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Abstract. Inthispapeme presenmultifrequeny VLA obser
vationsof the giantradio galaxy3C 449.High resolutionand
sensitvity datawere obtainedin total intensity and polarized
flux at1.365, 1.445, 1.465, 1.485, 4.686985and8.385GHz.

Thesourceis characterizetby anunresolhed core,two op-
positesymmetricjets,andvery extendedobes.Thesenew im-
agesshaw the sourcemorphologyin greatdetail,in particular
we detectplumesandwigglesin thelow brightnesdobes.The
sourcds considerablyolarizedatall frequenciesWe find that
the magneticfield orientationis parallelto the jet axis at the
very baginning of the jet, andbecomegerpendiculaat about
10”(5kpc) from the core. In the low brightnessregions, the
magneticfield is circumferentialto the edgesof the emission
region.

Thespectraindex mapbetweerb GHz and8.4GHz shavs
that the northernregion beyond 1 from the core hasa much
flatter spectrunthanthe southerrone.

We analysehejet dynamicsandconcludethatthe jetsare
relativistic atthe beginning,anddecelerateignificantlywithin
10’(5kpc) from thecore.

We computethe rotationmeasureysingall seven frequen-
cies betweenl.4 and 8.4GHz. We detectsignificantrotation
measuravith valueswithin about=50radm—2 of theexpected
contrikution of our Galaxy TheFaradayeffectis lik ely to origi-
natein anexternalscreenwhichis mostprobablytheintergalac-
tic mediumof thegroupof galaxiesaround3C 449. Moreover,
we resohe theeffect of theinterstellamediumassociateavith
thegalaxy3C 449itself.

Keywords. galaxiesindividual: 3C449- galaxiesjets—galax-
ies: magnetidields— radiocontinuum:galaxies

1. Introduction

The radio galaxiesof luminosity lower than P;;5=5x10%°
W/Hz, known asFRI objects(Fanarof & Riley 1974)areoften
characterizedby continuouswo-sidedjets runninginto large-
scaldobestructuregplumes)vhichareedge-darknedi.ewith
the brightnesgpeaklocatedlessthanhalfway out from the nu-
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cleus)andwhosesteepestadiospectrdie in theoutermoste-
gionsfurthestfrom the hostgalaxy The magnetidield in FRI
jets is orientedpredominantlyalongthe jet at the beginning,
becomingpredominantlyperpendiculato the jet further away
from the core(Bridle & Perley 1984).

The obsenred morphologiesof low-power jets have been
usedto amguethatthey areturbulentandpropagatingtsonicor
transonicspeemnthelargescale(Bicknell 1984 Bicknell etal.
1990).Ontheotherhandrecenbbsenationalwork (Giovannini
etal. 1995)leadsto thescenaridn whichjetsof low-luminosity
radiogalaxiesarerelatvistic onparsecscalesThisis consistent
with unifiedmodelswhere FR radiogalaxiesform the parent
populationof BL Lac objects(Urry & Padovani 1995).

Parmaetal. (1994) have examinedthe variationof jet sid-
ednessatio with distancerom the core,total radio power and
coreprominenceTheirresultsareconsistentith the hypothe-
sisthat FRI jetsslow down from 3 ~ 0.6to sub-relawistic ve-
locitiesonscalesof 1 — 10 kiloparsecsbecausef turbulenten-
trainment.Laing (1996)developeda two-componeniet model
consistingof a fast“spine” with perpendiculamagneticfield,
surroundedy a slower “shearlayer”, which interactswith the
externalmedium.The “shearlayer” haseitherparallelor two-
dimensionamagnetidield. Assumingthatthejet is relatiistic
at the beginning and decelerateto non-relatvistic speedsat
large distancegrom the nucleusnetlongitudinalor trans\erse
apparenfieldsmayresult,asaconsequencef relatiistic aber
ration.

The symmetrictwin-relatiistic jet modelis supportedby
severallinesof evidence(seee.g.Laing etal. 1996),in partic-
ularthe detectiorof superluminaimotions.However, it is well
establishedhatsomesourceshaov componentsvith sublumi-
nal motions,asit is the casee.g.for CentaurusA (Tingay et
al. 1998),M 87 (Biretta1996),CygA (Carilli etal. 1994).The
subluminaljet componentsan be either interpretedas slow
patternson the relatiistic flow, or dueto non-relatvistic nu-
clear ejection. The last possibility hasbeensuggestedy Sol
etal. (1989),Pelletier& Roland(1989,1990)andPelletier&
Sol (1992), who proposedthe jet two-fluid modelto explain
thepresence®f compacstructuresnoving atdifferentspeedn
extragalactigets.
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Table 1. VLA ObservingLog
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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 15 APR93 51 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 51 JUL93 55 JAN94 1.8
A typical radio galaxy of the FRI classis 3C 449, which Table 2. Coreflux densities
is well known dueto its very large angularsize (~ 30). It
is elongatedn the NS directionandis characterizedy long Date Conf. Sscm: SsacH-
two-sidedjets. It is relatively nearby(z=.0181),andtherefore mJy mJy
particularlysuitablefor a detailedstudyof thejet structureand aAprg3z B 31.0 40.7
of the polarizationproperties Previous studiesof this source juyL9z cC 37.0 45.0
atradiofrequenciehave beenpresentedyy mary authors(see JAN94 D 36.0 45.0
Andernachetal. 1992,andreferencesherein).Highresolution MAR94 A 37.6 43.4
imageswerefirst presentedby Perley et al. (1979),whostudied APR94 A 38.7 -

thejet structure Thehighsymmetryof the3C 449jetshasbeen
takenasevidencefor theradiosourcemajoraxislying closeto
the planeof the sky. The parentgalaxy UGC12064,s dumb-
bell andis the mostprominentmemberof the Zwicky cluster
2231.2+37321t shaws a nucleardustlane with a major axis
diameterof ~2” roughlyin positionangle135° (Butcheret
al. 1980). The optical isophotesshav pronouncedleviations
from pureellipsesandgradientsn ellipticity, which areclear
indicationsof a stronggravitationalinteraction(De Juanet al.
1994 Balcellsetal. 1995).Opticaldataobtainedwith the HST
werepresentedby Capettietal. (1994),who detectech 23 mag
nucleussurroundedy aring with aprojecteddiameterof 0.4".
The luminosity profile shavs thatthe obseredring is actually
theresultof absorptionThesizeof thisregionis consistentith
it beingcoldmaterialassociatewith anextendedaccretiordisk.
In this paperwe presentmultifrequeny VLA maps, at
high resolutionand sensitvity, which allow us to study the
jet behaiiour andthe polarization.We usea Hubble constant
Hy=50 km s~! Mpc™!, which implies a linear corversionto
0.52kpc/arcseatthedistanceof 3C 449.

