto
which the jets propagte playsa major role in the propertiesof the o w andthe
appearancef the jets. The physics of the relevant radiationprocessesre well
describedn publishedwork [e.g.,86; 26; 153 189 168 174, 137], andmostkey
equationdor thetopicsin this review, in aform thatis independenof the system
of units,canbefoundin [220].

It is particularlyin the X-ray bandthat synchrotronradiationand inverse-
Comptonemissionare both important. X-ray synchrotronemissiondependon
thenumberof high-enegy electronsandthestrengthand lling factorof themag-
netic eld in therestframeof thejet. InverseComptonX-ray emissiordepend®n
the numberof low-enepgy electronsthe strengthof an appropriatepopulationof
seedohotongsuchasthe CMB, low-enegy jet synchrotrorradiation,or emission
from the centralengine),andthe geometryof scatteringn the restframe of the
jet. In anidealworld, obsenationswould be sufcient to determinethe emission
processandthis in turn would leadto measurementsf physical parametersin
reality, X-ray imagingspectroscop evenaccompaniethy goodmeasurementsf
the multiwavelengthspectralenegy distribution (SED), oftenleavesambiguities
in thedominantemissiorprocessKnowledgeis furtheredthroughintensve study
of individual sourcesor sourcepopulations.

1.3 Genericclasse®f jets

In discussingets, it is usefulto referto the Fanarof andRiley [74] classi cation
that divides radio sourcesbroadly into two morphologicaltypes,FRI and FRII.
A relatively sharpdivision betweenFRIs and FRIIs hasbeenseenwhensources
aremappedntoa planeof radioluminosityandgalaxyopticalluminosity[136] —
thesocalledLedlon-Owenrelation.FRIIsareof higherradioluminosity, with the
separatiorbetweerthe classesnoving to largerradioluminosity in galaxiesthat
are optically more massve andluminous.The distinct morphologiede.g., 154
arebelievedto beare ection of different o w dynamicdqe.g.,134.
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Fig. 1 Roughly6.6kpc (projected)pf theinnerjet of thez= 0:0165FRI radiogalaxyNGC 315.
Left: 5 GHz VLA radiomapshaving a knotty lamentary structurein diffuseemission Right:
SmoothedChandi X-ray imageof » 52:3 ks livetimealsoshaving knotty structureembedded
in diffuseemissionTheridge-linede ned by theradiostructures shavn in white,andindicates
alevel of correspondencieetweertheradioandX-ray knots.Figureadaptedrom [221].

FRIsourcegof lowerisotropicradiopower, with BL Lacobjectsasthebeamed
counterpartin uni ed schemeshave broadeningjets feeding diffuse lobes or
plumesthat can showv signi cant gradualbending,usually thoughtto be dueto
ram-pressurasthe sourcemovesrelative to the externalmedium.The jet emis-
sionis of highcontrastigainstdiffuseradiostructuresimplying thatthejet plasma
is anefcient radiator kpc-scalgetsareusuallybrightestata aring pointsome
distancerom the active galacticnucleus andthenfadegraduallyin brightnessat
largerdistancedgrom the core,althoughthis patternis ofteninterruptedby bright
knots seenwhen the jet is viewed in the radio or the X-ray. Suchan example
is shavn in Figure 11. The jets are believed to slow from highly-relatiistic to
sub-relatvistic o w on kpc-scalesfrom entrainmentof the external interstellar
medium(ISM), perhapsnhancedy stellarmasslosswithin thejet. The strong
velocity shearbetweenthe jet o w andthe almoststationaryexternal medium
mustgeneratanstabilitiesat 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 assumptionge.g.,14; 15, andseex4].

FRII sources(of higherisotropic radio power, with quasarsas the beamed
counterparin uni ed schemeshave narraver jets thatare sometimedgaint with
respecto surroundingobe plasmaandthatterminateat bright hotspotgFig. 2).
The jets are often knotty when obsened with high resolution,and the jets can
bend abruptly without losing signi cant collimation (seex3.1 and x5.3 for ex-
amples).The bendingis oftenlarge in quasaiets, supportingthe conjecturethat
guasarsreviewedat smallangleto theline of sightandthatbendsareampli ed
through projection.In contrastto FRI jets which arein contactwith the exter-
nal medium,the standardnodelfor FRII jetsis thatthey arelight, embeddedn
lobe plasma,and remain supersonionith respectto the external gas out to the
hotspotsThe enegy andmomentumux esin the o w arenormally expectedto

1 Valuesfor thecosmologicaparametersf Ho = 70kmsi 1 Mpci 1, Who= 0:3,andW ¢ =
0:7 areadoptedhroughouthis review.
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Fig. 2 Thez= 0:458FRII radiogalaxy 3C 200.A smoothed.3-5keV Chandi X-ray image
of » 14:7 ks livetimeis shavn with radio contoursfrom a 4.86 GHz VLA radio map [135]

(beamrsize0:33°E 0:33%. Bothnuclear11] andextendedX-ray emissioraredetectedA rough
correspondencef someof the extendedX-ray emissionwith theradiolobeshasresultedn the
claimfor inverse-Comptoscatteringof the CMB by electronsn thelobes[55], but mostof the
extendedemissionover larger scaleds now attributedto clustergas[12].

be sufcient to drive a bow shockinto the ambientmedium. The ambientgas,
heatedasit crosseghe shock,forcesold jet materialthathaspassedhroughthe

hotspotdnto edge-brightenedocoonsFRII jetsarethuslow-ef ciency radiators
but ef cient corveyors of enegy to large distancesThey are often hundredsof

kpcin length(particularlywhendeprojectedor their anglesto the line of sight),

crossingmary scaleheightsof the externalmediumfrom relatively densegasin a

galaxycoreto outergroupor clusterregionswherethe externaldensityandpres-
sureare ordersof magnitudelower. State-of-the-arthree-dimensionahagneto-
hydrodynamicakimulationghatincorporateparticletransportandshockacceler

ationdo well atreproducinghe essentiatharacteristicef synchrotronemission
from suchasourceandsuggesthattheshockandmagnetic- eldstructureof the

hotspotsandlobesareextraordinarilycomple« andunsteady201; 207.

1.4 Lifetimesandduty cycles

Individual FRI andFRII radiogalaxiesarethoughtto live for at mostsometensof
millions of yeargle.g.,140, 11§. Age estimatesrebasecnmeasuringurvature
in the radio spectracausedy radiatve enegy lossesof the higherenepy elec-
tronsover the lifetime of the sourcede.g., 3]. In contrastto the relative youth of
obsenredradiostructurespresent-daglusterswerealreadyformingin theyoung
Universe.ldeasthat radio sourceshave an importantrodle in heatingclustergas
(seex7) thenrequirea correctbalancebetweenthe duty-gycle of repeatedadio
activity andheatingef ciency asafunction of jet luminosity The duty cycle can
be probedby searchindor evidenceof repeatedhctiity from individual sources.
Radiosourceglassi edasGHz-PeakdSpectrum(GPS)or CompactSteepSpec-



6 D.M. Worrall

trum (CSS)aresmallandbelievedto beeitheryoungor have their growth stunted
by the externalmedium[151], andsourcestatisticssuggesthatif they evolve to

kpc-scalesizesthey mustdim while sodoing[162]. VLBI kinematicstudiespro-

vide corvincing evidencethat sourcesn the CompactSymmetricObject(CSO)
subsetatleast,areyoung,with currentagedessthan10* years[52). Thefactthat
it is relatively uncommonto seeGPSsourceswith extendedradio emissionthat
may be a relic of previous activity hasbeenusedto arguethat periodsbetween
sustainedctivity aregenerallyatleasttentimeslongerthantheradiatie lifetime

of theradioemissiorfrom theearlieractivity [190]. Thisis consistentvith atime

betweerepisode®f activity in FRIIs of betweerabout5£ 10° and10° yearsthat
is estimatedusing optical- and radio-catalogcrosscorrelationscoupledwith an

averagesourcdifetime of aboutl:5£ 10’ yearsfrom modellingprojectedsource
lengths[18]. Of course,within the lifetime of an individual radio sourcethere
might be shorterterminterruptionsor variationsof actwity (seex8.1).

2 Arethe radio structuresin a state of minimum energy?
2.1 Calculationof theminimum-enegy eld

Themagneticeld strengthandparticlespectrumareimportantfor jet physicsas
they de ne theinternal pressureThe level of synchrotronradiationdependson

themagnetic- eldstrengthandthe numberof relatiistic electronsandpositrons,
but thesequantitiesareinseparabldasedon the obsened synchrotronradiation
alone.To progresdurtherit is usualto assumehatthe sourceis radiatingsuch
thatits combinedenegy in relatiistic particlesandmagneticeld is a minimum
[35]. In this situationthe enegy in the magnetic eld is » 3=4 of theenegy in

the relatvistic particles,andso this is similar to the conditionin which the two

are equalandthe sourceis in “equipartition. A changein ary direction of the
ratio of enegy densityin particlesto magneticeld increaseshetotalenegy and
pressurén theemitting plasma.

The minimum-enegy magnetic eld for a powerlaw spectrumof electrons
producingradiationof ameasuredux densityataparticularfrequeng canbecal-
culatedanalytically[e.g.,220, andfor more complicatedspectrathe resultscan
be obtainedvia numericalintegration.Physicalinsightcanbe gainedby consider
ing a power-law spectrumwhereelectronggive rise to a synchrotrorluminosity,
L, atagivenfrequeng n of theform

Loy ni2: (@)
It is now normallythoughtpreferableo de ne the spectralimits via a minimum
andmaximumLorentzfactorfor the electronsn the sourceframe, ghnin and gnax.
[e.g.,220, ratherthanassynchrotronfrequenciesn the obserer's frame|e.g.,
147, sincethe former is relatedto acceleratiomrocessesand hasthe potential
for beingchosenon a physical basis.Exceptin the specialcaseof a = 0:5, the
minimum-enegy magneticeld strengthBpe, is givenby
n i ) .
(@+Ci(1+K) o GHax' i Grin- .
2C, hv " (1i 2a) ’

¢#1=(a+3)

Bme=

@)
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whereV is the sourcevolume,andC; andC, are combinationsof fundamental
physicalconstant@&ndfunctionsof a givenby synchrotrortheory[for detailssee
22(Q. Following the notationof [147], K is theratio of enegy in otherrelativistic
particlesto that in the electronand positroncomponentand h is the fraction
of thevolume lled by particlesand elds (theso-calledlling factor). Thetrue
minimum enegy is whenthe only relatiistic particlesareradiatingleptons,and
thevolumeis completelyanduniformly lled with radiatingparticlesand elds.
SomeauthorsconsistentlyusetheseassumptionsvhencalculatingBpe. If K> 0
or h < 1 thenBp is increasedResultsfor By,e aremorestronglydependenon
Gnin thangmax, sincea > 0:5 for mostobseredradiospectra.

Relatvistic beamingof asourceaffectsBe (asconsideredaterin x3.2).Since
thereis inevitably uncertaintyin the value of beamingparametersBpe is best
measured component$or which bulk relatiistic motionis believedto be small
or naligible. Of course,even in the absenceof relatvistic beaming,the angle
to theline of sight, g, entersinto the calculationvia a correctionfrom projected
linearsizeinto truesourcevolume,V. Typical valuesfoundfor Bye in radiolobes
andhotspotsare2—200nGausg0.2—-20nT) [e.g., 119, althougha hotspot eld
aslargeas3000 mGausshasbeenmeasured91l].

