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Abstract. In thispaperwepresentmultifrequency VLA obser-
vationsof thegiant radiogalaxy3C 449.High resolutionand
sensitivity datawereobtainedin total intensityandpolarized
flux at1.365, 1.445, 1.465, 1.485, 4.685,4.985and8.385GHz.

Thesourceis characterizedby anunresolvedcore,two op-
positesymmetricjets,andveryextendedlobes.Thesenew im-
agesshow thesourcemorphologyin greatdetail, in particular
we detectplumesandwigglesin thelow brightnesslobes.The
sourceis considerablypolarizedatall frequencies.Wefind that
the magneticfield orientationis parallel to the jet axis at the
very beginningof the jet, andbecomesperpendicularat about
10′′(5kpc) from the core. In the low brightnessregions, the
magneticfield is circumferentialto the edgesof the emission
region.

Thespectralindex mapbetween5GHzand8.4GHzshows
that the northernregion beyond 1′ from the corehasa much
flatterspectrumthanthesouthernone.

We analysethejet dynamics,andconcludethatthejetsare
relativistic at thebeginning,anddeceleratesignificantlywithin
10′′(5kpc) from thecore.

We computetherotationmeasure,usingall seven frequen-
cies between1.4 and 8.4GHz. We detectsignificantrotation
measurewith valueswithin about±50radm−2 of theexpected
contributionof ourGalaxy. TheFaradayeffectis likely to origi-
natein anexternalscreen,whichismostprobablytheintergalac-
tic mediumof thegroupof galaxiesaround3C449.Moreover,
weresolvetheeffectof theinterstellarmediumassociatedwith
thegalaxy3C449itself.

Key words: galaxies:individual:3C449– galaxies:jets– galax-
ies:magneticfields– radiocontinuum:galaxies

1. Introduction

The radio galaxiesof luminosity lower than P178=5×1025

W/Hz,known asFRI objects(Fanaroff & Riley 1974)areoften
characterizedby continuoustwo-sidedjets runninginto large-
scalelobestructures(plumes)whichareedge-darkened(i.ewith
thebrightnesspeaklocatedlessthanhalfway out from thenu-
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cleus)andwhosesteepestradiospectralie in theoutermostre-
gionsfurthestfrom thehostgalaxy. Themagneticfield in FRI
jets is orientedpredominantlyalong the jet at the beginning,
becomingpredominantlyperpendicularto the jet furtheraway
from thecore(Bridle & Perley 1984).

The observed morphologiesof low-power jets have been
usedto arguethatthey areturbulentandpropagatingatsonicor
transonicspeedonthelargescale(Bicknell1984,Bicknelletal.
1990).Ontheotherhand,recentobservationalwork(Giovannini
etal.1995)leadsto thescenarioin whichjetsof low-luminosity
radiogalaxiesarerelativisticonparsecscales.Thisisconsistent
with unifiedmodels,where FRI radiogalaxiesform theparent
populationof BL Lacobjects(Urry & Padovani1995).

Parmaet al. (1994)have examinedthevariationof jet sid-
ednessratio with distancefrom thecore,total radiopower and
coreprominence.Their resultsareconsistentwith thehypothe-
sisthat FRI jetsslow down from β ≈ 0.6to sub-relativistic ve-
locitiesonscalesof 1 – 10 kiloparsecs,becauseof turbulenten-
trainment.Laing(1996)developeda two-componentjet model
consistingof a fast“spine” with perpendicularmagneticfield,
surroundedby a slower “shearlayer”, which interactswith the
externalmedium.The“shearlayer” haseitherparallelor two-
dimensionalmagneticfield. Assumingthatthejet is relativistic
at the beginning and deceleratesto non-relativistic speedsat
largedistancesfrom thenucleus,netlongitudinalor transverse
apparentfieldsmayresult,asaconsequenceof relativistic aber-
ration.

The symmetrictwin-relativistic jet model is supportedby
several linesof evidence(seee.g.Laing et al. 1996),in partic-
ular the detectionof superluminalmotions.However, it is well
establishedthatsomesourcesshow componentswith sublumi-
nal motions,as it is the casee.g. for CentaurusA (Tingay et
al. 1998),M 87(Biretta1996),CygA (Carilli etal. 1994).The
subluminaljet componentscan be either interpretedas slow
patternson the relativistic flow, or dueto non-relativistic nu-
clearejection.The last possibility hasbeensuggestedby Sol
et al. (1989),Pelletier& Roland(1989,1990)andPelletier&
Sol (1992),who proposedthe jet two-fluid model to explain
thepresenceof compactstructuresmoving atdifferentspeedin
extragalacticjets.
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Table 1. VLA ObservingLog

Frequencies Band A A B B C C D D
(MHz) Date Time(h) Date Time(h) Date Time(h) Date Time(h)

1365/1445 L APR94 1.5 APR93 5.1 JUL93 1.0 JAN94 0.6
1465/1485 L APR94 1.6 APR93 5.1 JUL93 1.0 JAN94 0.5
4685/4985 C MAR/APR94 0.8 APR93 5 JUL93 8.7 JAN94 1.8
8285/8485 X MAR94 1 APR93 5.1 JUL93 5.5 JAN94 1.8

A typical radio galaxyof the FRI classis 3C 449,which
is well known due to its very large angularsize (∼ 30′). It
is elongatedin the NS directionand is characterizedby long
two-sidedjets. It is relatively nearby(z=.0181),andtherefore
particularlysuitablefor adetailedstudyof thejet structureand
of the polarizationproperties.Previous studiesof this source
at radiofrequencieshave beenpresentedby many authors(see
Andernachetal. 1992,andreferencestherein).High resolution
imageswerefirst presentedby Perley et al. (1979),whostudied
thejet structure.Thehighsymmetryof the3C449jetshasbeen
takenasevidencefor theradiosourcemajoraxislying closeto
theplaneof thesky. Theparentgalaxy, UGC12064,is dumb-
bell andis the mostprominentmemberof the Zwicky cluster
2231.2+3732.It shows a nucleardust lanewith a major axis
diameterof ∼2′′ roughly in positionangle135◦ (Butcheret
al. 1980).The optical isophotesshow pronounceddeviations
from pureellipsesandgradientsin ellipticity, which areclear
indicationsof a stronggravitational interaction(De Juanet al.
1994,Balcellsetal. 1995).Opticaldataobtainedwith theHST
werepresentedby Capettietal. (1994),whodetecteda23mag
nucleussurroundedby aring with aprojecteddiameterof 0.4′′.
Theluminosityprofile shows thattheobservedring is actually
theresultof absorption.Thesizeof thisregionisconsistentwith
it beingcoldmaterialassociatedwithanextendedaccretiondisk.