2. Observations and data reduction

Thedatapresentedherewereobtainedwith the Very Large Ar-
ray (VLA) in all four configurationsat differentfrequencies
in the L, C and X bands.The observingepochsand integra-
tion timesarelistedin Table1. The source3C286was usedas
aprimaryflux densitycalibrator The phasecalibratorwas the
nearbypointsource2200+420pbsenedatintervalsof about20
minuteswhile thecalibratordor thepolarizatiornpositionangle
were 3C138and 3C48. The on-axisinstrumentalpolarization
of the antennasvas correctedusing the secondarycalibrator
2200+420which was obsered over awide rangeof parallac-
tic anglesThedatawerereducedvith the Astronomicallmage
Processingsystem(AIPS), following the standardprocedure:
Fourier Transform CleanandRestoreSelf-calibrationwvas ap-
plied to minimisethe effectsof amplitudeandphaseuncertain-

ties.TheX-banddataobtainecht8285GHzand8485GHzwere
averagedThedata-setérom differentconfigurationsverefirst
reducedseparatelyeachundegoingseveraliterationsof clean-
ing andphaseself-calibration At 8.4GHzand5 GHz,theunre-
solvedradionucleuswas subtractedn eachindividual data-set
to avoid undesirable=ffectsof coreflux variability in the final
maps.Table 2 lists the core flux densitiessubtractedat each
frequeny andepoch.To producethe melgeddataat eachfre-
gueng, theD andC data-setsvereconcatenatedrst, thenthe
B data-setandfinally the A data-setvereadded At eachstep
the data-setsvereself-calibratedo ensurgphaseconsisteny.

At eachof theseren frequenciesmapsof the Stokesparam-
etersl, Q andU wereproducedvith threedifferentresolutions,
usingthe AIPS taskIMA GR. Therestoringbeamwas a circu-
larly symmetricalGaussianwith FWHM = 1.25’, 2.5” and5”.
The imageswith the highestresolutionat 8.4GHz (0.5’ and
0.8") and4.9GHz (0.8") wereproduceddy applyingthe Max-
imum Entropy Method (task VTESS), to ensurethe proper
imaging of resohed low-brightnessstructure.The imagesof
the polarizedintensitywere obtainedas P = (Q? + U?)'/2,
and correctedfor the positive Riceanbias dueto this combi-
nation of two noisy quantitiesin quadraturgqWardle & Kro-
nbeig 1974).The polarizationanglewas derived accordingto
6 =0.5tan"1(U/Q).

3. Results
3.1. Total intensity images

The overall sourcestructureis easily visible at 1.4GHz, at a
resolutionof 5” (Fig.1). The sourceis characterizedby anun-
resohed core, two oppositesymmetricjets, extendingfor ~
1’ from the core,andthe lobesof lower brightnessThe total
extentof the sourcemappedat this frequeng with the VLA is
about20, whichis slightly smallerthanthe extentfoundfrom
singledishimages(Andernachetal. 1992).In Fig.1 somerel-
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Fig. 1. Contoummapof 3C449at1.365GHzwith 5 angularesolution.
Contourevelsare0.1,0.25,0.5, 1, 2.5, 510, 25, 50and100mJy/beam.
Thermsnoiselevel in themapis 0.035mJy/beam.

evantsourceregionsarelabelledfor furtherreferenceThetwo
innermostets (N1 andS1)seemfairly symmetricaktthisrel-
atively low resolution althoughthey arenot perfectlyopposite
to eachother They aremisalignedby ~11°, as mentionedby
Perley et al. (1979).They bothmemgeataboutthesameadistance
from thecoreinto prominentinnerlobesof high brightnesgN2
andS2),differentin structure Onlargerscalespbeyondthein-
nerlobesN2 andS2,the sourceis ratherasymmetricalln the
northernpart the structurewidens(region N3), thenbendsto
the eastinto region N4, at which point thereis a sharpbendof
90° bendto NW. The easterrboundaryof region N4 resembles
the cornerof a square Furtherout, the structure(N5) is first
orientedin the NS direction,andthen benin afar trail toward
NE. Thisregion hasavery low brightnessandsmoothlyfades
into thenoise.In thesoutherrpart,the structureemeging from
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Fig.2. 1.4GHz radio contoursof the region of the arc-like feature
are superposeanto an I-band 15 min CCD imagetaken at the UH
88" telescope.

the inner lobe S2 and directedtoward SW (region S3) seems
to be a channelwith edgebrightening,andbecomesarraver
at increasingdistancefrom the core. Furtherto the souththis
streamemeirgesinto a large, almostround lobe of very low
brightnes{S4).

Theoveralllow-brightnesstructurés characterizetywig-
gles filamentsandplumesThereis aremarkablefaint,arc-like
featurewestwardof thesouthern lob&2.It is actuallydetached
from thelobe andit is very unusual An I-bandCCD imageof
this region was obtainedwith the 88-inchtelescopef the Uni-
versity of Hawaii (seeFig. 2), andno objectclearlyresponsible
for this emissionhasbeenfound. Therefore,we believe this
structureto be associatedvith 3C 449.