Figure 3 shaws the dependencef Bme 0N ghin, K, h, and q, separatelyfor
electrongiving riseto synchrotrorspectrawith a = 0:6 anda = 1:1. Theformer
slopeis asexpectedfrom electronsundegoing highly relatiistic shockacceler
ation [1], andthe latter whereenegy losseshave steepenedhe spectrum.The
curves shav that By,e changegatherlittle (within factorsof at mosta few) for
ratherlarge changesn theinputassumptions.

2.2 Using X-raysto testminimumenegy

The minimum-enegy assumptiorcan be testedby combiningmeasurementsf

synchrotrorandinverse-Comptomissionfrom the sameelectronpopulation If

theinverseComptonprocesss responsibldor mostof the X-ray radiationthatis
measuredandthe propertiesof thephoton eld areknown, theX-ray ux density
is proportionaimerelyto thenormalizatiorof theelectronspectrumk, if theusual
powerlaw form

N = kg P (gin g Gnad) 3)
is assumedwhere Nére') is the numberof relatiistic electronsper unit g. The
upscattereghhotonsmight be the CMB, whosepropertiesarewell known. Alter-
natively they couldbetheradiosynchrotrorradiationitself, in the procesknown
assynchrotronself-Compton(SSC),or photonsfrom the active nucleus particu-
larly atinfraredthroughultraviolet frequenciesSincethe availablephotongange
in frequeng, sotoo do the enegiesof electronsresponsibldor scatteringthem
into the X-ray, andtheseare rarely the sameelectronsfor which the magnetic
eld is probedthroughsynchrotrorradiation.Neverthelessit is usualto assume
thatthemagneticeld, photonsandrelativistic electronsareco-locatedwith the
synchrotrorphotondensityproportionalto kB* 2, Herea is de ned asin Equa-
tion 1, andtheorygivesa = (pj 1)=2. The combinationof synchrotron(radio)
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Fig. 3 Effect on the calculatedminimum-enegy magnetic eld if a parametewalueis varied
from its nominalvalue (left-hand-sideof plot). Resultsarefor a powverlaw electronspectrum,
extendingfrom Lorentz factor gmin t0 gnax = 1CP, that givesrise to a synchrotronspectrum
Sy p ni @ with a = 0:6 (solid lines)anda = 1:1 (dashedines). (a): increasinggmin from a
valueof 10. (b): increasingheratio of enegy in otherparticlesto thatin electronsK, from a

valueof zero.(c): decreasinghe lling factor h, from avalueof 1. (d) decreasinghe angleto

theline of sight,andthusincreasinghe sourcevolumefrom the projectedsizeat g = 90*.

ux densityandinverseCompton(X-ray) ux densitythenallows avaluefor the
magneticeld strengthBsic, to beinferredandcomparedvith Bye.

Sincethemodellingrequiresghatthe volumeandary bulk motionof theemit-
ting plasmabeknown, thebestlocationsfor testingminimumenegy aretheradio
hotspotswhich arerelatively bright and compact,andarethoughtto arisefrom
sub-relatvistic o wsatjet termination[but see80], andold radiolobeswherethe
plasmamay be relatively relaxed. Thereis no reasorto expectdynamicalstruc-
turesto beat minimumenengy.

It wasanticipatedhat Chandia and XMM-Newtonwould make importantad-
vancesin testsof minimum enegy, sincealreadywith ROSAT and ASCAthere
werecorvincing detection®f inverseComptonX-ray emissionfrom the hotspots
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Fig. 4 The amountby which the fraction of thetotal X-ray ux densityattributableto inverse
Comptonradiation,X-rayic/X-rayieta, Would have to bereducedor aresultof Bsjc=Bme = 0:5
to beincreasedSolid anddashedturvesarefor a = 0:6 anda = 1:1, respectiely.

andlobesof a handfulof sourcege.g.,101; 76; 195, andpioneeringwork onthe
hotspotsof CygnusA had found good agreementvith minimum enegy [101].
Chanda and XMM-Newton have allowed suchteststo be madeon a signi -
cantnumberof lobesand hotspotswith resultsgenerally nding magnetic eld
strengthswithin a factor of a few of their minimum enegy (equipartition)val-
uesfor K=0andh = 1 [e.g.,95; 33; 110 51; 30; 10; 54; 14§. A study of
» 40 hotspotX-ray detectionsconcludesthat the mostluminoushotspotstend
to bein goodagreementith minimum-enegy magnetic elds, whereasn less-
luminoussourceghe interpretationis complicatedoy an additionalsynchrotron
componenbf X-ray emission[98]. Considerableompleity of structureis seen
wherehotspotsarecloseenoughfor X-ray imageso have kpc-scaleor betterres-
olution[e.g.,126].

For radio lobes,the largestsystematicstudywhereit is assumedhatall the
X-ray emissionis inverseComptonradiationis of 33 FRII lobes,and nds 0:3 <
Bsic=Bme < 1:3 [55]. Sincethe asymmetnyis on the sideof Bsjc < B, it isim-
portantto recognizethatthe analysismay not have accuratelytakeninto account
contributionsto thelobeX-ray emissiorfrom clustergas,now commonlydetected
away from the loberegionsin FRII radiogalaxies[12, andseeFig. 2]. However,
asseenin Figure4, thelobe X-ray emissionfrom clustergaswould have to befar
brighterthanthatfrom inverseComptonscatteringo causeBsjc=Bme to increase
signi cantly (e.g.,from 0.5to 1.0),andthis is incompatiblewith the obseration
thatlobesstandoutin X-raysascomparedvith adjacentegions.

BetteragreemenbetweenBsjc and By would be achieved if Bihe hasbeen
overestimatedFigure3 shavs thatdecreasinghe lling factoror includingrela-
tivistic protonsthatenepetically dominatethe electronshave the oppositeeffect.
A decreasen Bpe is found if the sourcehasbeenassumedo be in the plane
of the sky whereast is really at a small angle,with the structureshaving more
volume. However, the small anglesrequiredto make an appreciableifference
would be inconsistentwith randomsampling.More promisingwould be if gnin



10 D.M. Worrall

81“”“”“””‘

0406 08 1 12
BSiC/Bme

Fig. 5 Theratioof totalenegy in electronsandmagneticeld, computedrom combinedX-ray
inverseComptonandradio synchrotronmeasurementso that calculatedfor minimumenegy,
for the rangeof Bsic=Bme typically obsered. Solid and dashedcurves are for a = 0:6 and
a = 1.1, respectiely.

were higherthantypically assumedasstressedy [27] who claim evidencefor
avalueof gni, ashighas» 10* in the hotspotof one FRII radio galaxy, with a
lower valueof gnin » 10° in the lobesasa resultof adiabaticexpansion.This is
in line with earliermeasurementsf spectral attening at low radio frequencies
in hotspotspectrasuggestie of valuesof gnin nolowerthanafew hundrede.g.,
133 41]. Why theremightbe sucha gy, in ahotspotis discussedby [91].

It is importantto stresghat nding Bsic=Bme within afactorof afew of unity
doesnotallow strongconstraintso beplacedon physicalparametersAs shavnin
Figure3, largechangesn inputparameterdo notchangeBme, andthusBsic=Bme,
by a large amount.lt is often pointedout thatif the magnetic- eld strengthis a
factorof a few below Bne, the enepy in relatiistic electronanustdominatethe
magnetic- eld enegy by ordersof magnitude While this is relevant for under
standingthe stateof the plasmagdoesthis really matterfrom the point of view of
sourceenegetics?Theincreasan combinedelectronand magnetic- eld enegy
overtheminimumenegy is relatvely modestaslong asthe electronspectrums
notvery steepandthe eld strengthis nolessthanaboutathird of Bye (Fig. 5).

In ary casejt is clearthatapplicationof minimum enegy over large regions
isanoversimpli cation. Three-dimensionahagneto-fidrodynamicasimulations
that incorporateparticle transportand shockacceleratior201; 202 nd much
substructuref particledistributionsand elds within the volumestypically inte-
gratedover obsenationally Compleity on a coarseiscaleis seenin someobser
vations[e.g.,110, 148§).
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Fig. 6 Thez= 0:651quasalPKS0637-752usingdatafrom [177]. The plot shovs asmoothed
Chandr X-ray imaé%eof » 35 ks exposurewith radio contoursfrom an 8.64 GHz ATCAradio
map(beamsize0:96° 0:81%. X-ray emissioris detectedrom the nucleusandfrom thewest-
ernradio jet beforeit bendsnorth. The bright jet region 7:8%°%westof the nucleusis known as
Knot WK7.8.

3 Do powerful large-scalgets have fast spinal speeds?
3.1 Theimpetusfrom PKS0637-752

Chanda is centralto thecurrentdebateconcerninget speedn the powerful radio
jets of quasarsThe work waskick-startedunexpectedly Observingguasarsvas
not initialy a high scienti ¢ priority for Chandi, asit wasrecognizedhat the
coreswerebright, andthe likelihood of multiple photonsarriving betweenCCD
readoutsvashigh, leadingto distortedspectrameasuremenisocalledpileup’).
It wasthusfortuitousthat a radio-loudquasamwasthe chosentametfor in- ight
focuscalibration,sincethis led to the detectionof resolhed jet emissionfrom the
z= 0:651quasalPKS0637-752177; 45, andseeFig. 6].

Several possibleoriginsfor PKS0637-7525 jet X-rayswereconsideredThe
level of optical emissionwastoo low to explain the X-rays asthe synchrotron
radiationfrom a single populationof electrons,and SSCwas disfavouredas it
would requirestrongdominanceof the enegy in relatvistic electronsover that
in magneticeld, giving atotal enegy in particlesand eld thatis » 1000times
thatgivenby minimumenegy [177]. A morepromisingexplanationallowedthe
jet to be at minimum enegy but requiredit to have fastbulk motion (a Lorentz
factorof G » 20atqg » 5% to theline of sight),in which caseit would seeboosted
CMB in its restframeandemit beamedX-raysin the obserer's frame[197; 44].
Although sucha speedandangleare consistentvith VLBl measurementsn pc
scaleq139], thefastspeednustpersistupto hundredf kpc from the core(after
projectionis takeninto accountfor the X-raysto be producedy this mechanism,
which |1 will call “beamedC-CMB”. This explanationrancounterto thecommon
wisdomof thetime, basedn radiodata,thatthe bulk relativistic speedf quasar
jetsonthelarge scaleis G » 2 [e.g.,31; 208. To overcomethe contradiction,it
was suggestedhat quasarjets have a fast-mwing centralspineresponsiblefor
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the obsered X-rays, and a slovermaving outer region that emits the bulk of
the obsenedradioemission44]. This follows the samepatternasthetrans\erse
velocity structuresconjecturedfor FRI jets, that are thoughtto resultfrom the
entrainmendf externalmaterial(seex4).

3.2 Thedependencef beamedC-CMB on beamingfactorsandredshift

In modellingbeamedC-CMB emissionmostauthorsusethe approximatiorthat
CMB photons,isotropicin the obserer's frame, are scatterednto directionsin
the jet framethatareparallelto the instantaneouselocity vectorsof the scatter
ing electronde.g.,58; 102. Thishasbheenshavnto beanexcellentapproximation
for calculatingthe X-ray emissvity aslong asthe jet's bulk motion hasLorentz
factorG, 2[59], whichis, in ary caserequiredfor themechanisnto beeffective
at producingstrongX-ray ux es.The basicphysicsof the formalismis particu-
larly clearly presentedn [58], andherethoseformulaearepresentedn aslightly
differentform whichis independentf the systemof units.

