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Abstract. Takingacluefrom the pairof HI supershell$ound
in theScdgalaxyNGC 3556(M 108),we proposeanew mech-
anismfor theorigin of HI supershellin gas-richmassie galax-
ies.In thisscenariothetwo supershellsvereinflatedout of the
neutralhydrogendisk dueto the localisedflaring of a pair of
radiolobesformedby the jets ejectedfrom the nucleusduring
anactive phaseabout~ 107 yearsago,but have fadedaway by
now. It is shavn thatthe salientfeaturesof this supershelpair,
suchastheir symmetricallocationsaboutthe galacticcentre,
the anomalouslylarge enegy requirementsthe large galacto-
centric distancesas well as the Z-symmetrichemispherical
shapesfind a more natural explanationin termsof this sce-
nario,ascomparedo thestandarenodelsvhichpostulateither
amassve starhurst, or the infall of externalgasclouds.Other
possibleimplicationsof this hypothesisarebriefly discussed.
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1. Introduction

An important manifestationof the actvity inside the disks
of gas-richgalaxiesis their highly structuredH! distribution,
marked by cavities, shellsand supershellsFirst discoseredin
the Milky Way (Heiles 1979, 1984), such featuresare now
known to exist in a numberof spiral galaxies(e.g. Lehnert
& Heckmanl1996,Irwin & SeaquistL990,Pucheet al. 1992,
Brinks & Bajaja1986).ExceptionallyhugeHI arcsandloops
extendingacrossseveral kiloparsecshave beenidentifiedwith
greaterclarity in theHI imagesof anumberof edge-orspirals,
suchasNGC 5775(Irwin 1994),NGC 4631 (Rand& vander
Hulst 1993), NGC 3044 (Lee & Irwin 1997, hereafterLI197)
andNGC 3556 (M 108,King & Irwin 1997, hereafterK197).
Thesehave beeninterpretedasexpandingsupershelldecause
of aloop-like or circular appearancén projectionand either
a persistencever a wide velocity rangeor, in afew casesas
someevidencefor expansionin position-\elocity space.Two
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mainclasse®f explanationdor thesupershellpositthesource
of theirkinetic enegy to be,respectiely, internalandexternal
to the parentgalaxy

Theinternalsourcemodelinvolvesstarhursts,driving stel-
lar winds(or superwindsandsubsequerdupernoa explosions
(e.g.Lehnert& Heckmanl1996).The “chimney model” (Nor-
mané& Ikeuchil989) for example attemptso explaindisk-halo
featuresandotherhalogasvia processeselatedto underlying
star formation. The associatiorbetweenextraplanarHa fila-
mentsand star forming regionsin the disk of NGC 891 and
othercorrelationdbetweerhaloemissionandin-disk tracersof
starformation(Dahlemetal. 1995;Rand1997)arguein favour
of suchmodels.If the presenceof HI supershellgs found to
correlatewith the existenceof otherhalo gas,asmight be ex-
pectedn thechimney modelthenstellarwindsandsuperneae
areexpectedo beresponsibldor the HI supershellaswell.

The maindifficulty with the starturstmodelfor HI super
shellslies in the requiredinput enegiesfor the largestshells.
Using standarcassumptionghatthe expandingsupershellsre
in the post-Sedw phasefollowing an ‘instantaneousinjection
of enegy (cf. Chevalier 1974),HI supershellsftenrequireen-
ergy input from staggeringhumbersof spatiallycorrelatedsu-
perno/a events.This was realizedearly on for our own Galaxy
(Heiles1979,1984).For externaledge-orgalaxiessinceweare
selectvely observingonly the largestshells,the enegy deficit
problemis exacerbatedin somecaseshundred=f thousands
of clusteredsupernwaearerequired(e.g.Kl97, LI97), a con-
clusionwhich is not changedksignificantlyif the enegy is in-
jectedcontinuouslyover the lifetime of the shells.Other evi-
denceagainststarformationprocessesreatingthe HI shellsis
alsoemepging. Rhodeetal. (1999)find no optical evidencefor
recentstarformationin the numeroudower enegy HI holes
of Holmbeg Il andnotethatX-ray andFUV emissionarealso
absentThey concludehatsupernoaehave notplayedapartin
theformationof theHI shells.Efremov et al. (1998)outlinenu-
merousotherexamplesn whichthereappears$o benorelation
betweerHI shellsandstarformation.They, aswell asLoeb&
Perna(1998),proposehatthe HI shellsareproducedijnstead,
by gammaray bursts.