In the field mappedat 1.4GHz, thereis an extendedun-
relatedsourceat RA(B1950)=22 28" 36.5', DEC(B1950)=
3% 08 47.7’, whichshavsadouble-lobedstructurewith ato-
tal flux of 12.5mJy It hasno optical counterparin the R plate
of the PalomarDigitized Sky Surwey, and mustsurely be an
unrelatedbackgroundadiogalaxy

At higherresolution(Fig.3), 3C 449 is detectedonly in
the innermost8’, with greatstructuraldetails. The jets shav
someevel of asymmetryin brightnessbut they areverysimilar
in trans\ersesize. The two jets are not straight,but shav a
gradualcurvatureto the east.This behaiour is responsibldor
the misalignmentof the two jets detectedat lower resolution.
At approximately~45" northandsouthof thecore thetwo jets
shav a prominentbendwestward. After the bend,the northern
jet widensandforms the higher brightnessinner lobe (N2 in
Fig.1), which hasa sharpandroundedgeonits NW boundary
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Fig. 3. Grey scaleimageat 1.365GHz with 1.25" angularresolution.
Thegrey scalerangeis 0.05to 2 mJy/beamThermsnoiselevel in the
mapis 0.031mJy/beam.

Fromtherethe streameicontinuesdue NE andnarravs at the
sametime up to a well-definedleadingedge beforeit sharply
bendstoward NW again. The whole structureis reminiscent
of ahelix. The southernet at45” from the corehasa sharper
westwardbendthanthenorthernjet,andseemsnorecollimated
even after the bend. After a smoothbendalong a long arch
towardsE, it forms the brightinnerlobe (S2in Fig. 1) which
hasahigherbrightnesshanthecorrespondingorthern oneThe
jet canstill bedistinguishedvithin thelobe,whereit follows a
curvedtrajectory Also noticeables aloop emepging from the
easterrside of the S2 lobe, suggestinga helical motion. The
channelin the region S3 clearly exhibits enhancedemission
at the edges.The westernedgeseemsto be the continuation
of the north-easterihoop, while the easterroneemegesfrom
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Fig. 4. Imageof thesourceat4.985GHz with 2.5” angularesolution.
The unresoled radio core hasbeensubtractedContourlevels are -

0.05, 0.050.1,0.15,0.3, 0.5,0.75,1, 2.5,and3.5mJy/beamTherms
noiselevel in themapis 0.018mJy/beam.

thelower brightnesssoutherrpartof thelobe.We arepossibly
seeingtwo sourceregionsin projectionalongtheline of sight.
The featuresdetectedat 1.4GHz are easily visible in the
mapsathighfrequencieswherethenucleushasbeersubtracted
becausef its small,but noticeablesariability (seeflux densities
in Table?). Fig.4 givestheimageat 5 GHz, wherethe source
is detectedbver atotal extentof ~8'. Thedetailsarestrikingly
similartothoseatlowerfrequenciesyith filamentsandplumes.
Themapsat highestresolutionarethosewherethe jetsare
heaily resohed. Figs.5 and6 presentheimagesat 8.4GHz
with resolutionsof 0.8’ and0.5’, respectiely, obtainedwith
the Maximum Entropy Method. Thesemapsclearly showv the
structureof thejets,whichareexactly alignedonly within 10’-
12’ from the core,with a positionangleof ~9°. The position
anglesof the northernand southernjet on a larger scaleare
~13 and ~182, respectrely. In Fig.5, the radio imageis
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Fig.5. Grey scaleimageof the sourceat 8.4GHz with 0.8’ resolu-
tion, overlayedontothe opticalimagefrom thered PalomarDigitized
Sky Suney. TheunresoledradiocorehasbeensubtractedThegrey
scalerangeis 0.02to 0.3mJy/beamThermsnoiselevel in themapis
0.011mJy/beam.

overlaidontotheopticalimagefrom the Digitized PalomarSky
Sunwey. Thering of absorbingmaterial(dustlane),asfoundby
Butcheret al. (1980),is not visible here.lt is easilyvisible in
theimageavailablein the public archive of the Hubble Space
Telescopeandis locatedtoward SW, roughlyin positionangle
135 andis thereforenot perpendiculato thejets,asfoundin
otherFRI radiogalaxiegCapetti& Celotti 1998).
Somedgyreeof asymmetnbetweerthetwo jetsis evident,
with the southernjet being slightly brighter on averagethan
the northern oneThe two jets are of very low brightnessat
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Fig. 6. Grey scaleimageof theinnermosietsat8.4GHz, atthe high-
estavailableangulamresolutionof 0.5”. Theunresoledcorehasbeen
subtractedat the positionmarked by a gappedX sign. Thegrey scale
rangeis 0.01 to 0.2mJy/beam.The rms noiselevel in the mapis
0.011mJy/beam.

their beginning, and no gap of radio emissionis found close
to thenucleus At ~2” from the core,the southerrjet shovs a
brighteningwhichhasnosimilarcounterparin theoppositget.
Both jets suddenlyflare andwiden, at about8” from the core.
Thebrightnesof thesoutherrjet shavs adistinctmaximumat
~10", followedfirst by a decreasén brightnessandthenby
atrans\ersestructuresimilar to abow-shockat ~35" from the
core.In thenorthernet, thetrendof brightnesss smootherThe
jetsareeasilydistinguishabléor aboutl’, wherethey memgeinto
theinnerlobes.