We considemasourceravelling atspeedbc andbulk LorentzfactorG towards
theobsereratanangleq to theline of sight,sothatthe bulk relativistic Doppler
factor d, is givenby

— 1 .
d= G(1j bcosq) “)

An electronof Lorentzfactorg will scattera CMB photonthathasa charac-
teristicfrequeng todayof ncvs to anobseredfrequeng, n, givenby

d*(1+ cosq).
T (@b ©

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

n= ¢gng; (6)
whereny is the non-relatvistic electrongyrofrequeny, which is proportionalto
the magnetic eld strength,B. Written in Sl units, ng = eB=2pme ¥4 30B GHz,
whereB is in units of Tesla.For a CMB thatis monochromatiat a frequeng of
ncve at redshiftequalto zero,thentheratio of inverseComptonto synchrotron
ux densityata x edfrequeng in the obserer's frameis simply givenby

n= nCMBQZ

H B! H a1
SCi CMB - §dl+a(1+ Z)3+a 1+ cosq e Ucme ~ Mcme " ; (7)

whereucyg is the enegy-densityof the CMB at a redshift of zeroand ug is
the enegy densityin the magnetic eld in the rest-frameof the jet. Noting that
Ug U Bﬁn andng U Bint, whereBjy is the intrinsic magnetic- eld strengthin the
rest-frameof thejet,
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Scicve | d+@ Hi+ COSqﬂl+a.

1+ 2)%+2
Ssyn Bl+a( 1+b

int
If the modellingassumesninimum enegy in relativistic particlesand elds,
thenEquation2 canbeused.Theluminositydensitycanbewrittenin termsof the
obsenablesynchrotronux densityusing

(8)

LndG* @) = (1+ 22 1S, 4pDE; 9)

whereD, istheluminositydistanceThevolumeof aradiosourcecanbespeci ed
in termsof its angularcomponensizes gy, gy andpathlengththroughthesource,
d, as

V = gegydD?=(1+ 2% (10)
Substitutingfor L, andV (Equations9 and10)in Equation2 thengives

) P N
(a+ 1DCy (1+ K) 4 S Iaga i Iinza

a 3+a .
Bme 2C, hqqud P G a) né(1+ 2 (1; 2a) )
(11)
ie.,
1+7Z
Bme H ( P ). (12)
Substitutingfor Bint = Bme in Equation8 gives
l’l ﬂ 1+ a
Sci cvB 2+2a » 1+ cosq
—l]— 1 _— : 1
5, MRt S (13)

Equation9 (andthusEquationsl1,12 and13) appliesto asphericablobin which
Ssyn M d%* @: for a continuouget whereSyyn 1t d?* @, Bme 4 1=d?* @53+ 2) 'and
Equation13 hasa slightly morecomplicateddependencen d. Also, Equation10
adoptsthe assumptiorthat the pathlengththroughthe jet is independenbf red-
shift. Alternative assumptionsouldbeadoptedmodifyingtheredshiftdependen-
ciesin Equationsl1,12and 13.

3.3 How is thebeamedC-CMB modelfaringunderscrutiry?

It was obvious that therewere importantconsequences$ the beamedC-CMB
interpretationof the X-ray emissionfrom the resohed jet of PKS 0637-752is
correct,andholdsfor otherquasaiets.In particular increasingG from the previ-
ouslyacceptedialueof » 2to G» 20 meansncreasinghejet power by afactor
of » 100,or moreif coldionsareanimportantcontributorto the jet composition
[seeappendixB of 17§.

Programstargeting the resolhed radio jets of core-dominatedjuasarswith
Chanda followed the work on PKS 0637-752[170; 171, 141]. The detection
succesgate of roughly 50 per centin relatvely shortexposuresmadeit clear
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Fig. 7 Normalizedratio of inverseComptonto synchrotronux densityfor a x ed intrinsic

magneticeld strengthfor differentjet anglesto the line of sight. The normalizationis to the

valuefor ajet with a Lorentzfactorof 15anda=1.1at0* to theline of sight.Solid anddashed
curvesarefor a = 0:6 anda = 1:1, respectiely. Eachsethascurvesfor G = 15,G = 10,and

G = 5,in descendingrderat g = 0*. Basedon Equation8.

thatPKS 0637-752is notanoutlier. LongerChandia obsenationsweremadeof
someof the X-ray brightestand morphologicallymostinterestingsourcede.g.,
142 169 181; 182 183 115 116,178 180 179 200. The combinationof sur
veys andlong pointedobsenationshave madeit possibleto look critically at the
applicationof the beamedC-CMB modelto thesesources.

The high X-ray detectionrate of quasarjets in short exposuresis notable.
In mostChandia obserationsof FRII radio galaxiesat similar redshiftsto the
guasarsthejets (asopposedo the terminalhotspotsyarenot detectede.g.,218
12]. This canbe understoodn the framevork of quasar/radio-glaxy uni cation
with referenceo Figure7 (basedn Equation8) which shavs thatfor jetsthatare
intrinsically the same the ratio of beamed-iCto synchrotronradiationstrongly
decreasewith increasinget angleto the line of sight. The obsered quasarX-
ray jet emissionis normally one-sidecandon the samesideasthe brighterradio
jet, in supportof relatiistic beaming Wheretwo-sidedX-ray emissionhasbeen
seengxplanationscanbe foundwhich arenotin violation of fastjet speedge.g.
71; 120.

In generathejetscontainmultiple knotsthatcanbe tted independentlyo the
beamedC-CMB modelwith minimum-enegy magneticeld strengthsof order
10-20nG (1-2nT) [e.g.,178. Note,however, thatthereareinsufcient obsera-
tionalconstraintgo t thetwo freeparametersf angleto theline of sightandbulk
Lorentzfactorseparatelyandanassumptiomustbe madeon oneof theseparam-
eters.lt hasheencommonto assumesing = 1=G (i.e.,d = G), althoughthis is
not particularlysensibldor sourcesvheremultiple knotsin the samesourcegive
differentvaluesfor G, sinceit canleadto a jet thatbendsmore erraticallythan
males physical senseln somecaseshe resultscanbe shavn to agreewith the
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Fig. 8 Mean Lorentzfactor g, of electronswhich scatterCMB photonsnearthe black-body
peakto X-ray photonsof 1 keV. Resultsareshavn for anemissiornregion at selectecanglesto
theline of sightover arangeof bulk Lorentzfactor G. Basedon Equation5.
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Fig. 9 The X-ray and radio pro les down the jet of PKS 0637-752(seeFig 6). The X-ray
intensitydropsbeforetheradioat largejet angles 1°°correspondso a projectedineardistance
of 6.93kpc.

estimate®f speedandpower from simplemodelsfor the pc-scaleemissiorie.g.,
116, 200, andseex8.4], althoughwith ratherlarge uncertainties.

Thereis, however, amajordif culty with the beamedC-CMB interpretation
thatarisefrom adetailedcomparisorbetweerradioandX-ray emissionFigure8
(basedn Equations) shavsthemeanLorentzfactorof electronghatscatteipho-
tonsfrom the peakof the CMB spectruminto the X-ray at 1 keV, for variousjet
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Fig. 10 Normalizedratio of inverseComptonto synchrotronux densityfor a x edjet angle
to the line of sightwith decreasind-orentzfactor G. Left: with x edintrinsic magnetic eld.
Right: with minimum-enegy magneticeld. In eachpanelseparatelyhecurvesarenormalized
to thevalueof Sc=Ssyn for ajet with aLorentzfactorof 15, a=1.1,at5" totheline of sight.Solid
anddasheccurvesarefor a = 0:6 anda = 1:1, respectiely. Eachsethascurvesfor g = 5%,
g = 10*, andqg = 15%, in descendingalueonthey-axisatG = 15.

bulk Lorentzfactorsand anglesto the line of sight. The synchrotronemission
from theseelectronswill be ata peakfrequeny of ¥ g?ng ¥a 30g°B GHz, where
ng is the gyrofrequeng and B is magnetic eld strengthin Tesla.For a typical
eld of 2 nT, theradio synchrotroremissionfrom theseelectronss at 0.3 MHz
if g= 100,0r 20 MHz if g= 103, both belov the obsenableradio band.Under
the beamedC-CMB model, which requiressmall angleto the line of sight, g,
to be effective, the X-ray emissionthus arisesfrom lower-enegy electronsthan
the radio emission.Theseelectronshave long synchrotronenepgy-losslifetimes.
However, obsenationssometimeshav X-ray emissionthat wealensrelative to
theradiotowardsthe downstreanregionsof thejetsandin somecasesn individ-
ual knots,indicatingthatthe populationof low-enegy electronss beingdepleted
more rapidly thanthe populationof high-enegy electronscontraryto expecta-
tions basedon radiationlosses.This was seenin PKS 0637-752[177; 45, and
seeFig. 9], and suchbehaiour is also seenstrikingly in several other sources
including 3C 273[142; 169, quasar0827+243[115], PKS 1127-145[181] and
PKS1136-139172]. Varioussuggestiontave beenmadeto overcomethe prob-
lem within the framevork of the beamedC-CMB model,but noneis uniformly
regardedassatishctory

It hasbeensuggestethatstrongclumpingin thejetsmayresole the problem
throughadiabaticenegy losses[198]. However, it is not clearthat the beamed
iC-CMB mechanismis then required,since such clumping would increasethe
SSCyield for aslow jet at minimumenegy [177]. Alternatively, it hasbeensug-
gestedthat jet decelerationis important, perhapsthroughentrainmentof exter-
nal gas[e.g.,81; 172 199. A problemwith this asa generalsolutionis that, as
shawvn in Figure 10 (basedon Equations8 and 13), the ratio of inverseCompton
to synchrotroremissiononly falls for a deceleratinget over particularrangesof
bulk Lorentzfactorfor jets at anangleof lessthanabout5* to the line of sight.
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Fig. 11 Thez= 0:72 quasar4dC19.44 usingdatafrom [179]. The plot shov an unsmoothed
Chandea X-ray ima%eof » 1894 ks exposurewith radio contoursfrom a 4.86 GHz VLA radio
map(beamsize0:47°E 0:43%. X-ray emissioris detectedrom the nucleusthe southerrradio
jet, the northernhotspotand southernradio lobe. The excessX-ray countsin a line running
NE-SW centredonthenucleusarea frame-readouartifact.

This meansthat ary sourcefor which the X-ray dropsoff fasterthanthe radio
with downstreamdistancewvould needto be at particularlysmallangleto theline
of sight or ratherslow (but see[81] for a more detailedtreatmentthat includes
compressiomf themagneticeld andthusrelatve ampli cation of theradiosyn-
chrotronemissiondowvnstream).Jet decelerationis potentially testablethrough
looking atthe X-ray andradiopro les of sourcesamples.

A pointin favour of the beamedC-CMB explanationis thatthe particularly
straightknotty jet in the quasar4C 19.44shows oneof the mostuniform X-ray
to radio ratios over almosta dozendiscreteknotsin its straightessection[179,
andseeFig. 11]. In contrastto PKS 0637-752 the radio dropsmorerapidly than
the X-ray at the end of the straight,well-collimatedjet beyond about15°%from
the nucleus(Fig. 12). This might suggesthat dropsin the level of X-ray to ra-
dio emissionalongotherjets arethe resultof the jets bendingout of the line of
sight. Sincequasalets areselectedor obsenation basedpartly on their corera-
dio emissionary bendingdownstreanis morelikely in adirectionaway from the
line of sightthantowardsit. A large changen jet anglecould easilyproducethe
typical decreasem X-ray to radioratio (a factorof a few to about10; compare
with Fig. 7). However, it is dif cult to understandiow arealchangdan angleof a
G » 20 ow by morethanabouta degreecould occurwithout severejet decolli-
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Fig. 12 The X-ray andradio pro les down the jet of 4C 19.44 (seeFig. 11). In contrastto
PKS 0637-752(Fig. 9), theradiointensitydropsbeforethe X-ray at large jet angles1%%corre-
spondgo a projectedineardistanceof 7.23kpc.

matior?. As apparenfrom Figure7, morethana factorof abouttwo decreasén
X-ray to radioratiois thennot expectedrom bendingalone.