In this paperwe presentmultifrequency VLA maps,at
high resolutionand sensitivity, which allow us to study the
jet behaviour andthe polarization.We usea Hubbleconstant
H0=50 km s−1 Mpc−1, which implies a linear conversionto
0.52kpc/arcsecat thedistanceof 3C449.

2. Observations and data reduction

Thedatapresentedherewereobtainedwith theVeryLargeAr-
ray (VLA) in all four configurations,at different frequencies
in the L, C andX bands.The observingepochsand integra-
tion timesarelistedin Table1. Thesource3C286was usedas
a primaryflux densitycalibrator. Thephasecalibratorwas the
nearbypointsource2200+420,observedatintervalsof about20
minutes,while thecalibratorsfor thepolarizationpositionangle
were3C138and3C48.The on-axisinstrumentalpolarization
of the antennaswas correctedusing the secondarycalibrator
2200+420,which was observedover a wide rangeof parallac-
tic angles.Thedatawerereducedwith theAstronomicalImage
ProcessingSystem(AIPS), following the standardprocedure:
Fourier-Transform,CleanandRestore.Self-calibrationwasap-
plied to minimisetheeffectsof amplitudeandphaseuncertain-

Table 2. Coreflux densities

Date Conf. S5 GHz S8.4 GHz

mJy mJy

APR93 B 31.0 40.7
JUL93 C 37.0 45.0
JAN94 D 36.0 45.0
MAR94 A 37.6 43.4
APR94 A 38.7 –

ties.TheX-banddataobtainedat8285GHzand8485GHzwere
averaged.Thedata-setsfrom differentconfigurationswerefirst
reducedseparately, eachundergoingseveraliterationsof clean-
ing andphaseself-calibration.At 8.4GHzand5GHz,theunre-
solvedradionucleuswassubtractedin eachindividualdata-set
to avoid undesirableeffectsof coreflux variability in thefinal
maps.Table 2 lists the core flux densitiessubtractedat each
frequency andepoch.To producethemergeddataat eachfre-
quency, theD andC data-setswereconcatenatedfirst, thenthe
B data-set,andfinally theA data-setwereadded.At eachstep
thedata-setswereself-calibratedto ensurephaseconsistency.

At eachof theseven frequencies,mapsof theStokesparam-
etersI, Q andU wereproducedwith threedifferentresolutions,
usingtheAIPS taskIMAGR.Therestoringbeamwas a circu-
larly symmetricalGaussian,with FWHM = 1.25′′, 2.5′′ and5′′.
The imageswith the highestresolutionat 8.4GHz (0.5′′ and
0.8′′) and4.9GHz(0.8′′) wereproducedby applyingtheMax-
imum Entropy Method (task VTESS), to ensurethe proper
imaging of resolved low-brightnessstructure.The imagesof
the polarizedintensitywereobtainedasP = (Q2 + U2)1/2,
andcorrectedfor the positive Riceanbiasdueto this combi-
nationof two noisy quantitiesin quadrature(Wardle& Kro-
nberg 1974).The polarizationanglewas derived accordingto
θ = 0.5 tan−1(U/Q).

3. Results

3.1. Total intensity images

The overall sourcestructureis easilyvisible at 1.4GHz, at a
resolutionof 5′′ (Fig.1). Thesourceis characterizedby anun-
resolved core, two oppositesymmetricjets, extendingfor ∼

1′ from the core,andthe lobesof lower brightness.The total
extentof thesourcemappedat this frequency with theVLA is
about20′, which is slightly smallerthantheextentfoundfrom
singledishimages(Andernachet al. 1992).In Fig.1 somerel-
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Fig. 1. Contourmapof 3C449at1.365GHzwith 5′′ angularresolution.
Contourlevelsare0.1,0.25,0.5, 1, 2.5, 5,10, 25, 50,and100mJy/beam.
Thermsnoiselevel in themapis 0.035mJy/beam.

evantsourceregionsarelabelledfor furtherreference.Thetwo
innermostjets(N1 andS1)seemfairly symmetricalat this rel-
atively low resolution,althoughthey arenotperfectlyopposite
to eachother. They aremisalignedby ∼11◦, as mentionedby
Perley et al. (1979).They bothmergeataboutthesamedistance
from thecoreinto prominentinnerlobesof highbrightness(N2
andS2),differentin structure.On largerscales,beyondthein-
ner lobesN2 andS2,thesourceis ratherasymmetrical.In the
northernpart the structurewidens(region N3), thenbendsto
theeastinto region N4, at which point thereis a sharpbendof
90◦ bendto NW. Theeasternboundaryof regionN4 resembles
the cornerof a square.Furtherout, the structure(N5) is first
orientedin theNS direction,andthen bentin a far trail toward
NE. This regionhasavery low brightness,andsmoothlyfades
into thenoise.In thesouthernpart,thestructureemergingfrom
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Fig. 2. 1.4GHz radio contoursof the region of the arc-like feature
aresuperposedonto an I-band15 min CCD imagetaken at the UH
88′′ telescope.

the inner lobe S2 anddirectedtoward SW (region S3) seems
to bea channelwith edgebrightening,andbecomesnarrower
at increasingdistancefrom the core.Furtherto the souththis
streamermergesinto a large, almostround lobe of very low
brightness(S4).

Theoveralllow-brightnessstructureischaracterizedbywig-
gles,filamentsandplumes.Thereisaremarkable,faint,arc-like
feature,westwardof thesouthern lobeS2.It isactuallydetached
from thelobeandit is very unusual.An I-bandCCD imageof
this regionwasobtainedwith the88-inchtelescopeof theUni-
versityof Hawaii (seeFig.2), andnoobjectclearlyresponsible
for this emissionhasbeenfound. Therefore,we believe this
structureto beassociatedwith 3C449.

In the field mappedat 1.4GHz, thereis an extendedun-
relatedsourceat RA(B1950)=22h 28m 36.5s, DEC(B1950)=
39◦ 08′ 47.7′′, whichshowsadouble-lobedstructure,with ato-
tal flux of 12.5mJy. It hasno opticalcounterpartin theR plate
of the PalomarDigitized Sky Survey, and must surely be an
unrelatedbackgroundradiogalaxy.

At higher resolution(Fig.3), 3C 449 is detectedonly in
the innermost8′, with greatstructuraldetails.The jets show
somelevel of asymmetryin brightness,but they areverysimilar
in transversesize. The two jets are not straight,but show a
gradualcurvatureto theeast.This behaviour is responsiblefor
the misalignmentof the two jets detectedat lower resolution.
At approximately∼45′′ northandsouthof thecore,thetwo jets
show aprominentbendwestward.After thebend,thenorthern
jet widensandforms the higherbrightnessinner lobe (N2 in
Fig.1), whichhasasharpandroundedgeon its NW boundary.
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Fig. 3. Grey scaleimageat 1.365GHz with 1.25′′ angularresolution.
Thegrey scalerangeis 0.05to 2mJy/beam.Thermsnoiselevel in the
mapis 0.031mJy/beam.