Thealternatve externalsourcenypothesisnvokes infall of
massie gascloudson to thegalacticplane,asaresultof grav-
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itational interactionwith neighbouringgalaxies(seeTenorio-
Tagle& Bodenheimef988).Thisresolestheenegy problem
sinceinputenegy is thenafunctionof themassandvelocity of
theinfalling cloud.Evidencean favour of thishypothesisomes
from obsenationsof high velocity clouds(HVCs) aroundour
own Milky Way andthesignature®f interactionin M 101 (van
derHulst& Sancisil988)andNGC4631(Rand& Stonel996).
It does however, requirethatthe galaxybein someway inter-
actingwith a companionor, at least,that sufficiently massie
cloudsbein thevicinity.

Recenbbsenationsarerevealinggalaxiesvhichareappar
entlyisolated yetharbourextremelylarge HI supershellsTwo
striking examplesare the nearby SB(s)cdgalaxy NGC 3556
(KI97) andthe SBc galaxy NGC 3044 (LI97). Both of these
galaxiesexhibit radio continuumhalosextendingto ~ 5 kpc
from the galacticplaneand have anumberof supershellge-
quiringenegiesupto afew x 10°° ergs. Thesesupershellare
too largeandenegeticto have beenproducedoy corventional
clusteredsupernoae.At the sametime, thereappeargo be no
evidencefor interactionor nearbycompanionseither

We proposehereanew explanationfor HI supershellsThat
is, thatthey have beenformedby radiojetswhich plow through
the interstellarmedium (ISM), accretinglSM gasand some-
timesinflatingbubblesThisallowsfor aninternalenegy source
for theHI shells,providesa naturalexplanationfor ary spatial
symmetriesseenin the HI features,andalsoresohesthe en-
ergy problem.In Sect2, we provide argumentsin favour of
jetinflatedHI bubbles,Sect3 presentshe model,andSect4
discussesheimplicationsof this scenario.

2. Thecasefor aradiojet origin for HI supershells
2.1. Radiojetsand AGN in spiral galaxies

Seg/fertsareoneclassof diskgalaxyfor whichseseralexamples
of thenucleusejectingaradiojet pairhave beenfound(e.g.Ul-
vestad& Wilson 1984a,1984b,Kukulaetal. 1995,Ao0ki etal.
1999).Likewise,severalcase®f jetsoccurringin normalspiral
galaxieshave beenreported(e.g.Hummelet al. 1983).Promi-
nentexamplesncludeNGC 3079(deBruyn1977),NGC 5548
(Ulvestadet al. 1999)andCircinus(Elmouttieetal. 1998).
Thetotal enegy outputfrom suchnuclearactvity canap-
proach10? erg, assuminghatthe nuclearactivity lasts~ 107
yearsandarisesfrom accretiorontoasupermasse blackhole
of 108 M, at10%of theEddingtoriimit with thecanonicall 0%
efficiengy. In “normal” spiralgalaxiesthecentralmassmaybe
lower; for example,the bipolar outflov from the SAB(rs)cd
galaxy M 101 may be producedby a central~ 10° M, black
hole(Moodyetal. 1995).While jetsarenotalways obsergddi-
rectly, thegrowing numberof supermasseblackholesinferred
tobepresentn the nucleibf normaldisk galaxiegKormendy&
Richstonel995,van derMarel 1999),includinglate-typedisks
(Ho etal. 1997),the Milky Way itself (e.g.Genzeletal. 1997)
andgas-richJargelow-surface-brightnesgalaxiegSchombert
1998), lend weight to the ideathat mary suchgalaxiesmay
have undegonephase®f nuclearactivity accompaniedvith a
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bi-directionalejectionof relatiistic plasmgets,beforeentering
adormantnucleamhase.