A testthatthe beamedC-CMB explanationmustpassconcernghe redshift
dependeng Theincreasein CMB enepgy densitywith redshift meansthat the
X-ray to radio ratio shouldincreasewith redshiftby a factor of somethinglike
(1+ 2)? (Equation13: theprecisedependencen redshiftdepend®n assumptions
concerningninimumenepgy andwhetheror notthepathlengththroughthesource
isredshiftdependent)Sucharedshifteffectis notruledout[141] althoughalarger
sampleis neededor amorede niti ve test.

3.4 Synchrotroremissionasanalternatve

Thefastjet speedrequiredfor the beamedC-CMB explanationof quasarX-ray
emissiondisappeardf analternatve explanationcanbe foundfor the X-rays. It
is thennaturalto invoke synchrotrorradiation,the mechanisnproducingthe X-
raysin low-power FRI jets(seex5.1). However, whereador FRI jetsthe SED can
normallybe modelledwith abrokenpower-law spectrunfrom theradio, through
the optical to the X-ray [e.g., 29; 96; 21], PKS 0637-752hastoo little optical
emissiorto allow this,andaseparat@opulationof electronswvith ananomalously
high low-enepgy cutoff would be required[177]. Figure13 compareshe spectral
distribution of the FRI radiogalaxyM 87,whereabroken-paverlaw synchrotron
componentsts well, with thatof the FRIl quasalPKS0637-752.

Most of the several tensof currentquasarX-ray jet detectionswere found
throughtargetedChandia programdo obsenre bright, prominent,one-sidedadio

2 Largechangesn jet anglein projectionareobsenedin mary sourcesbut Figure7 relates
to thetruejet angleto theline of sight.
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Fig. 13 Spectraldistributions from the radio to X-ray. Left: The integrated emissionfrom
KnotsA, B andC of M 87, usingdatafrom [28] and[13], ts abrokenpowerlaw synchrotron
spectrumalthoughthe changeof 1.5in electronspectralslopeis greaterthanexpectedfrom a
simplemodelfor synchrotronenegy lossesRight: A broken powerlaw spectrumdoesnot t
throughthe emissionfrom Knot WK7.8 of PKS 0637-752(taken from [45]) althougha syn-
chrotroncomponentwvith an exponentialcutoff and eithera beamedC-CMB componenbr a
separatesynchrotrorcomponentvith ananomalouslhigh low-enegy cutoff canbemadeto t
thedata.

jets. In most casesthere was no pre-«isting reportedoptical jet detection,but

therehasbeenreasonablsuccessrom follow-up work. Thelevel of suchoptical

detectionftenlies belov aninterpolationbetweerthe radio and X-ray spectra,
supportingheideathatsynchrotroremissiorfrom asinglepower-law distribution

of electrongs not responsibldor all theemissione.g.,171].

However, the conclusionregardingsynchrotronremissionis not quite asclear
cut, sincea single-componenglectronspectrumwill hardenat high enegiesif
inverse-Comptoiossesarealsoimportant(sincethis lossprocesss lessef cient
in the Klein-Nishinaregime), andthe consequenspectralhardeningn the syn-
chrotronspectrunmmight thenbettermatchobsenations[60].

As long as electronscan be acceleratedo high enegy (andthey canbe in
FRIs) they will producesynchrotronradiationat somelevel. Radio galaxiesare
atlarge angleto theline of sightandary iC-CMB emissionwill be beamedut
of the line of sight of the obserer (an extensionof Fig. 7 to large angleshavs
that,evenfor the mostoptimistic case theratio of iC-CMB to synchrotroremis-
sion dropsthreeordersof magnitudebetweeng = 0 andq = 80%). Indeed,syn-
chrotronX-ray emissiorfrom knotsin theradiojetsof nearbyFRII radiogalaxies
is reportede.g.,212 219 125 120. Whenoptical detectionsarealsoavailable,
the enepy distributions[125; 219 are of similar simple form to thosein FRIs
(seeFig. 14), not requiringthe complex electronspectralforms generallyneeded
to explain quasarX-ray emissionas synchrotronradiation.Spatialoffsetsremi-
niscentof thoseseenin FRIsandwhich are presumablya featureof the particle
acceleratiomprocesseéseexb.2) arealsoseen219; 12(7.

It remainsuncertainasto whetheror notin quasarst is necessaryo explain
the jet X-ray emissionasthe synchrotroroutputof a distortedelectronspectrum
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Fig. 14 Thespectrunfrom theradioto X-ray for theknotin the FRII radiogalaxy3C 346 (see
Fig. 16) ts abroken-paverlaw synchrotrormodel.

[60] or from separateopulationsof electrongle.g., 7], asan alternatve to the
beamedC-CMB model.In the caseof 3C 273, the run of X-ray spectralslope
down thejet rulesoutasimplebeamedC-CMB interpretationput atwo-zoneiC-
CMB modelwith afasterspine,althoughdisfavoured,cannotberuledout[112].
If asynchrotroninterpretationis soughtsimilar, simpleelectronspectran all jet
regionsdonot t obsenations[e.g.,166 169 142. A two-zonemodelwith faster
spinehasbeenproposedwhere,unlike for beamedC-CMB in which the X-rays
arefrom the spine,the X-rays would arisefrom the shearayerthroughelectron
accelerationio very highenegy [112].

It is importantto understandhe primary X-ray emissionin quasaiets, and
this remainsan obsenational problem— morework on samplesandfurther de-
tailed, deep multiwavelengthobsenationsof individual sourcesareneededPre-
dictionsfor yields at higherenegiesalsodiffer accordingto the X-ray emission
mechanismandsothereis a prospecthatthenev FermiGamma-raysSpaceTele-
scopewill helpin nding solutionde.g.,60; 83]. Opticalpolarimetryis potentially
a strongdiscriminantsince,unlike for optical synchrotronemission,the optical
emissionshouldbe essentiallyunpolarizedf it is a lower-enegy extensionof X-
ray emissiorthatis producedsia thebeamedC-CMB mechanisnfe.g.,113 203.

4 What keepsjets collimated?

X-ray measurementsf the external mediumsupportargumentsthat low-power
FRI jetsslow throughentrainmenof this gas.

For the few low-power radio galaxieswith heavily studied straightradiojets
andcounterjetdandsolying relatively closeto the planeof the sky andpresum-
ablyin relatively relaxed ervironments) kinematicmodelshave beenconstructed
to t thejet-counterjeasymmetry{131; 38; 39; 137. Typically, the jets startfast
(relativistic) andrelatively faintwith a smallopeningangle.Thenthey gothrough
a aring region wherethey steadilybroadenandare typically bright bothin ra-
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dio andX-ray (Fig. 1), and nally theopeninganglechange@ndthejet becomes
fainter particularlyat X-ray enegies|e.g.,221]. It is in this nal region, beyond
that shavn for NGC 315in Figure 1, thatthe jets are modelledas decelerating
steadilyasthey collect massfrom the external mediumor stellar winds [122)].
Buoyang forcesarethenimportantfor muchof the o w further downstreamas
the jets adjustto changesn the densityof the externalmedium,causingde ec-
tionsfrom straight-linemotion.

In ongoingwork, thesekinematicmodelsare beingextendedinto dynamical
models,basedon conseration laws for mass,momentumandenegy [16], and
arebeingtestedfor self consisteng with the densityandpressuref the external
medium.For onesourcesofar, 3C 31, excellentself consisteng hasbeenfound
[130]. This lendscon denceto an understandingf the basic o w behaiour of
thesesources.

Deceleratiorvia massentrainments consistentvith arangeof obsenrational
evidenceat radio frequencie§129], andnaturallyleadsto the outer partsof the
jet (sheath)being deceleratedeforethe inner (spine).Applied to more central
regions,the consequencthat emissionfrom a slower sheathbecomegelatively
moreimportantin jetsat largerangleto theline of sightthenresohesdif culties
in modelsthatunify BL Lac objectswith FRI radiogalaxies[e.g.,48].

It hasbeenknown sincethe EinsteinandROSAT X-ray obsenratoriesthatthe
minimumpressurén low-power FRI jets (calculatedwvithout relativistic protons)
is normallybelaw thatof the externalX-ray-emittingmedium[e.g.,149, 121; 77,
21¢. The modelfor 3C 31 [130] demonstratethat entrainmenbf the external
mediumexplains the jet dynamicsin the deceleratiorregion, and pressurebal-
ancecanbe achieved by addingrelatistic protons(with neutralitypresered by
balancingprotonandelectronnumberdensities)or extendingthe electronspec-
trum to lower enepies (if electron-positrorchage balanceis enforced).Recent
work [56] hasclaimeda greaterpressurémbalancein FRI jetsthataremorein
contactwith externalgas (lessin contactwith the plumesor lobesof older jet
plasma),and speculateshat the pressurds balancedoy heatedentrainedmate-
rial, with anentrainmentateor a heatingef ciency thatis higherwherejetsare
in greaterdirectcontactwith the X-ray-emittingatmosphereThis seemsn con-

ict with the entrainmenmodelfor the quasarPKS 1136-135in the contet of

the beamedC-CMB model,wherea standardnodelwould have the jets heavily
embeddedn old lobe plasmaandyet wherethe estimatedentrainmentateis an
orderof magnitudehigherthanfor 3C31[199].

While the X-ray-emittinginterstellaror intergalacticmediumcanthusbe con-
trolling the o w where FRI jets are deceleratingand indeedwhere buoyang
forcesor an excessof gaspressuredominate[e.g. 215 222, FRI radio jets are
highly overpressuredh their innerregionscloseto the nucleugfe.g.,130. Here
the X-ray emissionhasyet to contritute in a signi cant way to the collimation
debate.

Thejetsof FRII radio galaxiesarenot signi cantly in contactwith the exter-
nal mediumfor mostof theirlength,sothe externalmediumis unlikely to control
jet collimation, althoughentrainmentof external gas might be signi cant over
theirlong propagtionpathg[199]. Currentuncertaintiesn thejet X-ray emission
mechanismandthusthe particle contentandenegy, make direct comparisorof
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theinternalandexternalpressureslif cult, exceptin the large-scaldobesif dy-
namicaleffectsareignored.

5 Where and how doesparticle accelerationoccur?
5.1 Thelink with synchrotronX-ray emission

Chanda found X-ray synchrotronemissionto be commonin the resohed kpc-
scalgetsof FRIradiosourceg217]. TheX-ray jetsarereadilydetectedn sources
covering the whole rangeof orientationin uni ed schemesThe several tensof
detectedsourcesangefrom beamedetsin BL Lacobjects[21; 157, 173 to two-
sidedjets in radio galaxies[46; 97], with most X-ray jets correspondingo the
brighterradiojet, [e.g.,217; 96; 104 143 68; 221]. Several of the obsenations
have beentargetedat sourcesalreadyknown to have optical jets, from ground-
basedwork or HST. However, it's proved easierto detectX-ray jetsin modest
Chanda exposureghanto detectoptical jetsin HST snapshosuneys, because
of bettercontraswith galaxyemissionn the X-ray bandthanin theoptical[217].