FromtherethestreamercontinuesdueNE andnarrows at the
sametime up to a well-definedleadingedge,beforeit sharply
bendstoward NW again.The whole structureis reminiscent
of a helix. Thesouthernjet at 45′′ from thecorehasa sharper
westwardbendthanthenorthernjet,andseemsmorecollimated
even after the bend.After a smoothbendalong a long arch
towardsE, it forms the bright inner lobe (S2 in Fig.1) which
hasahigherbrightnessthanthecorrespondingnorthern one.The
jet canstill bedistinguishedwithin thelobe,whereit followsa
curvedtrajectory. Also noticeableis a loop emerging from the
easternsideof the S2 lobe, suggestinga helical motion. The
channelin the region S3 clearly exhibits enhancedemission
at the edges.The westernedgeseemsto be the continuation
of thenorth-easternloop, while theeasternoneemergesfrom
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Fig. 4. Imageof thesourceat4.985GHzwith 2.5′′ angularresolution.
The unresolved radio corehasbeensubtracted.Contourlevels are-
0.05, 0.05,0.1,0.15,0.3, 0.5,0.75,1, 2.5,and3.5mJy/beam.Therms
noiselevel in themapis 0.018mJy/beam.

thelower brightnesssouthernpartof thelobe.We arepossibly
seeingtwo sourceregionsin projectionalongtheline of sight.

The featuresdetectedat 1.4GHz areeasily visible in the
mapsathighfrequencies,wherethenucleushasbeensubtracted
becauseof itssmall,but noticeablevariability (seeflux densities
in Table2). Fig.4 givesthe imageat 5GHz, wherethesource
is detectedover a total extentof ∼8′. Thedetailsarestrikingly
similarto thoseatlowerfrequencies,with filamentsandplumes.

Themapsat highestresolutionarethosewherethejetsare
heavily resolved.Figs.5 and6 presentthe imagesat 8.4GHz
with resolutionsof 0.8′′ and0.5′′, respectively, obtainedwith
the Maximum Entropy Method.Thesemapsclearly show the
structureof thejets,whichareexactlyalignedonly within 10′′-
12′′ from thecore,with a positionangleof ∼9◦. Theposition
anglesof the northernand southernjet on a larger scaleare
∼13◦ and ∼182◦, respectively. In Fig.5, the radio image is
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Fig. 5. Grey scaleimageof the sourceat 8.4GHz with 0.8′′ resolu-
tion, overlayedontotheopticalimagefrom theredPalomarDigitized
Sky Survey. Theunresolvedradiocorehasbeensubtracted.Thegrey
scalerangeis 0.02to 0.3mJy/beam.Thermsnoiselevel in themapis
0.011mJy/beam.

overlaidontotheopticalimagefrom theDigitizedPalomarSky
Survey. Thering of absorbingmaterial(dustlane),asfoundby
Butcheret al. (1980),is not visible here.It is easilyvisible in
the imageavailablein thepublic archive of theHubbleSpace
Telescope,andis locatedtowardSW, roughlyin positionangle
135◦ andis thereforenot perpendicularto thejets,asfoundin
otherFRI radiogalaxies(Capetti& Celotti 1998).

Somedegreeof asymmetrybetweenthetwo jetsis evident,
with the southernjet being slightly brighter on averagethan
the northern one.The two jets are of very low brightnessat
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Fig. 6. Grey scaleimageof theinnermostjetsat 8.4GHz,at thehigh-
estavailableangularresolutionof 0.5′′. Theunresolvedcorehasbeen
subtractedat thepositionmarkedby a gappedX sign.Thegrey scale
rangeis 0.01 to 0.2mJy/beam.The rms noise level in the map is
0.011mJy/beam.

their beginning, andno gapof radio emissionis found close
to thenucleus.At ∼2′′ from thecore,thesouthernjet shows a
brightening,whichhasnosimilarcounterpartin theoppositejet.
Both jetssuddenlyflareandwiden,at about8′′ from thecore.
Thebrightnessof thesouthernjet showsadistinctmaximumat
∼10′′, followed first by a decreasein brightness,andthenby
a transversestructuresimilar to a bow-shockat∼35′′ from the
core.In thenorthernjet, thetrendof brightnessissmoother. The
jetsareeasilydistinguishablefor about1′,wherethey mergeinto
theinnerlobes.

3.2. Spectrum

The spectrumof 3C 449 between330,1445,and4835MHz,
with 3.6′′ resolution,hasbeenanalyzedin detailby Katz-Stone
& Rudnick(1997,hereinafterKR). Here,weobtainedthemap
of spectralindex between4.985GHzand8.4GHzwith 2.5′′ res-
olution(seeFig.7).Thespectrumis constantalongthetwo jets,
including the bendsat ∼45′′ from the core,with an average
spectralindex α8.4

5 = 0.58±0.03(Sν ∝ ν−α). In thenorthern
innerlobe(N2), beyondthebendof thejet, thespectrumindex
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is still ratherflat, with anaveragevalue of0.57±0.03,andbe-
comeseven flatter at the NW boundary. In the southerninner
lobe(S2),thespectrumismuchsteeperthanin thejet.In thecen-
terandsouthernedgeof thelobe,wherethejet is still traceable
eitherfrom the high resolutionimagesandfrom the polariza-
tion behaviour, thespectralindex is 0.74±0.03,while on both
sidesit increasesup to ∼0.9. Thereis thereforea remarkable
asymmetryin thespectralbehaviour betweenthenorthernand
southernregions:thespectrumof thenortherninner lobeis as
flat asthatof thejet, while thesouthernoneis characterizedby
asignificantsteepening.

3.3. Polarization

The sourceis considerablypolarizedat all frequencies.Fig.8
presentsthe8.4GHz map,with themagneticfield vectorssu-
perimposed(correctedfor RM, seenext subsection).Theorien-
tationof themagneticfield is longitudinalattheverybeginning
of the jet, wherethe polarizationpercentageis lower, andbe-
comestransversalat larger distancefrom the core,andin the
bendingregionsat ∼45′′ from thecore.In theSW partof the
lobe N2 the magneticfield is transversalto the main ridge of
emission,while in the NE part of the northerninner lobe N2,
afterthebendof thestructureby 90◦, themagneticfield is ori-
entedalongthe main ridge of emission.In the southerninner
lobe (S2)themagneticfield is transversalover mostof thelobe,
confirmingthat this is thecontinuationof the jet, but it is cir-
cumferentialto thestructurein thesouthernmostedgeof lobe
S2.