3.2. Spectrum

The spectrumof 3C 449 between330, 1445,and 4835 MHz,

with 3.6” resolution hasbeenanalyzedn detailby Katz-Stone
& Rudnick(1997,hereinafteiKR). Here,we obtainedthe map
of spectralndex betweem.985GHzand8.4GHzwith 2.5’ res-
olution (seeFig. 7). Thespectrums constanalongthetwo jets,
including the bendsat ~45" from the core, with an average
spectralindex a4 = 0.58+0.03(S, « v~%). In the northern
innerlobe (N2), beyondthe bendof thejet, the spectrumndex
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is still ratherflat, with anaveragevalue of0.574-0.03,andbe-

comeseven flatter at the NW boundaryIn the southerninner

lobe(S2),thespectrunis muchsteepethanin thejet. In thecen-

terandsoutherredgeof thelobe,wherethejetis still traceable
eitherfrom the high resolutionimagesandfrom the polariza-
tion behaiour, the spectralindex is 0.74+0.03,while on both

sidesit increasesip to ~0.9. Thereis thereforea remarkable
asymmetryin the spectrabehaiour betweerthe northernand

southermregions:the spectrumof the northerninnerlobeis as

flat asthatof thejet, while the southerroneis characterizety

a significantsteepening.

3.3. Polarization

The sourceis considerablypolarizedat all frequenciesFig.8
presentghe 8.4GHz map, with the magneticfield vectorssu-
perimposedcorrectedor RM, seenext subsection)Theorien-
tationof themagnetidield is longitudinalattheverybeginning
of the jet, wherethe polarizationpercentages lower, andbe-
comestrans\ersalat larger distancefrom the core,andin the
bendingregionsat ~45" from the core.In the SW partof the
lobe N2 the magneticfield is trans\ersalto the main ridge of
emissionwhile in the NE partof the northerninnerlobe N2,
afterthe bendof the structureby 90°, the magnetidield is ori-
entedalongthe mainridge of emission.In the southerninner
lobe (S2)themagnetidield is trans\ersalover mostof thelobe,
confirmingthatthis is the continuationof thejet, but it is cir-
cumferentialto the structurein the southernmosg¢dgeof lobe
S2.

Thepolarizationpercentagat8.4GHz(Fig.9) is somavhat
patchy andshaows similar behaiour in the northernandsouth-
ernsourceegions.In theinnermostveakjetswithin few arcsec
from thecore,thedegreeof polarizationis around15%on both
sides.Furtherout, the jet polarizationpercentagéncreaseso
about30%, thenit dropsto 15-20%in the bends.In theinner
lobesN2 and S2, the valuesof the degreeof polarizationare
30-50%.The mapof the polarizationpercentagenhanceshe
structuresietectedn totalintensity:in particularthebow struc-
turein the southernet (~32” from the core)is prominentfor
its high fractionalpolarizationanda similar featureis now dis-
cernablen thenorthernjet. Also, theloopin thesoutherrinner
lobeis verywell seenin the polarizationpercentagenapanda
similar loop is found at the northernboundaryof the northern
inner lobe. We note that the polarizationpercentages fairly
constantirans\erseto the jet. Only the NW edgeof the inner
lobeN2 shavs enhancement.

The sourceis not significantly depolarizedat 4.985 and
4.685GHz. At thelowerfrequenciesaroundl.4GHz,theaver-
agepolarizationpercentagés about0.75-0.80f thatat8.4GHz
in the jets,while in theinnerlobes(N2 andS2) no significant
depolarizations found.It is worth notingthatpolarizedoright-
nessat the level of 30-40%is alsodetectedn the large scale
structure(Fig. 10), which is not imagedat higherfrequencies
becausef its low brightnessand missingshortspacingsWe
alsonotethatthetwo bright edgesf the channeln theregion
S3(seeFig. 1) arewell separatedecausef their high degree
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Fig. 7. Mapof thespectraindex betweert.985GHzand8.4 GHz,with
2.5 resolution ThecorehasbeensubtractedThe contouris drawvn at
thelevel of 0.4.

of polarizationanda similar featureof two parallel polarized
streamerss foundto emegenorthwardfrom theinnerlobe N2.

3.4. Rotation measure

Weobtainedanimageof therotationmeasuréRM), by combin-
ingthemapsofthepolarizatiorE vectoratthesevenfrequencies
availableto us.We usedthe mapswith all availableresolutions
(1.28', 2.5’, and5"), after blankingthe pixels wherethe un-
certaintyin the polarizationangleexceede®(°. Following the
definitiond, = RM )2, whered, is the positionangleof the
polarizationvectoratthe wavelength), thevalue ofthe RM at
eachvalid pixel was computeddy linearfitting of thepolariza-
tion angleasa functionof \2. Thefitting algorithmprovidesa
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weightedeast-squarefit, allowing for anambiguityof +nm in
eachpolarizationpositionangle.

Thedataarewell fitted by a \? relation,asshavn by some
sampléefits plottedin Fig.11. Theformal errorson the best-fit
resultsaretypically lessthan2radm—2. Thevaluesof RM range
between210and-100radm~2 (seehistogramin Fig. 12),with
apeakaround-162radm—2, which correspondso theexpected
foregroundRM of our Galaxy (Andernachet al. 1992). The
distribution of the RM is non-gaussianyith anexcessof more
negative valueswith respectto the average.The map of RM
with the highestangularresolution(1.25’) is givenin Fig.13.
A remarkabldeaturein the RM mapis the large symmetryin
theinnerjets, within ~15” from the core,wherethe meanRM
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Fig. 8. Map at 8.4GHz with 1.25’ resolution,with vectorsindicating the
projectedmagnetidield direction,correctedor RM. Thermsnoiselevel in
thetotalintensitymapis 0.011mJy/beamThehorizontalbaratthecenterof
theright panelmarksthe positionwherethe unresolhed corehasbeensub-
tracted.In bothimagescontourdevelsare-0.06,0.06, 0.150.3, 0.5,0.75,
and1mJy/beamThe vectorsareproportionalin lengthto the polarization
percentagewith 1” correspondindo 20% in the left panel,and1” corre-
spondingto 25%in theright panel.

is more negative thanthe Galacticvalue (<RM> = -198+ 3
radm=2).