InverseComptonmodelsfor arny reasonablghoton eld suggestnuncom-
fortably large departurefrom a minimum-enegy magnetic eld in most low-
power X-ray jets[e.g., 96], althoughthe beamedC-CMB modelis a contender
for the emissionfrom someBL Lac objects|[e.g., 173. Otherwisesynchrotron
missionfrom a singleelectronpopulationusuallywith a brokenpowerlaw, is the
modelof choiceto t theradio,optical,andX-ray ux densitiesandtherelatively
steepX-ray spectrge.g.,29; 96]. Given Equation6, X-ray synchrotrorradiation
at 1 keV requireselectronsof enegy » 10'3 eV (Lorentzfactorg¥s2£ 107) if
themagneticeld strengthis of order20nT (200 nG; the electronenegy scales
as Bi 17). Averagingover pitch-angledistribution, the lifetime of synchrotron-
emitting electrongs givenby

f = 3meC
4stupg’

(14)

wheremg is the electronmass,st is the Thomsoncrosssection,andug is theen-
ergy densityin themagneticeld. We thusseethatelectronsemitting 1 keV syn-
chrotronradiationin a20 nT magneticeld have anenepgy-losslifetime of about
30 years(lifetime scalesas Bi 32). The electronsmustthereforebe accelerated
in sity, sincetheir lifetimesagainstsynchrotronossesarelessthanthe minimum
transporttimes from the active nuclei, or even from sideto side acrossthe jet.
(Thisshouldnotbethecasef protonsynchrotrorradiationis important[2], since
lifetime scalesas(my=me)>=2.) Particleaccelerations generallydiscussedor the
casesof a particle interactingwith a distributed populationof plasmawaves or
magnetolidrodynamidurbulence or shockacceleratioffiseee.g.,25; 66; 108 5].
For electronsparticleacceleratiorandenegy lossesarein competitionfe.g.,
106, nomoresothanin hotspotof FRIIs [e.g.,34], which markthetermination
pointsof the beam.Hotspotsdisplayconsiderableompleity in the X-ray, with
synchrotroncomponentsseenin the less powerful sourcesindicating that TeV
electronsare presentle.g., 98, 126. It hasbeensuggestedhat the low-enegy
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1 arcmin

Fig. 15 A rotatedimageof aroughly 4.5 kpc (projected)lengthof the 0.8—-3keV X-ray jet of
CenA from combiningsix deep(» 100ks) Chandi exposuresimagetakenfrom [223].

radiospectral-slopehangeseenin hotspotamay marka transitionbetweerelec-
tronsthat areacceleratedhroughelectron-protorcyclotron resonancendthose
(at higherenengy) thataresimply undegoing shockacceleratiorje.g.,192 91].
If in FRIsthefarIR spectrabreakconsistentlynapselectronsof a particularen-
engy, it is possiblethatthe breakhereis alsomorerelatedto acceleratiorthanloss
processef22].

Whetheror not particleacceleratioris requiredalongthe jets of quasarge-
pendson the emissionprocessat high enepies. If the beamedC-CMB model
holds,thentheelectrongarticipatingn radiationatwavelengthgurrentlymapped
aregenerallyof low enoughenepy to reachthe endof the jet without signi cant
enepgy loss,exceptif arelatively highlevel of opticalemissiormustbe explained
assynchrotrorradiation.The knotty naturecould thenbe understoodasvariable
outputin the jet [e.g., 191]. However, in nearbyFRII radio-calaxy jets, where
synchrotronX-ray emissionis seen(x3.4), the needfor particle acceleratioris
secureandsimilar underlyingprocesseare expectedin quasarsvenwherethe
synchrotronX-rays might be outshonéby beamedC-CMB emission.

Details of the regions of particle acceleratiorare beststudiedin the closest
sourcesCenA (Fig. 15) andNGC 315 (Fig. 1) are particularlygood examples
of FRI jetswherethe X-ray jet emissionis resohed acrossaswell asalongthe
jet, andX-ray knotsareembeddedn morediffusestructure[97; 221; 100, 223.
Thefactthatthe X-ray emissionis notjustcon ned to regionswithin enegy-loss
light travel distance®f theknotsshavs thatparticleacceleratiortanoccuralsoin
diffuseregions.Therelatively soft X-ray spectrunseenin thediffuseemissionin
CenA hasbeenusedto arguethatsomethingotherthanshockacceleratior{pro-
posedfor the knots) might be taking placein the diffuseregions[100], although
no speci ¢ explanationis suggestedandthe competitionbetweenenegy losses
andacceleratioomaybe moreimportanthere.

5.2 Particleaccelerationin knotty structures

The model of jet deceleratiorthroughentrainment(x4) leaves unansweredm-
portantquestionsaboutthe origins of the bright knotsthat appearin mary jets,
particularly FRIs, and that are usually interpretedas the sitesof strongshocks.
Radio studieshave searchedor high-speedknot motions,with apparenspeeds
greaterthanthe speedof light having beennotedin M 87 [19]. A propermotion
studyof the knotsin CenA over a 10-yearbaselinefound that someknots,and
even somemorediffuseemission travel at about0.5c,indicative of bulk motion
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ratherthan patternspeed[97]. This motion, coupledwith the jet-to-counterjet
asymmetrysuggestsonsiderabléntrinsic differencesn thetwo jets, to avoid the
jetsbeingatanimplausiblysmallangleto theline of sight.

Otherknotsin CenA appeato bestationarywhichmightsuggesthatthey re-
sultfrom intrudersin the o w, suchasgascloudsor high-masstargle.g.,75; 97].
Someof thesehave emissionpro les in the X-ray andradio thatare unexpected
from asimpletoy modelwheretheelectronsareacceleratedndthenadwectdown
the jet, losing enegy from synchrotronradiation. Insteadthe bulk of the radio
emissionpeaksdownstreanfrom the X-ray within theseknots,leadingto sugges-
tionsthatbothradio and X-ray-emittingelectronsareacceleratedh the standing
shockof a stationaryobstacle and a wake downstreamcausedurther accelera-
tion of the low-enegy, radio-emitting,electrong97]. The resultingradio-X-ray
offsets,averagedover severalknots,couldgive theradio-X-rayoffsetscommonly
seenin moredistantjets[e.g.,96; 219 63].

Theknotsof CenA arenot highly variablein obsenationsto date[100], but
dramaticvariability on a timescaleof monthsis seenin aknotin thejet of M 87,
andthe X-ray, optical andradio light curves are broadly consistentwith shock
accelerationexpansionandenegy lossesalthoughthe timelineis currentlytoo
shortfor strongconclusiongo bedravn [105].

It isimportantto studythelocationof jet knotswithin the o w, to seef thatcan
provide a clue asto their nature.A particularlyinterestingexampleis NGC 315
[221]. Herethediffuseemissioncontainsa knotty structurein theradioandX-ray
that appeargo describean oscillatory lament (Fig. 1). Although the structure
couldbetheresultof achancesuperpositiorof non-axisymmetri&nots,thelevel
of coherencded to suggestionshat the knotsmight be predominantlya surface
featureresidingin the sheallayerbetweerthe fastspineandslower, outer sheath
plasmalf this interpretations correct,we might expectthe X-ray spectraof the
knotsto be similar acrossthe trans\ersewidth of the jet. However, the distinct
knotty emissionis only about10%of thetotalin X-raysandradioalongthe» 2:5
kpc of projectedjet lengthover which it is detectedandwith a sourcedistance
of » 70 Mpc the obsenationsdid not allow the spectraof the knot and diffuse
emissionto beseparated.

At 3.7 Mpc, CentaurusA is a much closerexampleof an FRI radio galaxy
whoseknotsanddiffuseemissionareseenover asimilar projectedineardistance
to thatof NGC 315. An X-ray spectralstudy of CenA's knotsfound a spectral
steepeningvith increasinglateral distancefrom the jet axis, disfavouring these
knotsall residingin ashealayer[223]. A atter X-ray spectrunis seermorecen-
tral to the o w, andanalternatve explanationto acceleratiorin stationaryshocks
is thatthe knotsheremight be formedby strongernturbulent cascadesvith more
ef cient particleaccelerationKnot migrationunderthein uence of theshearo w
mightthenbeexpectedandpropermotionstudiegmightthendistinguishbetween
thisinterpretatiorandstationaryshocksfrom stellaror gaseousntrudersentering
the ow [223].

5.3 Incorporatingpolarizationdata

Thereareno currentX-ray missionswith polarizationcapabilities. However, the
radioandopticalbandsprobeelectronpopulationgesponsibldor the X-ray emis-
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sion, albeitat differentelectronenegies.If theemissionis synchrotronpolariza-
tion dataprovide our besthandleon thedirectionandrelative degreeof alignment
of the magnetic eld. Radioobsenationsshav thatthe elds arerelatively well
orderedalthoughthereis muchcompleity. Broadly, the magneticelds in FRII
jets tendto be parallel to the jet axis, whereasn FRI jets they are either pre-
dominantlyperpendicularor perpendiculaat the jet centreandparallelnearthe
edgeswith the mixed con gurationspointing to perpendicularelds associated
with shocksandparallel elds from shearor obliqueshockq32].

Optical polarizationmeasurementsf resohed jet structureshave beenmade
with HST. So far thesehave mostly concentratean nearbyFRI radio galaxies,
wheretheopticalfeaturesarebrighterandtheemissionrmechanisnis synchrotron
radiation[for anatlasof polarizationimagesseel56. Work is underway to ex-
plore optical polarizationin the jets of FRII radio galaxiesandquasarsAs men-
tionedin x3.4, the optical emissionshouldbe essentiallyunpolarizedif it is an
extensionof a beamedC-CMB X-ray componentjn contrastto being of syn-
chrotronorigin.

The rst jetto bestudiedin detailin bothits radioandoptical polarizedemis-
sionwasM 87, wherethereis evidencefor strongshockaccelerationin com-
pressedransersemagneticelds atthebaseof brightemittingregions,although
the polarizationfraction becomedow atthe ux maxima[155]. Signi cant dif-
ferencedetweenthe polarizationstructuresseenin the opticalandradio suggest
thatthe sitesof acceleratioraredifferentfor differentelectronenegies,with the
strongesthocks,that provide acceleratiorto the highestenepies, appearingn
the mostcentralpartsof the jet [155]. Detailedwork on 3C 15 shaws a jet that
narravs from theradioto the opticalto the X-ray, showving thatacceleratiorto the
highestenegiesoccursmorecentrallyto the o w, anda mixture of strongshocks
andstrati ed o wscanaccounfor thebroadfeatureseenn theopticalandradio
polarization[63].

A third sourcefor which opticalandradio polarizationdatahave beenimpor-
tantis 3C 346 (Fig. 16). HereX-ray emissions associateavith abrightradioand
optical knot wherethe jet bendsby 70t in projection(the X-ray emissionpeaks
somavhatupstreanof theradio,asseenn othersources)leadingto asuggestion
thatthe bendingand X-ray brighteningare the resultof a strongoblique shock
locatedin thewake of acompaniorgalaxy[219]. Polarizationdatahassupported
the modelby revealinga compressed@ndampli ed magneticeld in a direction
consistenwith thatof the proposedshock,in boththe radioandoptical [64, and
seeFig. 16].

6 What is jet plasmamade of?

Jetsare presumedo obtainmuchof their enegy from the infall of matterinto a
supermasse blackhole. It is thennaturalto supposehat electromagneticadia-
tion would carrymuchof theenegy from the systemonthesmallestscalessince
aplausiblemechanisnfor theextractionof enepy is thetwisting of magneticeld

linkedto the accretiondisk [e.g.,13§. Fastinteractionswith the plasmaerviron-
mentandef cient particle acceleratiorshouldload the eld with matter In the
resultingmagnetolidrodynamic o w muchof the momentumwould be carried
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Fig. 16 3C346.Upper:Schematishaving anobliqueshockformedin thewake of the passage
of a companiongalaxyto 3C 346,andhow it affectstheradiojet, from [219]. Circlesarethe
galaxiesandredmarksthepathof theradiojet. Lower: Radiointensitycontoursandpolarization
vectors(rotatedthrough90* roughly to representhe magnetic- eld direction) on a smoothed
Chandia X-ray image,indicatingcompressectld linesalignedwith the proposedshock,from
[64].