Thepolarizationpercentageat8.4GHz(Fig.9) issomewhat
patchy, andshowssimilarbehaviour in thenorthernandsouth-
ernsourceregions.In theinnermostweakjetswithin few arcsec
from thecore,thedegreeof polarizationis around15%onboth
sides.Furtherout, the jet polarizationpercentageincreasesto
about30%,thenit dropsto 15-20%in thebends.In the inner
lobesN2 andS2, the valuesof the degreeof polarizationare
30-50%.Themapof thepolarizationpercentageenhancesthe
structuresdetectedin totalintensity:in particularthebow struc-
ture in thesouthernjet (∼32′′ from thecore)is prominentfor
its high fractionalpolarizationandasimilar featureis now dis-
cernablein thenorthernjet.Also, theloopin thesoutherninner
lobeis verywell seenin thepolarizationpercentagemapanda
similar loop is foundat thenorthernboundaryof thenorthern
inner lobe. We note that the polarizationpercentageis fairly
constanttransverseto the jet. Only the NW edgeof the inner
lobeN2 showsenhancement.

The sourceis not significantly depolarizedat 4.985 and
4.685GHz.At thelowerfrequencies,around1.4GHz,theaver-
agepolarizationpercentageis about0.75-0.8of thatat8.4GHz
in the jets,while in the inner lobes(N2 andS2)no significant
depolarizationis found.It is worthnotingthatpolarizedbright-
nessat the level of 30-40%is alsodetectedin the large scale
structure(Fig.10), which is not imagedat higher frequencies
becauseof its low brightnessandmissingshortspacings.We
alsonotethatthetwo bright edgesof thechannelin theregion
S3(seeFig.1) arewell separatedbecauseof their high degree
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Fig. 7. Mapof thespectralindex between4.985GHzand8.4GHz,with
2.5′′ resolution.Thecorehasbeensubtracted.Thecontouris drawn at
thelevel of 0.4.

of polarizationanda similar featureof two parallelpolarized
streamersis foundto emergenorthwardfrom theinnerlobeN2.

3.4. Rotation measure

Weobtainedanimageof therotationmeasure(RM),bycombin-
ingthemapsof thepolarizationE vectoratthesevenfrequencies
availableto us.Weusedthemapswith all availableresolutions
(1.25′′, 2.5′′, and5′′), after blankingthe pixels wherethe un-
certaintyin thepolarizationangleexceeded20◦. Following the
definitionθλ = RMλ2, whereθλ is the positionangleof the
polarizationvectorat thewavelengthλ, thevalue oftheRM at
eachvalid pixel wascomputedby linearfitting of thepolariza-
tion angleasa functionof λ2. Thefitting algorithmprovidesa
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Fig. 8. Map at 8.4GHz with 1.25′′ resolution,with vectorsindicating the
projectedmagneticfield direction,correctedfor RM. Thermsnoiselevel in
thetotalintensitymapis0.011mJy/beam.Thehorizontalbaratthecenterof
theright panelmarksthepositionwheretheunresolvedcorehasbeensub-
tracted.In bothimages,contourslevelsare-0.06,0.06, 0.15,0.3, 0.5,0.75,
and1mJy/beam.Thevectorsareproportionalin lengthto thepolarization
percentage,with 1′′ correspondingto 20%in the left panel,and1′′ corre-
spondingto 25%in theright panel.

weightedleast-squaresfit, allowing for anambiguityof ±nπ in
eachpolarizationpositionangle.

Thedataarewell fitted by aλ2 relation,asshown by some
samplefits plottedin Fig.11. Theformal errorson thebest-fit
resultsaretypically lessthan2radm−2.Thevaluesof RM range
between-210and-100radm−2 (seehistogramin Fig.12),with
apeakaround-162radm−2, whichcorrespondsto theexpected
foregroundRM of our Galaxy (Andernachet al. 1992).The
distributionof theRM is non-gaussian,with anexcessof more
negative valueswith respectto the average.The mapof RM
with thehighestangularresolution(1.25′′) is given in Fig.13.
A remarkablefeaturein theRM mapis the largesymmetryin
theinnerjets,within ∼15′′ from thecore,wherethemeanRM

is morenegative thantheGalacticvalue(<RM> = –198± 3
radm−2).

At largerdistancefrom thecore,theRM in bothjetsflips to
valuesmorepositive thantheGalacticvalueanda clearasym-
metrybetweenthetwo jetsbecomesmostevidentin thebends.
In the northernjet, thereis sometransversalstructureandthe
valuesof RM changefrom –146± 10radm−2 to –185± 6 rad
m−2 in thebendingregion.In thesouthernjet, thevaluesof RM
arealwaysmorepositive thantheGalacticvalue,from –152±

5 to –116± 5 immediatelybeforethebending, and–138± 5
radm−2 in thebendingregion.

The two inner lobesN2 andS2 arequite similar, with the
averageRM closeto theGalacticvalue.Themapsof theRM
obtainedwith lower resolutionarein excellentagreementwith
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Fig. 9. Grey scale image of the fractional polarizationat 8.4GHz with
1.25′′ resolution.The unresolved nucleushasbeensubtracted.The grey
scalelevelsis 0 to 50%.

themapat 1.25′′ resolution,indicatingthat thefluctuationsof
RM areresolved.Variationsof theRM occuron similar scales
in thejetsandlobes,with typicalsizeof & 10′′, i.e about5kpc.

4. Discussion

4.1. Jet collimation

Weusedthe8.4GHzmapswith 0.5′′ resolutiontoderivebright-
nessprofilesperpendiculartothejetaxes.Thesewerefittedwith
a Gaussianfunction to obtainthe FWHM Φobs andpeaksur-
facebrightnessIobs of the jets at various distancesfrom the
radiocore.In orderto derive intrinsic quantities,theseparam-
etersweredeconvolvedof theCLEAN beamΦbeam, with the

following formulae(Killeen etal. 1986):

Φ = (Φ2
obs − Φ2

beam)1/2 (1)

Iν = Iobs(1 + Φ2
beamΦ−2)1/2 (2)

Theseparametersareplottedin Fig.14,wherethedotsand
opencirclesreferto thesouthernandnorthernjet, respectively.
The two jets show very similar behaviours in the collimation
properties,whichcanbedividedinto threeregimes:anopening
angleof ∼8.5◦ at thejet beginning,a rapidexpansionbetween
6′′ (3kpc) and10′′ (5kpc) from thecore,with anopeningan-
gle of ∼17◦, andfinally a recollimationbeyond 10′′, with an
openingangleof ∼7.5◦. The rapid expansioncoincideswith
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Fig. 10. The1.485GHzmap,with 2.5′′ resolution,showing thepolar-
ization vectors(E field, uncorrectedfor RM). They areproportional
in lengthto thefractionalpolarization,with 1′′ correspondingto 5%.
Contourlevelsare-0.1,0.1, 0.5, 1, 5,and10mJy/beam.Thermsnoise
level in thetotal intensitymapis 0.032mJy/beam.

theregion wherethejet magneticfield changesits orientation,
from longitudinalto transversal(seeFig.8).