At largerdistancerom thecore,theRM in bothjetsflips to
valuesmorepositive thanthe Galacticvalueanda clearasym-
metrybetweerthetwo jetsbecomesnostevidentin thebends.
In the northernjet, thereis sometrans\ersalstructureandthe
valuesof RM changdrom —146+ 10radm~2 to—185+ 6 rad
m~2 in thebendingregion. In thesoutherrjet, thevaluesof RM
arealwaysmorepositive thanthe Galacticvalue,from —-152+
5to —1164 5 immediatelybeforethe bending, and-138+ 5
radm~2 in thebendingregion.

Thetwo innerlobesN2 and S2 are quite similar, with the
averageRM closeto the Galacticvalue. The mapsof the RM
obtainedwith lower resolutionarein excellentagreemenivith
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the mapat 1.25’ resolution,indicatingthat the fluctuationsof
RM areresolhed. Variationsof the RM occuron similar scales
in thejetsandlobes with typical sizeof > 10, i.e about5 kpc.

4, Discussion
4.1. Jet collimation

Weusedhe8.4GHzmapswith 0.5’ resolutiorto derive bright-
nesrofilesperpendiculato thejetaxes.Thesaverefittedwith
a Gaussiarfunction to obtainthe FWHM &, andpeaksur
facebrightnessl ;s of the jets at various distancefrom the
radiocore.In orderto derive intrinsic quantities theseparam-
etersweredecowolved of the CLEAN beam®.,,.,, with the
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Fig.9. Grey scaleimage of the fractional polarizationat 8.4GHz with
1.25’ resolution.The unresoled nucleushas beensubtracted The grey
scalelevelsis 0 to 50%.

following formulae(Killeen etal. 1986):

¢ = (q)gbs - (I)geam)l/Q (l)
IV = IObS(]' + @%eam@_2)1/2 (2)

Theseparametergreplottedin Fig. 14, wherethedotsand
opencirclesreferto thesoutherrandnorthernjet, respectiely.
The two jets shav very similar behaiours in the collimation
propertieswhichcanbedividedinto threeregimes:anopening
angleof ~8.5° atthejet beginning,arapid expansionbetween
6" (3kpc)and10”’ (5kpc) from the core,with anopeningan-
gle of ~17°, andfinally a recollimationbeyond 1¢/, with an
openingangleof ~7.5°. The rapid expansioncoincideswith
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Fig. 10. The1.485GHz map,with 2.5” resolution shaving the polar
ization vectors(E field, uncorrectedor RM). They are proportional
in lengthto the fractionalpolarization,with 1" correspondingo 5%.
Contourlevelsare-0.1,0.1, 0.5, 1, 5and10mJy/beamThermsnoise
level in thetotal intensitymapis 0.032mJy/beam.

theregion wherethe jet magnetidfield changests orientation,
from longitudinalto trans\ersal(seeFig. 8).

Thebrightnesss differentin thetwo jets,andis higher on
average,in the southernjet. In both jets, the overall trend of
brightnessagainstwidth is very differentfrom thatexpectedn
anadiabatiget with constantelocity (seeSect4.4).
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4.2. Core prominence

Assumingthatthe jets arerelatiistic at their origin, informa-

tion on their orientationwith respecto theline of sightcanbe

inferredfrom thecomparisorbetweerthecoreradiopoverand

thetotal radio power, following the approachof Giovanniniet

al. (1994).This agumentis basedon the factthatthe corera-

dio emissioncontainsa Dopplerboostedrelativistic jet, whose
strengthdepend®nthejetinclinationto theline of sight.Given

theexistencen radiogalaxiesof agenerakorrelationbetween
the corepower at 5GHz, P,, andthe total radio power at 408

MHz, P,,; (Giovanninietal. 1988):

LogP, = 11.01 4 0.47LogP,,; 3)

theexpectedntrinsic corepower canbeinferredfrom thetotal
low frequeng radio power, which is not affectedby Doppler
boosting.TheP.-P,,; correlationgiven in Eq.(3) hasbeenob-
tainedusing a large sampleof radio galaxies orienteat ran-
domangles.Thereforejt gives the apparen{beamedkorera-
dio power for a galaxy at the averageorientationof 60°. The
Dopplerenhancemerih ajet of velocity Sc andspectraindex
«, orientedatanangled to theline of sightis

P(0) = P[D(1 — Beosh)]~ 3+ 4)

whereT is the Lorentz factor I'=(1-32)~1/2. Therefore,the
ratio of the measureatorepower P,._ ;s to thatinferredfrom
Eq.(3), P.—caxp, correspondingo 6=60°, is givenby:

(1~ Bcost) — (2t
-\ 1-058

Pc—obs
Pc—emp

(5)

andprovidesanestimateof 5 andé.

Wederived theratioof themeasuredo expectedcorepower
usingthecoreflux densitiesat5 GHz obtainedrom thepresent
data,andthetotal flux densityat 408 MHz given in Andernach
etal. (1992).A statisticaluncertaintyof 1 r.m.swas takeninto
accountin the flux densitymeasurementdyut the mostrele-
vant parametein the determinatiorof this ratio was the core
variability (seeTable 2 for the valuesof coreflux densities).
We obtainedthat P._,4s/P.—c.p is in therange0.33-0.45.The
correspondingllowed region for thetwo parameters} andé,
assumingv=0, is presenteih Fig. 15.It impliesalargevelocity
of thejet atits beginning,andananglelargerthan75°, between
the sourcemajoraxisandtheline of sight.

4.3. Jet sidedness

Independentonstraintson 8 andé canbe obtainedfrom the
jet to counterjet ratio. The relatvistic beamingeffect on two
relativisticsymmetricajets,isto enhancehesurfacebrightness
of theapproachindgeamanddecreasghatof therecedingone.
Theobseredjet to countefjet ratioR is givenby theformula

(6)

whereq = 2+« for anisotropicjet with no preferredmagnetic
field direction(Pearsor& Zensusl987),andg= 3+2« for ajet

R = (1+ Bcosh)?(1 — Bcosh) 1
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- 4.4. An adiabatic model for the jets
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Fig. 12. Histogramof therotationmeasurdor all significantpixelsin
thesource

with aperfectlyorderedongitudinalmagnetidield (Begelman
1993). Sincethe magneticfield is predominantlytrans\ersal,
andthe degreeof polarizationis low in the region whereit is
longitudinal (seeSect.3.3) the formula valid for the isotropic
jetis themostappropriatdor the presensource.