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

Polarizedradiationis the signposto signi cant enegy in relatvistic particles
andmagneticelds. Jetplasmamustbe neutral,on averageto remaincollimated,
but this canbeachiavedby variouscombinationf relatiistic andcold electrons,
positronsandprotons Alternatively, it hasbeensuggestethatsomeof theenegy
is transportedn adecayingneutralbeamof ultra-high-enegy neutronsandg-rays
[7].

Severalquantitiesareavailableto helpsortoutthejet composition.

1. ThesynchrotroremissionSincetheelectronrestmasss only 1/1836thatof a
proton,andsincesynchrotrorenegy lossratesareproportionalto theinverse
squareof mass,the obsenation of synchrotronradiationis usually usedto
infer the presencef relatvistic electrongandperhapgpositrons)althoughan
alternatve modelproduceshesynchrotrorradiationfrom protonsaccelerated
to enegiesgreatetthan» 108 eV [2].

2. The jet power. All the particles,relativistic and thermal,combinewith the
magneticeld strengthandbulk Lorentzfactorto producethis quantity [see
appendixB of 17§. It shouldbe no smallerthanthe radiatve power of the
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old lobematerial(theenegy sink), averagedver thelifetime of thesourceln
caseswherejets have excavatedcavities in the externalgas,the enthally can
be estimatedasthatrequiredto displacethegas[e.qg.,23; 65; 4].

3. Faradayrotation.The contritution from thermalparticlesmustnot be sohigh
asto exceedconstraintplacedby Faradayrotation,or by Faradaydepolariza-
tion for extendedregions.

4. Thejet pressureRelatvistic particlesandmagneticeld arethoughtto domi-
natethis quantity whichis 1/3 of their enegy density andwhich canbecom-
paredto the externalgaspressurelf X-ray inverseComptonemissionis ob-
senedtheinternalenegy densitycanbeestimatedisingtheradiosynchrotron
and X-ray ux densities(x2.2). Otherwiseit is usualto assumeminimum
enegy (x2.1). A dif culty is that relatiistic electron-protonand electron-
positronjets give similar pressuresvith differentassumptionsboutthe least
enegetic particles,for which obsenational constraintsare poor at best.The
contribution of thermalparticlesto the pressures usuallytakento be small.

Radiationdrag and obsenational constraintson Comptonizedradiationby cold
electronsand positronsseriouslyhamperelectron-positrorjets formed closeto
thecentralblackhole[185; 18€. In the coresof somequasarsheradiatedpower
is too large to be met by that containedn a jet of magneticeld andrelatiistic
leptonscloseto minimum enegy, andobsenationalconstrainton Comptonized
radiationlimit the densityof cold leptons,sothata signi cant protoncomponent
is requiredif theenepy carrieris indeedparticleg196]. Thus,anelectron-proton
plasmais usuallyfavouredwhenjetsarediscussed.

The presenceof relatiistic protonsis supportedfor someFRI radio galax-
ies: the lobes,if assumedo be lepton-dominatedndradiatingat minimum en-
ey (x2.2) would collapseunderthe pressureof the X-ray-emittingmediumun-
lessthereis an additionalpressuresourceand, althoughthere are several ways
of boostingthe internalpressuren sucha situation,magneticdominancewould
malke the sourcesunusual,electrondominanceis unlikely from constraintson
inverse-Comptoscatteringpf the CMB, andnon-relatvistic protonsaredisfavoured
ongroundsf Faradayrotation,leaving arelatiistic protoncomponentnostlik ely
[e.g.,53]. However, decreasedling factorscannotbe ruled out [e.g., 65], ex-
ceptperhapsvherethe radio structurehasexcavateda clearcavity in the X-ray-
emitting atmospherde.g., 24]. If indeedthe extra pressures from relativistic
protons,it is uncertainasto how mucharisesfrom entrainednaterialaccelerated
in thesheatayerof the deceleratinget ascomparedo particlestransportedrom
thecore(seex4).

FRII jetstransportmore enepy to larger distancesandthushave moreneed
thanFRI jetsfor a non-radiatingenegy carrierwith high momentumtransport.
Relatvistic hydrodynamicsimulations nd thatthe key parametein preventing
jets from strongly deceleratingn an externalboundarylayeris densitycontrast
with theexternalmedium,in thesensdghatdensejetscanpropagtefurther[167].
A moredominantrelatiistic protoncontentcould provide this. Protonsarealso
requiredif the low-frequeng spectralturn-over in hotspotsis the result of cy-
clotron resonantabsorption[e.g., 91]. On the other hand, pressurebalancehas
beenusedto argue against relatvistic protonsin someFRIl lobes.It is agued
thatthe presencef relativistic protonsis improbablesince(a) the lobe magnetic
eld basedon synchrotronandinverseComptonemissionagreeswith thatfrom



28 D.M. Worrall

minimum enegy calculatedusingrelatwistic leptonsalone,and(b) that,evenin
the absencenf suchprotons,the sourceis in pressurébalancewith the external
medium[e.g.,10; 54]. However, thesecalculationggnorepossibledynamicalef-
fectsin FRII lobes,andthereare considerableadditionalsourcesof uncertainty
(seex2.2anditem 4 above).

In thecontext of thebeamedC-CMB modelfor quasajets(x3.2),it is possible
to extendanargumentlimiting thedensityof cold electron-positromairs[186] to
kpc-scaleegions[82]. In thecaseof PKS0637-752upperimits on Comptonized
CMB radiationfrom Spitzerare sufciently low to placestringentlimits on the
massux carriedby cold leptonpairs,with theimplicationthatthis jet is indeed
madeelectrically neutralthrougha strongpresenceof protons[203]. However,
this agumentrelies on the beamedC-CMB model being correct,with a large
kinematicpower beingsustainedhroughouthejet (seex3.3).

Jetcompositiorremainsuncertainandvariousdegeneraciebetweerphysical
guantitiesand obsenable parametersenderit dif cult to make watertightargu-
ments.However, X-ray measurementsontinueto provide importantcluesto the
puzzle.

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

7.1 Expectationgor FRIls

Theenegy andmomentumux esin FRII jetsareexpectedo besufcient to drive
a bow shockat supersonicspeednto the ambientmedium|[e.g., 134. Ambient
gascrossingthebow shockwill be heatedFor a shockadvancespeedelative to
the speedof light of vag,=c, the Mach number M , in monatomicgasof normal
cosmicabundancesvith thermalenegy KT in unitsof keV, is givenby

M » 580(Vagy=c)(KT)*™: (15)

For a non-relatvistic equationof state(g= 5=3), the jump conditionsfor a non-
radiatingshock[e.g.,189 nd thatpressuredensity andtemperaturgatiosbe-
tweengasthathascrossedhe shockandtheambientmediumare

P=P = (5M ?j 1)=4 (16)
ro=r1= 4M ?=(M 2+ 3) (17)
T,=T1 = (M ?j 1)(M ?+ 3)=16M 2 (18)

wheresubscripts2 and 1 refer to post-shockand pre-shockconditions,respec-
tively. For highadvancespeedandlargeMachnumberthedensitycontrasteaches
a factorof four, resultingin enhancedX-ray emissvity from shocled gas. The
visibility in obsenationswill dependon therelative volumesof shocledandun-
shocledgasalonggivenlinesof sight.

Complicationsapplyin reality. Firstly, thereis obsenationalevidencethatin
supernea remnantghe post-shockelectronsare coolerthantheions|[e.g., 109
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160. Secondlyabow shockarounda lobeis obliqueaway from its head,with a
consequenthangen the jump conditionsandthe emissvity contras{210]. The
closera structureis to a sphericalexpansionthe morenormalthe shockwill be
everywhereandthe betterthe applicability of theabove equations.

ROSA datarevealedthe presencef X-ray cavities coincidentwith theinner
partsof the radio lobesof CygnusA, andthesewereinterpretedasdueto the
contrastetweerundisturbecambientgasandgasaroundthelobesthathadbeen
heatedin the pastbut hasnow expandedand cooledto a low emissvity [42],
althoughthe parametersf the shockarenot effectively constrainedy the data.
More recentChanda obsenationsof CygnusA nd gasatthesidesof thelobes
to have KT » 6 keV, slightly hotterthanthevalueof 5 keV from ambientmedium
at the sameclusterradius,but the gasmay have cooledafter bow-shockheating,
andagain thedatado not usefully constrairmodelparameter§l88]. Evidenceof
strongshockheatingaroundmoredistantFRII radiogalaxieshasyetto be seen.

CSSand GPS sourceshave beenexaminedfor evidenceof shockheating.
Thesearegoodplacesto look astheradio sourcesaregenerallyconsideredo be
in an early stageof expansionandthey are overpressuredvith respectto even
a clusterambientmedium[e.g., 184]. The disadwantageis that sourcesizesare
small so thateven Chandia will have dif culty in separatingemissionfrom the
nuclei, radio structuresandambientmediumfrom that of ary shocled gas.The
bestevidencefor detectionof shocled gasthusarisesfrom deepXMM-Newton
spectroscop andin particularthatof the CSSsource3C 303.1[152]. The X-ray
spectruncontainssoft emission(associateavith the ambientgalaxyatmosphere)
and a hard componentSince nuclearemissionis undetectedn the radio, it is
reasonabléo associatehe hardemissionwith shocled gas,anda modelcanbe
constructed152] thathasan expansionvelocity consistentvith cooling-timear-
gumentdor opticalemission-lineyas[61].

7.2 Dynamicsof FRIsin clusters

Low-power sourcesarecloserandmoreamenabléo detailedstudy sincethevar
iouscomponent®f X-ray emissionaremoreeasilyseparatedThe mediumplays
animportantrdle in the deceleratiorof the jets, which sharemomentumanden-
ergy with entrainedmaterial(x4).

The Einsteinand ROSAI missionsfound evidencethat the radio lobes of
NGC 1275have pushederseus-clustgasasidge.g.,28], andnow mary clusters
andgroupsarefoundto harbourgas cavities containingradio plasmathat origi-
natesrom active galaxiege.g.,23]. RatherthanexpansionathighMachnumber
thedisplacemenof thegasappearsiormallyto creatdow-density rising bubbles
in rough pressurebalancewith the surroundingmedium[e.g., 50]. NGC 1275,
M 87, andHydra A are shavcaseexampleswith deepChandia exposuresand
comple bubble and cavity systemq72; 78; 213. Radiobubblesin clustersare
sufciently commonthatthey are animportantheatsourcetoday with enough
power to balancethe radiative cooling of densegasin clusters|e.g., 65, 159,
althoughthe total enegies and lifetimes of individual bubblesare considerably
uncertain An issueof particularinterestthatfollows from thisis the potentialfor
theassociatetieatingandcoolingto forgethelink betweerblack-holeandgalaxy
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Fig. 17 Radio contourson a deepChandi image of Cen A, shaving the core and NE jet
crossedy absorptiorstripescorrespondingo NGC 5128’ dustlanes,the SW lobe, structures
associatedvith the NE lobe, the positionof a memgerrelatedgas discontinuitythat shovs up
betteratlower enegies,andmary XRBsin NGC 5128[seel00 114 223 127 187.

growth. A recentreview is available[144], andsothetopicis not dealtin depth
here.