Thebrightnessis differentin thetwo jets,andis higher, on
average,in the southernjet. In both jets, the overall trendof
brightnessagainstwidth is verydifferentfrom thatexpectedin
anadiabaticjet with constantvelocity (seeSect.4.4).

4.2. Core prominence

Assumingthat the jets arerelativistic at their origin, informa-
tion on their orientationwith respectto theline of sightcanbe
inferredfrom thecomparisonbetweenthecoreradiopowerand
thetotal radiopower, following theapproachof Giovanniniet
al. (1994).This argumentis basedon thefact that thecorera-
dio emissioncontainsaDoppler-boostedrelativistic jet, whose
strengthdependsonthejet inclinationto thelineof sight.Given
theexistencein radiogalaxiesof ageneralcorrelationbetween
thecorepower at 5GHz, Pc, andthe total radiopower at 408
MHz, Ptot (Giovanninietal. 1988):

LogPc = 11.01 + 0.47LogPtot (3)

theexpectedintrinsiccorepowercanbeinferredfrom thetotal
low frequency radio power, which is not affectedby Doppler
boosting.ThePc-Ptot correlationgiven in Eq.(3) hasbeenob-
tainedusinga large sampleof radio galaxies orientedat ran-
domangles.Therefore,it gives theapparent(beamed)corera-
dio power for a galaxy at the averageorientationof 60◦. The
Dopplerenhancementin a jet of velocityβc andspectralindex
α, orientedatanangleθ to theline of sightis

P (θ) = P [Γ(1 − βcosθ)]−(2+α) (4)

whereΓ is the Lorentz factor, Γ=(1-β2)−1/2. Therefore,the
ratio of themeasuredcorepower Pc−obs to that inferredfrom
Eq.(3), Pc−exp, correspondingto θ=60◦, is givenby:

Pc−obs

Pc−exp
=

(

1 − βcosθ

1 − 0.5β

)

−(2+α)

(5)

andprovidesanestimateof β andθ.
Wederived theratioof themeasuredtoexpectedcorepower

usingthecoreflux densitiesat5GHzobtainedfrom thepresent
data,andthetotalflux densityat408MHz given in Andernach
et al. (1992).A statisticaluncertaintyof 1 r.m.swas takeninto
accountin the flux densitymeasurements,but the most rele-
vant parameterin the determinationof this ratio was the core
variability (seeTable2 for the valuesof coreflux densities).
We obtainedthatPc−obs/Pc−exp is in therange0.33-0.45.The
correspondingallowedregion for thetwo parametersβ andθ,
assumingα=0,ispresentedin Fig.15.It impliesalargevelocity
of thejet at its beginning,andananglelargerthan75◦, between
thesourcemajoraxisandtheline of sight.

4.3. Jet sidedness

Independentconstraintson β andθ canbe obtainedfrom the
jet to counter-jet ratio. The relativistic beamingeffect on two
relativisticsymmetricaljets,is toenhancethesurfacebrightness
of theapproachingbeam,anddecreasethatof therecedingone.
Theobservedjet to counter-jet ratioR is givenby theformula

R = (1 + βcosθ)q(1 − βcosθ)−q (6)

whereq = 2+α for an isotropicjet with no preferredmagnetic
field direction(Pearson& Zensus1987),andq= 3+2α for a jet
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with aperfectlyorderedlongitudinalmagneticfield (Begelman
1993).Sincethe magneticfield is predominantlytransversal,
andthe degreeof polarizationis low in the region whereit is
longitudinal(seeSect.3.3) the formula valid for the isotropic
jet is themostappropriatefor thepresentsource.

Following Laing (1996), we producedan imageof “jet-
sidedness”,usingthe8.4GHzmapat0.5′′ resolution,andcon-
sideringthesouthernjet asthemainjet (seeSects.3.1and4.1).
Sincethetwo jetsshow a slightly curvedpath(seee.g.Fig.6),
the sidednessimageis only meaningfulin their innermostre-
gion, wherethey areperfectlystraight.The imageis given in
Fig.16. The averageof the valuesin this mapis 1.4, with no
distincttrendeitheralongor acrossthejet. Thebrightpointsat
thelateraledgescouldbeaffectedby theslightcurvatureof the
jets.

Fig.17gives therunof thejet to thecounter-jet ratioalong
theridgeof maximumbrightness.The low values closeto the

nucleusarein the region wherethe corehasbeensubtracted,
andshouldnotbetrusted.Thisplotcannotbesimplyinterpreted
in the framework of the relativistic beamingeffects, sinceit
seemsto be stronlgy affectedby fluctuationsrelatedto local
enhancementsin thejet brightness.Thehighestvalue ofthejet
to counter-jet ratio is ∼2.1,andcorrespondsto thebright spot
at about2′′ from thecore,which couldbea knot of emission.
If insteadit is dueto relativistic beaming,it impliesa value of
βcosθ=0.14,which leadsto a jet velocity of ≈ c for a view-
ing angleof ≈ 82◦. Themoderatejet asymmetryderived from
Figs.16and17confirmsthatthesourcemustbeatalargeangle
to theline of sight.

4.4. An adiabatic model for the jets

Informationon the jet dynamicshasbeenobtainedfollowing
the simple approachthat the jet is expandingadiabatically,
conservingthe numberof relativistic particlesand frozen in
magneticfield. Underthis assumption,the jet velocity, bright-
nessandopeninganglearerelated.Thefunctionaldependence
betweentheseparametershasbeendiscussedin the limit of
non-relativistic bulk motionwith 3-D expansionby Fanti et al.
(1982),Bicknell (1984)andPerley et al. (1984).The caseof
relativistic bulk motion is consideredby Baumet al. (1997),
whoobtainthefollowing relationships:

PredominantlyparallelB field:

Iν ∝ (Γjvj)
−(2α+3)/3r

−(10α+9)/3
j D2+α (7)

PredominantlytransverseB field:

Iν ∝ (Γjvj)
−(5α+6)/3r

−(7α+6)/3
j D2+α (8)

whereIν is the jet surfacebrightness,α is the spectralindex,
vj andΓj arethe jet velocity andLorentzfactor, andD is the
DopplerfactorD = (Γj(1 − βcosθ))−1.