Following Laing (1996), we producedan image of “jet-
sidedness’usingthe8.4GHz mapat0.5’ resolution,andcon-
sideringthesoutherrjet asthemainjet (seeSects3.1and4.1).
Sincethetwo jetsshaw a slightly curved path(seee.g.Fig.6),
the sidednesémageis only meaningfulin their innermostre-
gion, wherethey are perfectlystraight. The imageis given in
Fig.16. The averageof the valuesin this mapis 1.4, with no
distincttrendeitheralongor acrosghejet. Thebright pointsat
thelateraledgescouldbeaffectedby theslight curvatureof the
jets.

Fig.17 gives therun of thejet to the countefjet ratioalong
theridge of maximumbrightnessThe low values closdo the

Informationon the jet dynamicshasbeenobtainedfollowing
the simple approachthat the jet is expanding adiabatically
conservingthe numberof relatiistic particlesand frozenin
magneticfield. Underthis assumptionthe jet velocity, bright-
nessandopeninganglearerelated.The functionaldependence
betweentheseparameterdiasbeendiscussedn the limit of
non-relatvistic bulk motionwith 3-D expansiorby Fantietal.
(1982),Bicknell (1984)and Perley et al. (1984). The caseof
relatiistic bulk motion is consideredoy Baumet al. (1997),
who obtainthefollowing relationships:
PredominantlyparallelB field:

I, x (1“]4%.)*(ch+3)/37,]‘—(10a+9)/?,DQJWY -
Predominantlytrans\erseB field:
I, x (Fjvj)—(5a+6)/3r;(7a+6)/3D2+a @)

wherel, is the jet surfacebrightnessy is the spectralindex,
v; andl'; arethe jet velocity andLorentzfactor andD is the
DopplerfactorD = (I';(1 — Bcos)) .

Accordingto theseformulae thewideningof thejet atcon-
stantvelocity resultsin strongadiabaticlosseswhich would
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causeits dramaticdimming. By deceleratiorof the advance
speedtheseadiabatidossesanbebalancedindthejet bright-
nessmaintained.The apparenbrightnessof the jet is alsoaf-
fectedby relativistic Dopplerboosting.

Usingthe aborve relationshipsyve have modelecthejet in-
trinsic brightnessaandwidth asa functionof distancefo derive
thejet velocity. In this procedurethe input parametergrethe
orientationof the magneticfield, taken from the from the ob-
senations,theinitial jet velocity, 3;, andtheinclinationangle
of thejet with therespecto theline of sight,d, which areboth
assumed.

The jet obsenrational parametersare well reproducedy
the trendggiven in Fig. 18 (seecaption),which correspondo
pairsof theinitial velocity andinclinationangleconsistentvith
the constraintobtainedby the coreprominenceargument.We
modeledboththe (southernjet, andthe (northern)countetjet,
usingthe appropriateorientation,and we obtainedvery simi-
lar trends.The importantresultis that alwaysthe jet velocity
strongly decreasewith distanceup to ~10” (5kpc) from the
core,andshavs almostconstanvaluesfurtherout.

The jet/countefjet ratios derived from the velocity trends
displayedin Fig.18 are plottedin Fig.17, for a comparison
with theobsenredvaluegcontinuoudine). Thetwo modelswith
lower initial velocity aremoreappropriateo reproducehejet
to counterjet ratios. They imply thattheinitial peakis mostly
dueto alocalknot,andalsothejet asymmetryat 107-13" from
the corecannotbe ascribedo Dopplerboosting.

Assumingtheorientationof 3C4490f ~82.5 totheline of
sight,andthejet velocity runningfrom 0.9cto 0.7cin theinner
5”-6" (Fig.18), the Dopplerfactoris in the range0.5-0.9.A
Dopplerfactorlowerthanl meanghatthejetsarestronglyde-
boostedandtheobsenedbrightnesss lowerthantheirintrinsic
brightnessThisis in agreementvith thefactthattheinnermost
jetsshow very low brightnessandcould explain the presence
of a “gap”region betweerthenucleusandthejetsin mary FR1
sources.

We finally notethatacceptabldits to the obsenationaljet
parameterganbe alsoobtainedusingvaluesof theinitial jet
velocity lower thanthoseimplied by the core prominenceln
particular it is interestingthat startingwith 3,=0.5,thejet ve-
locity beyond 10 dropsto 3 ~0.01,whichwouldbeconsistent
with the velocity inferredby Hardeeet al. (1994)from the ob-
sened trajectoryof the southernjet, asa resultof the orbital
motion of the centralengine.This case however, doesnot ac-
countfor the innermostlow brightnessof the jets as due to
Dopplerde-boostingandcanonly bereconciledwith the core
prominenceargumentassumingthat a strongjet deceleration
takesplacevery closeto thenucleus.

Ourmainconclusioris thatthesimpleadiabatianodelpro-
videsevidencefor a jet deceleratiorwithin afew arcsecj.e.a
few kpc, from the nucleus.The strongjet deceleratioroccurs
in the region wherethe magnetidield changeghe orientation,
from longitudinalto transwersal A likely mechanisnfor thejet
decelerations the interactionbetweerthe jet andthe external
medium,i.e. the entrainmentf materialfrom the surrounding
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Fig. 13. Map of the rotation measureat 1.25’ resolution,computed
usingall 7 frequenciesangingfrom 1.365GHz to 8.4GHz.

associateavith thegalaxy would confinethejetsandaffectthe
jetdynamicgBicknell etal. 1990).This behaiour is in agree-
mentwith the unified models,andseemsdo betypical in FRI
radiojets,asmodeledfor 3C 31 byLaing (1996).In the Laing

medium.In particular the pressure ofhe gaseoustmosphere model, the jet consistsof a centralspine,with highervelocity
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do not detectthesetwo componentsn the innerjets, eitherin
the sidednessmage,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 sightcouldmalkeit difficult to distinguishthetwo
componentssincetheDopplerboostings notstrongenougho
significantlyenhancehehigh velocity componentvith respect
to thelow velocity one.