It is notavorthy thatthe luminosity function of radio sourceglacesthe ener
geticallydominantpopulationto beroughlyatthe FRI/FRII boundanyfe.g.,134],
ratherthanwithin themorenumerousut lower power populationof FRIsstudied
in nearbyclusters(althoughthereare claimsthat total jet power scalesslightly
lessthanlinearly with radio power [e.g.,211; 24]). It thusremainspossiblethat
therathergentleheatingaroundcurrentlystudiedsourcesloesnot provide uswith
the completepicture,andviolent shockheatingaroundmore powerful sourcess
enepeticallyimportantbut currentlyeludingdetection.

7.3 CentauruA

The bestexampleof supersoni@xpansionis notin an FRII radio sourcebut as-
sociatedwith the inner southwestadio lobe of CenA [124, andseeFig. 17 for
amorerecent,deeperChanda image].CenA is our nearestadio galaxy, where
1 arcmincorrespond$o » 1:1 kpc. Thefull extentof CenA'sradioemissioncov-
ersseveral degreeson the sky [117]. Within this lies a sub-galaxy-sizeddouble-
lobedinnerstructuref36] with a predominantlyone-sidedet to the NE andweak
countefjet knotsto the SW [97] thatareembeddedn aradiolobewith pressure
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at leasttentimeslarger thanthat of the ambientISM [124]. The lobe shouldbe
expandingandbe surroundedy a shock.The associatedtructureis exquisitely
seenn Figurel7.Althoughthe cappedSW lobeis aroundtheweakcounterjetso
it is notevidentthatthelobeis beingthrustforwardsupersonicallyvith respecto
theexternalinterstellamedium(ISM) by themomentumux of anactive jet, the
highinternalpressuren theradiolobe ensurests strongexpansion.

Thedensitycontrasthetweerpost-shockandpre-shoclkgasin CenA inferred
by [124] waslargerthanfour, whichis notallowedby Equationl7,andsostraight-
forward modelling was not possible.New modellingis undervay using results
from the new deepobsenation. However, the conclusionthat the lobe's kinetic
enegy exceedsts thermalenegy, andthe thermalenegy of the ISM within 15
kpc of the centreof the galaxy; is unlikely to changeAs the shelldissipatesimost
of thekinetic enegy shouldultimately be corvertedinto heatandthis will have a
majoreffecton CenA's ISM, providing distributedheating.

Thereis muchstill to be learnedabouthow gasis displacedby radio struc-
tures,andthe processe®f heattransfer A new view will be possiblewith the
high-resolutionspectroscopicapabilitiesof the InternationalX-ray Obsenatory
currentlyunderstudyby ESA andNASA. This will provide the vital ingredient
of usefulvelocity data,giving a handlealsoon suchissuesasturbulenceandnon-
perpendicularelocitiesat shocks.

7.4 Theeffect of galaxymeigers

It is importantto understandvhat triggersradio actvity and what causest to
ceasepatrticularly sinceradio sourcesare now recognizedas an importantheat
sourcefor large-scalestructure(x 7.2). It haslong beenrecognizedthat memg-
ersmay be importantin triggering radio actwity, andthis is consistentwith the
preferencdor low-power radio galaxiesto residein clustersandrich groups.For
example,NGC 1275andM 87 (x 7.2) arethe dominantgalaxiesof the Perseus
andVirgo clustersrespectrely. CenA (x 7.3) is hostedby NGC 5128which in
turn hostsan inner warpeddisk suspectedo be the meger remnantof a small
gas-richspiralgalaxy[e.g.,158.

Mergersleave an imprint on the temperaturedensity and metallicity struc-
turesof the gas.Dueto goodlinearresolutionit is again CenA thatshavs such
effects particularly well, with clearindicationsthat even the hot X-ray-emitting
gasis poorly mixed. The meger appeargo be having animportantin uence on
theevolution of thenortheastadiojet andinnerlobe[127].

In the more extreme caseof 3C 442A (Figure 18) thereis evidencethat a
meiger may have smothered previously active jet, leaving alarge volumeof de-
cayingradioplasmawhile at the sametime re-startingjet activity in the nucleus
of oneof thegalaxieq222]. Herethemegergashassufciently highpressurdor
theradiolobesto beriding onthe pressurdront of themeigergasthatis sweeping
themapart.Theenegy in thememgergaswill eventuallybedissipatedn theouter
regionsof the groupatmosphere— anadditionalsourceof heatingto thatarising
from boththeold andnenv meigerinducedradioactivity. Theradiospectrunfrom
theold decayingradiolobesis atter wherethey arebeingcompressetly the ex-
pandingmeiger gas, suggestinghat enegy from the gashasa secondeffect, in
re-exciting relatiistic electronghroughcompressiomndadiabaticheating[222).
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Fig. 18 Chanda contourglogarithmicspacing)ona colorradioimageof 3C 442A, takenfrom

[222]. Bright X-ray emissionfrom the meiger atmospheresf NGC7236andNGC7237 lIs
the gapbetweertheradiolobeswhich arenolongerfuelledby anactive jet.

While it is undoubtediytruethatmeigersproducemessysubstructureghe exam-
ple of 3C 442A suggestshatthereis someprospecthatthe switchingon andoff

of radio activity by meigerscanbetimed (albeitroughly) usingthe morphology
of the stellarcomponenbf the galaxiesandspectrachangesn theradioplasma,
andthatthis canbe combinedwith themeasure@&negy contentof thegasandra-

dio plasmato tracethe history of radiooutburstsandtheir effectivenessn heating
gas.

8 Is ajet' sfate determined by the central engine?
8.1 An evolutionarycycle?

The Ledlow-Owenrelation (x1.3) shaved that a galaxy of a given optical lumi-

nosity canhosteitheran FRI or FRII radiosource Thisresultedn renavedspec-
ulationin the 1990sthattheremaybeanevolution betweerFRIl andFRI activity

controlledby externalin uences.Suchspeculatiorwassupportedy evidenceof

FRIls associatedvith galaxy meigers(distortedisophotesandhigheramountsof

high-excitation ionized gas) and FRIs associatedvith galaxiesin more relaxed
dynamicalstated17]. Evolutionaryideashave alsoarisenfrom thesocalled fun-

damentaplane'thatplacesAGN onanextensionof therelationshibetweerinner
jet radio power, X-ray luminosity and black-holemassfound for X-ray binaries
(XRBs)[146; 73]. It hasbeensuggestethatthechangedn X-ray spectrunmandjet

luminosity thataccompan changesn accretioncharacteristicin an XRB could

applyto AGN, suchthatanindividual objectmay go thoughtransitionsbetween
anFRI andFRIl, andindeedto becomingradioquiet[e.g.,123.
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Obsenationally, kpc-scalgets accompan AGN with accretion o ws thatin
theextremeareeithergeometrically-thickandradiatively inef cient or geometrically-
thin andradiatively ef cient, with thelatteraccompaniedy high-excitationopti-
calemissionlines. It is possiblethatan AGN change®ver thelifetime of aradio
source suchthatthe obsenedkpc-scaleradio structuresaretheresultof ejection
from anAGN evolving throughdifferentstatesSomesortof intermitteng of the
centralengineover timescaleof » 10%; 10° years(shorterthanthe lifetime of
radio sourcesx1.4) gains supportfrom obsenationalandtheoreticalconsidera-
tions [e.g., 164 176, 111; 191]. Multiple changedo the central structureover
the lifetime of the radio sourcewould be requiredto reconcilethe claim thata
geometrically-thicko w is neededo sustaina signi cant jet (with the mostpow-
erful requiringa spinningblack hole) [145] with the obserationthatmary AGN
with powerful jets currently shav geometrically-thindisks and high-excitation
emissionlines (seebelow).

Closerexaminationis neededf the extentto which the obsened poversand
structuref jetsrelateeitherto theaccretionprocessesr to large-scalesrviron-
mentaleffects.Both appeato play ardle.

8.2 Therble playedby accretionprocesses

Broadly, powerful jets of FRII structureareassociateavith AGN shaving high-
excitationopticalemissionlines,while lower-power jets,normally but not always
of FRI structure areassociategvith AGN shaving low-excitationlines. This sug-
geststhatthe centralenginehasat leastsomein uence on the power andlarge-
scalestructureof thejets[e.g.,9].

A correlationbetweerthe coreradioemissionandlow-enegy (» 1to 2 keV)
nuclearX-ray outputof radio galaxieshasbeenknown sincethe Einsteinand
ROSA' missions,and has beenusedto amgue that the soft X-rays arise from
pc-scalejets [70; 214, 37; 93]. An optical coreis often seenwith HST, andis
interpretedas synchrotronemissionfrom a similar small-scaleemitting region
[47; 94; 40; 49; 207]. Suchpc-scalegets protrudefrom ary gasanddusttorus
invoked by AGN uni ed models,and so this componentshouldnot be greatly
affectedby absorptionalthoughrelatiistic effects will causejet orientationto
affectthelevel of X-ray ux obsered.

Sincejet emissiondominatesat low X-ray enegies,it hasbeenimportantto
obtain sensitve spectralmeasurementthat extendto the higher X-ray enegies
accessibléo Chandia andXMM-Nawtonin orderto probetheregion closerto the
SMBH andrepresentatie of the bolometricpower of the centralengine At these
enegiesary strongemissiorfromthe AGN shoulddominatget emissiorevenif it
is largely absorbedtlower enegiesby agastorus.Resultsnd anumberof radio
galaxiesshaving clearevidenceof a hardcontinuum sometimesccompaniety
Fe-lineemissionandpresumedo be emissionassociatedvith anaccretion-disk
corongle.g.,204; 224 90]. Boththejet andcentral-engine-ray componentgan
sometimededistinguishedn the samespectrunie.g.,54; 67; 225.

Thehardcomponents moreoftendetectedn FRIlIs thanin FRIs.Of course,
greaterabsorptiorfrom atoruscouldpotentiallycombinewith lower X-ray lumi-
nosity in causingthe non-detectiorof the secondcomponenin mostFRIs, and
soparticularreliability canbe placedon theresultsof a studyof nearby(z< 0:1)
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radio galaxiesthat hasallowed for absorptionin placingupperlimits on the lu-
minosity of undetecteduclearcomponentg§69]. The radiatve ef ciency of the
centralenginewasthenfound by correctingthe X-ray luminosityto a bolometric
luminosity and combiningit with the inferred SMBH mass.In powerful FRIls,
radiatvely-efcient accretionassociatedvith a thin disk surroundedby an ob-
scuringtorusis normally inferred. FRII radio galaxiesat z» 0:5 alsoshav an
absorbed-ray componenfll]. In contrastjn z< 0:1 FRIs,all thenuclearX-ray
emissioncannormally beinterpretedasjet related,andusuallyonly upperlimits
are found for accretion-relate@mission[69]. Any X-ray luminosity associated
with a non-jetcentral-engineeomponenin low-power sourcess normally suf-
ciently low to supportearlierspeculationdasedon the Ledlow-Owenrelation
thatthe physicaldifferencebetweerthe two typesof radiosourcearisesfrom the
differentnatureof their accretiondisksandef ciency of accretion[85]. Further
supportfor theseideascomesfrom Spitzerresultsfor thez< 0:1 sampl€e22] that
shav anadditionalcomponentf hotdustonly in FRIIs.