Accordingto theseformulae,thewideningof thejet atcon-
stantvelocity resultsin strongadiabaticlosses,which would



L. Ferettiet al.: VLA observationsof thegiantradiogalaxy3C449 39

causeits dramaticdimming. By decelerationof the advance
speed,theseadiabaticlossescanbebalancedandthejet bright-
nessmaintained.Theapparentbrightnessof the jet is alsoaf-
fectedby relativistic Dopplerboosting.

Usingtheabove relationships,we have modeledthejet in-
trinsicbrightnessandwidth asa functionof distance,to derive
the jet velocity. In this procedure,the input parametersarethe
orientationof the magneticfield, taken from the from the ob-
servations,the initial jet velocity, βi, andthe inclinationangle
of thejet with therespectto theline of sight,θ, whichareboth
assumed.

The jet observational parametersare well reproducedby
the trendsgiven in Fig.18 (seecaption),which correspondto
pairsof theinitial velocityandinclinationangleconsistentwith
theconstraintsobtainedby thecoreprominenceargument.We
modeledboththe(southern)jet, andthe(northern)counter-jet,
usingthe appropriateorientation,andwe obtainedvery simi-
lar trends.The importantresult is that alwaysthe jet velocity
stronglydecreaseswith distanceup to ∼10′′ (5kpc) from the
core,andshowsalmostconstantvaluesfurtherout.

The jet/counter-jet ratiosderived from the velocity trends
displayedin Fig.18 are plotted in Fig.17, for a comparison
with theobservedvalues(continuousline).Thetwomodelswith
lower initial velocity aremoreappropriateto reproducethejet
to counter-jet ratios.They imply that the initial peakis mostly
dueto alocalknot,andalsothejet asymmetryat10′′-13′′ from
thecorecannotbeascribedto Dopplerboosting.

Assumingtheorientationof 3C449of ∼82.5◦ to thelineof
sight,andthejet velocity runningfrom 0.9cto 0.7cin theinner
5′′-6′′ (Fig.18), the Doppler factor is in the range0.5-0.9.A
Dopplerfactorlower than1 meansthatthejetsarestronglyde-
boostedandtheobservedbrightnessis lowerthantheir intrinsic
brightness.Thisis in agreementwith thefactthattheinnermost
jetsshow very low brightness,andcouldexplain thepresence
of a “gap”regionbetweenthenucleusandthejetsin many FRI
sources.

We finally notethatacceptablefits to theobservationaljet
parameterscanbe alsoobtainedusingvaluesof the initial jet
velocity lower thanthoseimplied by the coreprominence.In
particular, it is interestingthat startingwith βi=0.5,the jet ve-
locity beyond 10′′ dropstoβ ∼0.01,whichwouldbeconsistent
with thevelocity inferredby Hardeeet al. (1994)from theob-
served trajectoryof the southernjet, asa resultof the orbital
motionof thecentralengine.This case,however, doesnot ac-
count for the innermostlow brightnessof the jets as due to
Dopplerde-boosting,andcanonly bereconciledwith thecore
prominenceargumentassumingthat a strongjet deceleration
takesplaceverycloseto thenucleus.

Ourmainconclusionis thatthesimpleadiabaticmodelpro-
videsevidencefor a jet decelerationwithin a few arcsec,i.e. a
few kpc, from the nucleus.The strongjet decelerationoccurs
in theregion wherethemagneticfield changestheorientation,
from longitudinalto transversal.A likely mechanismfor thejet
decelerationis the interactionbetweenthe jet andtheexternal
medium,i.e. theentrainmentof materialfrom thesurrounding
medium.In particular, thepressure ofthegaseousatmosphere

Fig. 13. Map of the rotationmeasureat 1.25′′ resolution,computed
usingall 7 frequenciesrangingfrom 1.365GHz to 8.4GHz.

associatedwith thegalaxy, wouldconfinethejetsandaffect the
jet dynamics(Bicknell et al. 1990).This behaviour is in agree-
mentwith theunifiedmodels,andseemsto be typical in FRI
radiojets,asmodeledfor 3C 31 byLaing (1996).In theLaing
model,the jet consistsof a centralspine,with highervelocity
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Fig. 15. Allowedregion(shaded) for thejet velocityandinclinationto
theline of sight,from thecoreprominencerelative thetotal flux.

andtransversemagneticfield, andashear-layerwith lowerve-
locity andeithera longitudinalor a two-dimensionalfield. We
do not detectthesetwo componentsin the inner jets,eitherin
the sidednessimage,or in the structureof the magneticfield.
Hardcastleet al. (1997)founda similar problemin 3C 296.In
3C 449, the large orientationangleof the sourcewith respect
to theline of sightcouldmake it difficult to distinguishthetwo
components,sincetheDopplerboostingis notstrongenoughto
significantlyenhancethehighvelocitycomponentwith respect
to thelow velocityone.

4.5. Case of non-relativistic nuclear ejection

The discussionin the above subsectionswas basedon the as-
sumptionthat the nucleusof 3C 449 ejectshighly relativistic
jets. Sinceno VLBI observationsare presentlyavailable for
3C449,theemissionof thejetsatnon-relativistic speedin prin-
ciple cannotbe ruled out. An explanationof the structureof
3C449,assumingthatthenucleusejectsamoderatelyrelativs-
tic electron-protonjet with vj ' 0.4c,hasbeenprovided by
Rolandet al. (1992). In their scenario,if the massejectedis
largeenoughandthe jet is well collimated,the jet kinetic en-
ergy densityρjv2

j (whereρj is thejet density)is muchgreater
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Fig. 16. Map of thejet to counter-jet ratio, computedat 8.4GHz with
0.5′′ resolution.The coordinatescaleis labelledin arcsecrelative to
thecoreposition

thanthe externalpressurePext. This is the casefor the inner-
mostregion, i.e. within 6′′ from the core,wherethe jets have
low brightnessandsmall openingangle.As the jets open,for
a critical radiusof thejets,thekinetic energy densitybecomes
comparableto the pressure ofthe externalmedium.Here,the
jets interactwith the outermediumanddissipatetheir kinetic
energy via turbulence.Therelativistic electronsareaccelerated
by theturbulencein thedissipationarea,which correspondsto
thebrightjetsuptoabout1′ fromthecore.Beyondthisdistance,
thedissipationprocessis finishedandthejet velocity becomes
smalleror equalto thesoundspeedof theexternalmedium.