4.5. Case of hon-relativistic nuclear gjection

The discussionin the above subsectionsvas basedon the as-
sumptionthat the nucleusof 3C 449 ejectshighly relatiistic
jets. Sinceno VLBI obsenationsare presentlyavailable for
3C449,theemissiorof thejetsatnon-relatvistic speedn prin-
ciple cannotbe ruled out. An explanationof the structureof
3C449,assuminghatthenucleusejectsamoderatelyrelativs-
tic electron-protorjet with v; ~ 0.4c, hasbeenprovided by
Rolandet al. (1992).In their scenariojf the massejectedis
large enoughandthe jet is well collimated,the jet kinetic en-
engy densitypjv§ (wherep; is thejet density)is muchgreater

Fig. 16. Map of thejet to countefjet ratio, computedat 8.4GHz with
0.5’ resolution.The coordinatescaleis labelledin arcseaelative to
thecoreposition

thanthe external pressureP,.,;. This is the casefor the inner
mostregion, i.e. within 6” from the core,wherethe jets have
low brightnessand small openingangle.As the jets open,for
a critical radiusof the jets, the kinetic enegy densitybecomes
comparabldo the pressure othe externalmedium.Here,the
jetsinteractwith the outermediumanddissipatetheir kinetic
enepy viaturbulence Therelativistic electronsareaccelerated
by theturbulencein the dissipationareawhich correspond$o
thebrightjetsupto aboutl’ fromthecore.Beyondthisdistance,
thedissipationprocesss finishedandthe jet velocity becomes
smalleror equalto the soundspeedf the externalmedium.

4.6. Spectral behaviour

KR studiedthespectrabehaiour of 3C4490over 3 frequencies
(0.3,1.4, and 4.8GHz), using a new analysistool, the spec-
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tral tomographywhich allowed themto isolatethe contriku-
tion of two different spectralcomponentsthe “flat jet”, and
the“sheath”. Theflat jet remainsfairly well collimatedwithin
2.5 from the core, is characterizedby a power-law spectrum
with a = 0.53+0.01,andshows little steepeningvith distance
from the core. The secondcomponentthe “sheath”, appears
beyond ¥ from thecore,onbothsidesof thejet, andis respon-
sible for mostof the obsered widening. The spectrumof the
“sheath”is steepeithanthat of the “flat jet”, andhasa range
of spectralindiceswith typical valuesat 2.5 from the core of
0.574-0.02in the north,and0.69+0.02in the south.We refer
thereaderto the paperby KR for the interpretationof the two
jetcomponents.
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Our spectrumbetweem.985GHz and8.4GHz (Fig. 7) re-
vealstheexistenceof aspectrahsymmetrnpetweenthenorthern
andsoutherrinnerlobes.A similarasymmetnyis foundby KR
in the sheath For theflat jet, i.e. within 1’ from the core,we
obtainad* = 0.58+0.03,which s consistentvith the value of
KR, andimpliesthattheflat jet hasa power law spectrumex-
tendingupto 8.4GHz.In thenortherninnerlobe (N2), we find
anaveragevalueat# = 0.57+0.03,andwe do not distinguish
betweerthetwo componentfoundby KR. In the southerrin-
nerlobe(S2),we separat¢heflat jet with spectraindex o84 =
0.74+0.03,from the surroundingregion which reaches/alues
up to af# ~ 0.9. A possibility is that the appareniet in the
southerninnerlobe (S2)is a casewherethejet entershelobe,
but doesnot diffusedirectly in it. Rather the jet’'s momentum
is sufiicientto carryit throughthe lobe,asa distinctentity. As
thejetmovesaround perhapslueto tidal forcesonthenucleus,
the orientationof the jet’s exhaustinto the lobe could change,
permittingthe lobe to be expandedfrom a differentinput an-
gle. Ourresultsindicatesteeper spectithanthoseobtainedby
KR. Theimplicationis thatboth jet componentshav a spec-
tral steepeningat a frequeng beyond 5GHz. It is clearfrom
the spectralbehaiour, thatreacceleratioprocessesremuch
moreefficientin thenortherrregion. Thiscouldcausehelarger
total extent of the northernhalf of the source with respectto
the southerrone.

4.7. Interpretation of RM data

TheFaradayotationof extragalacticdadiosourceganoriginate
insidethe radio-emittingregionsif sufiicient thermalmaterial
is mixedwith the synchrotrorradiatingplasma,or couldbe of
external origin if magneticfield and thermalgasare present
alongtheline of sight. The interpretationof polarizationdata
hasbeensummarizedy Laing (1984):if thepolarizationangle
obeys a \? law, andthe rotation persistsover an anglelarger
than/2, the Faradayrotationis dueto aforegroundscreen.

Thevaluesof RM aregenerallysmall,rangingfrom -50to
+50radm~2, with respecto the expectedforegroundrotation
of our Galaxy (-162 rad m~2). A significantcontritution to
theGalacticvalueprobablyoriginatedrom the Galacticfeature
crossingthe region southof the galaxyassociatedavith 3C 449
(Andernactetal. 1992).Thisfeatureseemdo affectin thesame
way therotationmeasuref all the region mappeddy us,with
no differencebetweerthe northernandsoutherrregion.

The good \? fits of the polarizationangle(Fig.11) arein
favour of anexternalorigin for the RM. Theforegroundscreen
seemgo be fully resohed, sincethereis no significantdiffer-
encebetweerRM imagesatdifferentresolutionsandnostrong
depolarizatioris presenatlow frequeng. Themoderatedepo-
larizationof the jets (Sect.3.3) could originatewithin the jets,
from thelikely entrainment.