While resultsat rst-look appearquite corvincing of a connectionbetween
large-scaleradio power andthe structureof the centralengine thereare sources
which defythetrend.Both CenA andNGC 4261 have large-scald-RI structures,
andyet containabsorbedhard,luminousX-ray componentgharacteristiof the
coronaeof thin accretiondisks seenthroughan obscuringtorus[67; 225. This
might suggesthatsomethingelatively recent(perhapghe galaxy memgerin the
caseof CenA [69]) hasprovidedadditionalmaterialfor accretiorandaffectedthe
centralenginein awaythathasyetto bere ectedin the powerandstructureof the
large-scaleradio emission.The dif culty is thatmegerandsource-deelopment
time scalesareexpectedo becomparableA furthercomplicationis thetendeng
for ary X-ray accretion-relate¢omponentsn FRII low-excitation radio galax-
ies to be lessluminousthanthoseseenin a typical FRII high-excitation radio
galaxy[99], aswasknown for the optical continuum[49; 206. This meanghat
not all FRIIs have equivalentcentralengines However, it is is hardto treatasa
coincidencehetendeng for the mostpowerful FRIIs with the leastevidencefor
externaldisruptionto arisefrom AGN shaving high-excitation optical emission
linesandevidencefor thin accretiondisks.

In thenormallyinferredabsenc®f thin radiatvely-efcient accretiondisksin
FRIs,it hasbeenarguedin several caseghatsufcient X-ray-emittinghot gasis
presentin their galaxiesand clustersto producethe requiredjet power through
a geometrically-thickBondi accretion o w [e.g., 62, 4]. Here the jet power is
inferredfrom the enepgy requiredto excavatethe cavities obsenedin the X-ray-
emitting gas,i.e.,amoredirectmethodthanscalingfrom radio power [e.g.,21]]
asis normalin the absencef otherinformation.Recentwork con rms thatthe
mostluminousFRIIs alsotendto lie in luminous X-ray clusters[12], andit is
reasonabléo assumehat they experiencesimilar or greatersuppliesof galaxy
and clusterhot gas. However jet powersare also higher (how muchso restson
uncertaintiesn speedandcomposition) consistentvith requiringanextraenegy
sourcein the form of starsandgascloudsfuelling a thin accretiondisk. A major
outstandingproblemis a full understandingf the mechanismsvhich corvertgas
infall into two differentaccretionstructuresJetsareexpectedo be morestrongly
coupledto the structureof the hoststellarsystemandhenceto play amoremajor
role in feedbackif the accretinggasoriginatespredominantlyfrom the reseroir



The X-ray Jetsof Active Galaxies 35

containedn thepotentialwell of the systemasawhole,whetherit behot[e.g.,4]
orcold[e.g.,161] in origin.

8.3 Therole of theenvironment

Assumingthat jets are genuinelysymmetricat production,the ervironmentap-
pearsto be, at a minimum, a strongsecondaryfactor (with jet power beingthe
likely primaryin uence) in shapinglarge-scalget structure For example,some
radio sourceshov whatappeardo be FRI morphologyon onesideandFRII on
the other andthis hasbeenusedto arguefor differentervironmentaleffectson
thetwo sideg[92].

VLBI propermotionstudiesnd few, if ary, differencesn the speedor mor-
phologyof FRI andFRII radiojetsin theirinitial stagef developmentirom the
centralengine[154; 88]. However, the radiatve powersare higherin FRIIs, but
notin linear proportionto their total radio powers[e.g.,87; 89, suggestinghat
on the small scalea radio sourcehasknowledgeof how it will evolve. Particu-
larly compellingevidencethatthe ervironmentdoeshave somein uence is the
recentdiscovery that quasarstraditionally the hostsonly of FRII structurescan
hostFRI radio structureswith evidencethatdensermore clumpy, ervironments
at higherredshiftareallowing this to occur[107]. Therdle of the X-ray-emitting
ervironmentin deceleratindg-RI jetswasdiscussedh x4.

8.4 Informationfrom beamedsources

The beamedcounterpart®f radio galaxies(quasarsandBL Lac objects)do not
allow theaccretiorstructuredo beprobedin the X-ray, sincethebeamedet emis-
sionswampsall othernuclearcomponentsindeedit is sometimeslominantup to
theTeV band.Multi-wavelengthspectrakenegy distributionsandvariability time
scalesareusedto probethebeamingparameterandthe physicalpropertieof the
emitting regions[e.g., 84; 128 193. Correlated ares are sometimesneasured
acrosswvavebandsgiving supportto the presencef a dominantspatialregion of
emission[e.g., 205 194, but otherwiseuncertaintieof size scalesgeometries,
andparameter$or the competingporocessesf enegy lossandacceleratioroften
force the adoptionof oversimpli ed or poorly-constraineanodelsfor individual
jets. Much is publishedon the topic, and a review is beyond the scopeof this
work. Substantiaprogressn understandings anticipatedrom multiwavelength
programmesssociateavith the FermiGamma-raySpaceTelescope.

VLBI radio-polarizationstudieshave found systematicdifferencesbetween
powerful quasargbeamedFRIIs) 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 separaténtrinsic differencesrom the possible
in uence of the parsec-scalenvironment,suchasthe densityandmagneticeld
containedn line-emittinggas[43].
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9 Summary and concludingremarks

Thelastdecadéhasseermassve progressn our understandingf the X-ray prop-

ertiesof extragalacticradiojetsandtheirervironmentsChandi'ssub-arcsespa-
tial resolutionhasbeenof paramounimportancein measuringresohed X-ray

emissiorfrom kpc-scalget structuresandin extendingstudiesof X-ray nucleito

sourcedtherthanbeamedjuasar&ndBL Lac objectsby separatingheemission
of wealer nucleifrom thatof thejetsand X-ray emittingervironments.

Theassumptiorthatradiostructuresoughlylie in a stateof minimumenegy
betweentheir relatiistic particlesandmagneticelds is broadlyveri ed in afew
tensof sourceghroughcombiningX-ray inverseComptonwith radiosynchrotron
data(x2.2). This is the assumptionrcommonlyadoptedin the absenceof other
information,andsoits veri cation is reassuringalthoughmuchsub-structures
likely to occurandthereis no reasonto expectminimum enegy to hold in dy-
namicalstructures.

Theincreasen numbersof known resohed kpc-scaleX-ray jetshasbeenre-
markable from a handfulto the severaltensof sourceghat Chandia hasmapped
in detail. Therearegroundsto believe thatthereare X-rays from synchrotrorra-
diation in sourcesboth of FRI and FRII types(x5.1), requiring in-situ particle
acceleratiorto TeV enegies. The steepeningn spectralslopewhich mostcom-
monly occursat infra-redenegiesmay be relatedmoreto acceleratiorprocesses
thanenepgy lossesbut more multiwavelengthobsenationalwork is requiredto
characterizahe acceleratiorsitesand supporta theoreticalunderstandingThe
fact that X-ray synchrotronemissionwith an X-ray to radio ux-density ratio,
S kev=Ss GHz, betweerabout10  and10' 7 is socommonin jetswherethe bulk

ow is inferredto berelatvistic implies thattherewill be mary more X-ray jet
detectionsvith currentinstrumentatiorin sufcient exposuretime.

The dominantX-ray emissionmechanisnin resohed quasagetsremainsun-
certain,but it is likely that beamedemissionfrom scatteringof CMB photonsis
dominantin jetsat smallanglesto theline of sight. This requiresthathighly rel-
ativistic bulk o ws exist far from the cores,contradictingearlierradio studiesbut
possiblyunderstandablan the context of transersevelocity pro les. The knotty
appearancef thesgetsis thenpossiblyaresultof variableoutputfrom thenuclei.
Much of the knotty X-ray appearancef FRI jets,on the otherhand,likely arises
from spatialvariationsin the strengthof particleacceleratior{x5.2).

Jettheoryhashadsomepleasingsuccessesuchastheagreemenbetweenx-
ray pressurero les andpredictionsfrom hydrodynamicamodelsfor low-power
jetsin the regions wherethey are believed to be sloved by entrainmentof the
externalmediumor stellarmasdoss(x4).

We arestill largely ignorantof jet compositionandthisis a dif cult problem
to solve sincejet dynamicsaregovernedby theenepgy of theconstituenparticles
ratherthantheir massThereis generallygrowing supportfor astrongpresencef
relativistic protons(x6).

The obsenation of bubblesandcavities in clustergasproduceddynamically
by radiostructuredasrenavedinterestn themechanismby which active galax-
iesintroduceheatinto gaseousatmospheresA few nearbybright systemshave
beenthesubjectof intensestudywith Chandia (x7.2). Althoughthewayin which
enegy is depositen the large scaleis still far from cleat informationon mor-
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phologyandtemperaturdasbeenusedto infer the underlyingenegeticsof the
structures.

An areawherework is still in its infang is that of understandinghe trig-
geringof radio sourcesandthe possiblerble playedhereby galaxy and cluster
meigersin promotingor inhibiting radio-sourcedevelopment(x7.4). The emeg-
ing pictureshavsthatvery differentaccretiorstructuresanhostradiojets,with a
tendeng for quasaitypenucleito beassociatedvith morepowerful jets.How jets
arepoweredby thesedifferentaccretionstructuresandgasinfall, andtheduration
of a givenmoderelative to typical lifetimes of radio sourcesremainto be better
understood.

Thefutureis bright. Chandia andXMM-Newntonarenow matureobsenatories.
Operationakxperiencds enablingoothmoreambitiousandmorespeculatie pro-
gramsto beundertalen.For example,Chanda is completingsensitve exposures
of all 3CRRradio sourceswithin a redshiftof 0.1, and a large shallov surey
of quasaijets to studythe X-ray-emissionmechanismin a statisticalsenseand
seekoutmoresourcedor deep detailedstudy Obsenationsof a somavhatmore
speculatie natureare also beingmade,suchas observingradio sourcesof dif-
ferentinferredages,andstudyinghow galaxy andclustermeigersareimpacting
the radio-sourcestructuresandtheir in uence on the surroundingatmospheres.
Thesearejust examples.At the sametime, Suzakus making spectralmeasure-
mentsof active-galaxy nuclei, andtestingthe spin characteristicef black holes
hostingradiosourceghroughsearchingdor relatiistic broadeningn Felines.We
canexpectfantastiaesultsfrom continuingX-ray work, andmary surprises.

New facilities comingon line will enrichthe X-ray results.Spitzerhasmea-
sureddust, stars,and non-thermalkoresin the centresof radio galaxies,placing
constraintson the centralstructuresit hasalso detecteda numberof kpc-scale
jets, helpingto tie down the all-importantbreaksin the spectraldistributions of
the synchrotrorradiationthatarelik ely to be connectedo the procesof particle
accelerationHerschel will continuesuchwork.

The characteristicof the non-thermalemissionat enegies higher than the
X-ray provide a sensitve testof emissionmechanismsnda probeof jet compo-
sition. TheFermiGamma-rayspaceTlelescopés providing suchdata particularly
for the embeddedmall-scalgets of highly-beamedjuasarandBL Lac objects,
asareground-base&erenkv telescopesensitve to TeV emission.

ALMA will probethe cool componenbf gasin active galaxies,and provide
informationon onepossiblecomponentf accretionpowver. Radiomeasurements
with e-MERLINandEVLAwill probespatialscalesntermediatebetweernpc and
kpc, importantin the launchingand collimation of jets. They will alsoprovide
improvedinformationon trans\ersejet structure.

Extendingpolarimetryto the X-ray, asis understudyin the community will
provide key testsof jet emissionandacceleratiormechanismgust assuchwork
with HST is startingto do in the optical. Most importantly a future X-ray ob-
senatory that hasthe sensitvity and spectralresolutionto probegas dynamics
associatedvith radiosourcess crucialfor con rming andextendingsourcemod-
elling thatis currentlyin its infangy. Suchcapabilitieswill comewith the launch
of anew facility suchasthelnternationaX-ray Obsenratorycurrentlyunderstudy
by ESAandNASA.
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