4.6. Spectral behaviour

KR studiedthespectralbehaviour of 3C449over 3 frequencies
(0.3, 1.4, and 4.8GHz), using a new analysistool, the spec-
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βi = 0.85;long-dash:θ = 82.5◦andβi = 0.90;dot-dash:θ = 80◦andβi
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tral tomography, which allowed themto isolatethe contribu-
tion of two different spectralcomponents,the “flat jet”, and
the“sheath”.Theflat jet remainsfairly well collimatedwithin
2.5′ from the core,is characterizedby a power-law spectrum
with α = 0.53±0.01,andshows little steepeningwith distance
from the core.The secondcomponent,the “sheath”,appears
beyond 1′ from thecore,onbothsidesof thejet, andis respon-
sible for mostof the observed widening.The spectrumof the
“sheath” is steeperthanthat of the “flat jet”, andhasa range
of spectralindiceswith typical valuesat 2.5′ from thecoreof
0.57±0.02in thenorth,and0.69±0.02in thesouth.We refer
thereaderto thepaperby KR for the interpretationof thetwo
jet components.

Our spectrumbetween4.985GHz and8.4GHz (Fig.7) re-
vealstheexistenceof aspectralasymmetrybetweenthenorthern
andsoutherninnerlobes.A similarasymmetryis foundby KR
in the sheath.For the flat jet, i.e. within 1′ from the core,we
obtainα8.4

5 = 0.58±0.03,which is consistentwith thevalue of
KR, andimplies that theflat jet hasa power law spectrumex-
tendingup to 8.4GHz.In thenortherninnerlobe(N2), wefind
anaveragevalueα8.4

5 = 0.57±0.03,andwe do not distinguish
betweenthetwo componentsfoundby KR. In thesouthernin-
nerlobe(S2),weseparatetheflat jet with spectralindex α8.4

5 =
0.74±0.03,from thesurroundingregion which reachesvalues
up to α8.4

5 ∼ 0.9. A possibility is that the apparentjet in the
southerninnerlobe (S2)is acasewherethejet entersthelobe,
but doesnot diffusedirectly in it. Rather, the jet’s momentum
is sufficient to carryit throughthelobe,asa distinctentity. As
thejetmovesaround,perhapsdueto tidal forcesonthenucleus,
theorientationof the jet’s exhaustinto the lobecouldchange,
permittingthe lobe to be expandedfrom a different input an-
gle.Our resultsindicatesteeper spectrathanthoseobtainedby
KR. The implication is thatboth jet componentsshow a spec-
tral steepeningat a frequency beyond 5GHz. It is clear from
thespectralbehaviour, that reaccelerationprocessesaremuch
moreefficientin thenorthernregion.Thiscouldcausethelarger
total extent of the northernhalf of the source,with respectto
thesouthernone.

4.7. Interpretation of RM data

TheFaradayrotationof extragalacticradiosourcescanoriginate
insidethe radio-emittingregionsif sufficient thermalmaterial
is mixedwith thesynchrotronradiatingplasma,or couldbeof
external origin if magneticfield and thermalgasare present
alongthe line of sight.The interpretationof polarizationdata
hasbeensummarizedby Laing(1984):if thepolarizationangle
obeys a λ2 law, andthe rotationpersistsover an anglelarger
thanπ/2, theFaradayrotationis dueto a foregroundscreen.

Thevaluesof RM aregenerallysmall,rangingfrom -50 to
+50 radm−2, with respectto theexpectedforegroundrotation
of our Galaxy (-162 rad m−2). A significantcontribution to
theGalacticvalueprobablyoriginatesfrom theGalacticfeature
crossingtheregionsouthof thegalaxyassociatedwith 3C 449
(Andernachetal.1992).Thisfeatureseemstoaffectin thesame
way therotationmeasureof all theregion mappedby us,with
nodifferencebetweenthenorthernandsouthernregion.

The goodλ2 fits of the polarizationangle(Fig.11) are in
favourof anexternalorigin for theRM. Theforegroundscreen
seemsto be fully resolved,sincethereis no significantdiffer-
encebetweenRM imagesatdifferentresolutions,andnostrong
depolarizationis presentat low frequency. Themoderatedepo-
larizationof the jets (Sect.3.3) couldoriginatewithin the jets,
from thelikely entrainment.

A likelyexternalFaradayscreenis theintergalacticmedium
associatedwith thegalaxygrouparound3C 449.Thefact that
theRM structureisverysimilarin theN andSlobesisconsistent
with theorientationof this radiogalaxyin theplaneof thesky.
Fromtheanalysisof X-raydata,Hardcastleetal.(1998)derived
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a centralgasdensityof 4.6× 10−3 cm−3, anda coreradiusof
the gasdistribution of 35′′(18kpc). Significantdeviations of
the RM from the Galacticvaluearepresentin the jets up to
1′-1.1′ from thecore,i.e.about2 coreradii.A clustermagnetic
field of ∼0.7-0.9µG, orderedon scalesof ∼5kpc is necessary
to producetheobservedvaluesof RM.

A remarkablefeaturein the map of the RM is the large
symmetryin the innermostjets, within ∼15′′ from the core,
wheretheRM assumesvaluesmorenegative thantheGalactic
value,with apossibletrendthatthelowestvaluesareseencloser
to thenucleus.Fromthesurfacebrightnessprofilegiven byDe
Juanet al. (1994), the galaxybrightnessat a radiusof about
15′′ decreasesby abouta factorof 100with respectto thepeak
value(seealsoFig.2). A plausiblescenariois thatthegaseous
atmosphereassociatedwith thegalaxy, andinfluencingthe jet
dynamics,is responsiblefor the rotationmeasureandfor the
low fractionalpolarizationof theinnermostjets.To accountfor
theobservationaldata,wehavetoassumethatthemagneticfield
associatedto thegalaxyis highly tangled.

4.8. Comparison with the X-ray emission

In Fig.19 theradioimageof 3C 449is overlaidto theROSAT
image,obtainedwith aPSPCpointingobservation,with anex-
posureof 9500sec(Hardcastleet al. 1998).Thedatawerere-
trieved from the public ROSAT archive. The imagewas pro-
ducedbybinningthephotoneventtablein pixelsof 15′′, andby
smoothingthemapwith agaussianof σ = 45′′. Asdiscussedby
Hardcastleet al. (1998),the largescalestructureof 3C 449 is

determinedby thedistribution of thehot intergalacticplasma.
TheX-ray gasisnotsphericallysymmetric,andthelow bright-
nessradioemissionis anti-coincidentwith theX-ray filaments.
Thelarge-scaleradioemissionavoidstheregionsof highX-ray
brightness,andtheradiostreamersflow wheretheX-ray gasis
lessdense.

Thiseffectcouldbedueto thebuoyancy of theradioplasma
in apressuregradient.Thesharpbendin regionN4 seemsto be
relatedto theexistenceof asubclumpin theX-ray gas.

5. Conclusions

We have presentedsensitive multifrequency radiomapsof the
giant radio galaxy3C 449, andstudiedits propertiesin total
and polarizedintensity. We have mappedthe sourceup to a
total extentof 20′. Ourconclusionsareasfollows.