A likely externalFaradayscreens theintergalacticmedium
associateavith the galaxygrouparound3C 449. Thefactthat
theRM structurds verysimilarin theN andSlobesis consistent
with the orientationof this radiogalaxyin the planeof the sky.
Fromtheanalysisof X-ray dataHardcastlestal. (1998)derived
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acentralgasdensityof 4.6 x 10~2 cm~3, anda coreradiusof
the gasdistribution of 357(18kpc). Significantdeviations of
the RM from the Galacticvalue are presentin the jets up to
1’-1.1 fromthecore,i.e. about2 coreradii. A clustermagnetic

28 30

18%, 23%, 30%, 40%, 60%and
80% of the X-ray peak.

determinedy the distribution of the hot intergalacticplasma.
TheX-ray gasisnotsphericallysymmetricandthelow bright-
nesgadioemissions anti-coincidentvith the X-ray filaments.
Thelarge-scaleadioemissioravoidstheregionsof high X-ray

field of ~0.7-0.9uG, orderedon scalesof ~5kpcis necessary brightnessandtheradiostreamerglow wherethe X-ray gasis

to producethe obseredvaluesof RM.

A remarkablefeaturein the map of the RM is the large
symmetryin the innermostjets, within ~15" from the core,
wherethe RM assumesaluesmorenegative thanthe Galactic
value with apossibldrendthatthelowestvaluesareseercloser
to thenucleusFromthe surfacebrightnesgrofile given by De
Juanet al. (1994),the galaxy brightnessat a radiusof about
15" decreaseby aboutafactorof 100with respecto the peak
value(seealsoFig.2). A plausiblescenarias thatthe gaseous
atmospherassociateavith the galaxy andinfluencingthe jet
dynamics,is responsiblégfor the rotationmeasureandfor the
low fractionalpolarizationof theinnermosiets.To accounfor
theobsenationaldatawe haveto assumehatthemagnetidield
associatedo the galaxyis highly tangled.

4.8. Comparison with the X-ray emission

In Fig. 19 theradioimageof 3C 449is overlaidto the ROSAT
image,obtainedwith aPSPQpointingobsenation,with anex-
posureof 9500sec(Hardcastlest al. 1998). The datawerere-
trieved from the public ROSAT archive. The imagewas pro-
ducedby binningthephotoneventtablein pixelsof 15”7, andby
smoothinghemapwith agaussiarof o = 45”. Asdiscussedby
Hardcastleet al. (1998),the large scalestructureof 3C 449is

lessdense.

Thiseffectcouldbedueto thebuoyangy of theradioplasma
in apressurgyradientThesharpbendin region N4 seemdo be
relatedto the existenceof a subclumpin the X-ray gas.

5. Conclusions

We have presentedensitie multifrequeng radio mapsof the
giant radio galaxy 3C 449, and studiedits propertiesin total
and polarizedintensity We have mappedthe sourceup to a
total extentof 20'. Our conclusionsareasfollows.

1) Thesourceshawsaslightly variableunresohedcore two op-
positgets,andveryextendedobescharacterizetly plumesand
wiggles.lt is highly polarizedat all frequenciesrom 1.4GHz
t0 8.4GHz.

2) Thetwo jetsaremisalignedoy ~11°, butarefairly symmetri-
calattheresolutionof 5 for aboutl’ fromtheradiocore.They

both bendwestward at ~45" from the core,andat ~ 1’ they

meigeinto theinnerlobes,beyondwhich they follow a sortof

helicalstructure At the highestresolution the jets shov some
asymmetrywith thesoutherrjetbeingbrighteronaveragethan
the northern oneNo gap of radio emissionis found closeto

thenucleusThetwo jetsarenot perpendiculato the dustlane
detectedn the nucleusof the parentgalaxyof 3C 449.
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3) Thesoutherrandnortherrjetsshawv similarcollimationprop-
erties,with a constanexpansionrateat the beginning, a rapid
expansionbetweens” and10” from the core,andarecollima-
tion further out. The magneticfield directionis parallelto the
jetaxisin thefirst 8”, andthenbecomedrans\ersal.

4) Fromthe prominenceof the corepower over thetotal radio
power, we infer thatthe jets arerelativistic at their beginning
andthesourcds orientedatananglelargerthan75° to theline
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foundin the brightnesgatiosof jet to countefjet.

5) From the applicationof the simple adiabaticmodelto the
jets, evidenceof a strongjet deceleratiorwithin 10" (5kpc)
fromthenucleuss found.A satishctoryfit to thedatais found
assuminganinitial jet velocity of 0.9c,andajet inclinationto
theline of sightof 82.5°. Thetrendof jet velocity obtainedin
thisway is consistenwith thejet to counterjet ratios,andwith
thelow brightnesf theinnermostets,asdueto Dopplerde-
boosting.Thestrongjet deceleratiomccursin theregionwhere
themagnetidield changesheorientationfrom longitudinalto
trans\ersal.A likely mechanisnfor the jet deceleratioris the
entrainmenbf materialfrom the surroundingnedium.

6) The spectrumbetween5 GHz and8.4GHz in the northern
innerlobe s flatterthanin the southerrinnerlobe. Therefore,
reacceleratioprocesseseemto be muchmoreefficientin the

northernthanin thesoutherrregion. Thiscouldcausehelarger
total extent of the northernhalf of the source with respecto

thesoutherrone.

7) The polarizationanglesare well fitted by a A2 law, which
persistsover about500° andis indication of an external ori-
gin for the RM. Valuesof RM arewithin =50 radm~2 of the
Galacticvalue.They arelikely to originatein theintergalactic
mediumassociateavith the galaxygroup of 3C 449, but also
theinterstellatmmediumof the galaxyitself seemdo contritute
to theRM, in theinnermosiet region.
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