1)Thesourceshowsaslightlyvariableunresolvedcore,twoop-
positejets,andveryextendedlobescharacterizedbyplumesand
wiggles.It is highly polarizedat all frequenciesfrom 1.4GHz
to 8.4GHz.

2)Thetwo jetsaremisalignedby∼11◦, butarefairly symmetri-
calattheresolutionof 5′′ for about1′ fromtheradiocore.They
both bendwestward at ∼45′′ from the core,andat ∼ 1′ they
mergeinto theinnerlobes,beyondwhich they follow a sortof
helicalstructure.At thehighestresolution,thejetsshow some
asymmetry, with thesouthernjet beingbrighteronaveragethan
the northern one.No gapof radio emissionis found closeto
thenucleus.Thetwo jetsarenotperpendicularto thedustlane
detectedin thenucleusof theparentgalaxyof 3C449.
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3)Thesouthernandnorthernjetsshow similarcollimationprop-
erties,with a constantexpansionrateat thebeginning,a rapid
expansionbetween6′′ and10′′ from thecore,anda recollima-
tion furtherout. Themagneticfield directionis parallelto the
jet axisin thefirst 8′′, andthenbecomestransversal.

4) Fromtheprominenceof thecorepower over thetotal radio
power, we infer that the jets arerelativistic at their beginning
andthesourceis orientedatananglelargerthan75◦ to theline
of sight.Thisis confirmedby thelevel of symmetry/asymmetry
foundin thebrightnessratiosof jet to counter-jet.

5) From the applicationof the simpleadiabaticmodel to the
jets, evidenceof a strongjet decelerationwithin 10′′ (5kpc)
from thenucleusis found.A satisfactoryfit to thedatais found
assuminganinitial jet velocity of 0.9c,anda jet inclinationto
the line of sightof 82.5◦. Thetrendof jet velocity obtainedin
thisway isconsistentwith thejet to counter-jet ratios,andwith
thelow brightnessof theinnermostjets,asdueto Dopplerde-
boosting.Thestrongjet decelerationoccursin theregionwhere
themagneticfield changestheorientation,from longitudinalto
transversal.A likely mechanismfor the jet decelerationis the
entrainmentof materialfrom thesurroundingmedium.

6) The spectrumbetween5GHz and8.4GHz in the northern
inner lobe is flatter thanin thesoutherninner lobe.Therefore,
reaccelerationprocessesseemto bemuchmoreefficient in the
northernthanin thesouthernregion.Thiscouldcausethelarger
total extent of the northernhalf of the source,with respectto
thesouthernone.

7) The polarizationanglesarewell fitted by a λ2 law, which
persistsover about500◦ and is indicationof an externalori-
gin for theRM. Valuesof RM arewithin ±50 radm−2 of the
Galacticvalue.They arelikely to originatein the intergalactic
mediumassociatedwith thegalaxygroupof 3C 449,but also
theinterstellarmediumof thegalaxyitself seemsto contribute
to theRM, in theinnermostjet region.
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CátedraPatrimonial,ref 950093).

The NationalRadioAstronomyObservatory is operatedby As-
sociatedUniversities,Inc., undercontractwith the NationalScience
Foundation.

References

AndernachH., FerettiL., GiovanniniG., etal., 1992,A&AS 93,331
BalcellsM., Morganti R., OosterlooT., Pèrez-FournonI., Gonzalez-

SerranoJ.I.,1995,A&A 302,665

BaumS.A.,O’DeaC.P., GiovanniniG., etal., 1997,ApJ483,178
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DeJuanL., ColinaL., Pérez-FournonI., 1994,ApJS91,507
Fanaroff B.L., Riley J.M.,1974,MNRAS 167,31P
FantiR., Lari C., ParmaP., et al., 1982,A&A 110,169
GiovanniniG.,FerettiL., Gregorini L., ParmaP., 1988,A&A 199,73
GiovanniniG.,FerettiL., VenturiT., et al., 1994,ApJ435,116
GiovanniniG.,CottonW.D.,FerettiL., Lara,L., Venturi,T.,Marcaide,

J.M., 1995,In: CohenM.H., KellermannK.I. (eds.)Quasarsand
ActiveGalacticNuclei:HighResolutionImaging.Proc.Nat.Acad.
Sci.USA Vol. 92,Number5, p.11356

HardcastleM.J.,AlexanderP.,Pooley G.G.,Riley J.M,1997,MNRAS
288,L1

HardcastleM.J., Worral D.M, Birkinshaw M., 1998,MNRAS 296,
1098

HardeeP.E.,CooperM.A., ClarkeD.A., 1994,ApJ424,126
Katz-StoneD.M., RudnickL., 1997,ApJ488,146(KR)
Killeen N.E.B.,Bicknell G.V., EkersR.D.,1986,ApJ302,306
LaingR.A., 1984,In: Bridle A.H., Eilek J.A. (eds.)Physicsof Energy

Transportin ExtragalacticRadioSources.NRAO Workshopn. 9,
p. 90

Laing R.A., 1996, In: HardeeP.E., Bridle A.H., ZensusJ.A. (eds.)
EnergyTransportin RadioGalaxiesandQuasars.ASPConference
Seriesn. 100,p. 241

ParmaP., DeRuiterH.R.,FantiR., LaingR., 1994,In: Bicknell G.V.,
Dopita M.A., Quinn P.J. (eds.)The Physicsof Active Galaxies.
ASPConferenceSeriesVol. 54,p. 241

PearsonT.J., ZensusJ.A., 1987,In: ZensusJ.A., PearsonT.J. (eds.)
SuperluminalRadioSources.CambridgeUniv. Press,p. 1

PelletierG.,RolandJ.,1989,A&A 224,24
PelletierG.,RolandJ.,1990,In: ZensusJ.A.,PearsonT.J.(eds.)Parsec-

scaleRadioJets.CambridgeUniversityPress,p. 323
PelletierG.,SolH., 1992,MNRAS 254,635
Perley R.A., Willis A.G., ScottJ.S.,1979,Nat281,437
Perley R.A., Bridle A.H., Willis A.G., 1984,ApJS54,291
RolandJ.,LehoucqR.,PelletierG.,1992,In: RolandJ.,SolH.,Pelletier

G.(eds.)ExtragalacticRadioSources:FromBeams BeamstoJets.
CambridgeUniv. Press,p. 294

SolH., PelletierG.,AsseoE., 1989,MNRAS 237,411
TingayS.J.,Jauncey D.L., ReynoldsJ.E.,et al., 1998,ApJ115,960
Urry C.M., PadovaniP., 1995,PASP107,803
WardleJ.F.C.,Kronberg P.P., 1974,ApJ249,255