Recentstudieshave alsorevealedthat the ejectionof jets
cantake placeat small anglesto the large-scalegalacticdisk
(e.g-Nagar& Wilson1999;Kinney et al. 2000),plausiblylead-
ing to clearsignaturesf their dynamicalinteractionwith the
ISM. A classiccaseof suchan interactionis the bow-shaped
morphologyof theradiolobein thewell known Se/fert galaxy
NGC 1068, which strongly suggestghat the kiloparsec-scale
radio jets are ploughingthroughthe disk medium (Wilson &
Ulvestad1987,Axon et al. 1998).A dynamicalinteractionof
the jets with the disk is alsoevidentin the caseof the spiral
galaxyM 51 whichis at the low endof nuclearactiity scale.
Here,the jets seemto have createda pair of ‘radio lobes’ on
oppositesidesof the nucleuswhereaneof thelobesis bow-
shapedthe otheroneis actuallyresohedinto a ring which is
alsodetectedn Ha emissionFord etal. 1985).Anotherexam-
pleis NGC 4258whoseVLBI jet hasbeenejectedcloseto the
galaxydisk (seeCecil et al. 1995,Herrnsteinet al. 1997, Ce-
cil etal. 1998).Large scale(14 kpc length)“anomalousarms”
arealsoseenwithin the galacticdisk andhave beeninterpreted
asmanifestation®f a largerscalejet (e.g.Martin et al. 1989,
but seeCox & Downes1996).In M 101,thebipolaroutflow is
alsoroughlyconfinedto thedisk, with theoutflow notexpected
to extendbeyond a heightof 400pc (Moody et al. 1995).Ad-
ditional supportfor the jet-diskinteractionhypothesisn these
diskgalaxiescomedrom the detectiomf shock-&citedoptical
emissionlines associateavith theradiolobes,asdiscussedn
someof thereferencegitedabove.

2.2. Je inflatedbubblesin thelobesof radio galaxies

It is further interestingto note that radio bubblesand shells
of synchrotronplasmahave beendiscoveredwithin the lobes
of afew radio galaxies.Two spectaculaexamplesare3C310
(van Breugel& Fomalont,1984) and HerculesA (Dreher&
Feigelsorl984).In HerculedA, in addition peculiadarkshells,
about3kpcin size havebeerfoundstraddlinghenucleusalong
theradio outflow axes (Baumetal. 1996).For the dark shells,
Baumetal. preferanexplanationin termsof expandingoubbles
of hot gasejectedfrom the active nucleusalongtheradioaxis,
in agreementvith plasmon-lile ejectionfrom the core,though
they do notrule out otherpossibilities.

Thesecasegprovide acluethattheradiobubbles/shellsnay
have been'puffed’ up dueto localizedinstabilitiesin theradio
jets,occurringat distance®f afew kiloparsecsrom theactive
nucleus(e.g.Morrison & Sadun1996).Shouldsuchinstabili-
tiesarisealsoin thejetsejectedwithin disk galaxiegSect2.1),
it is quite plausiblethat the resultingincreasein pressureat
thoselocationswould inflate bubblesandshellsout of theam-
bientISM materialwhichis HI rich, in thecaseof spirals.Such
featurespuffed out of thedisk duringthe brief phaseof jet in-
stability, would remainvisible pasttheradiatie lifetime of the
synchrotrorplasmaagainstheradiatve andexpansionosses,
whichis typically of order106-107 years.
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Fig. 1. a Superimpositiorof two channelof HI emissionof NGC 3556from KI97 atvelocities633kms™! (eastside)and757kms™! (west
side). The greyscaleis setto emphasizehe HI loopson eitherside of the galaxyandrangesfrom 0.9 mJybeam! (20) to 3 mJybeant .
Contoursareat 0.9, 1,1.25,1.7,and3 mJy beant ! anda white crossmarksthe galaxys optical centre.l nset. Total intensity HI imageof
NGC 3556(contours)from K197 superimposedn anopticalimageof thegalaxy b HI contoursasin (a) superimposedn a greyscale20cm
continuummap(alsofrom KI97) to emphasiz¢hefaintcontinuumfeaturesThegreyscalerangesrom 0.23mJybeam ! (10) to 1mJybeant L.

2.3. Candidategalaxies
2.3.1.NGC 3556

In NGC 3556,the two mostprominentsupershellarelocated
symmetricallyneartheoppositeextremitiesof thegalaxy KI97

have carriedout a detailedmappingof the HI andradio con-
tinuum emissionfrom this nearlyedge-orgalaxylocated11.6
Mpc away. The superimpositiorof 2 channelf HI emission,
symmetricallyplacedin velocity aboutsystemicareshavn in

Fig.la.Themostobviousfeaturesaretwo loopsof HI, produc-
ing extensiondo theeastandwestalongthemajoraxis.Fig. 1b
shaws the HI emissionfrom thesevelocitiessuperimposedn

the radio continuummap, the latter taken from entirely inde-
pendenibbsenations.The abruptdensitydrop-of in theradio
continuummap occursroughly wherethe optical galaxyends
(Fig. lainset).Thesalientfeaturesof this systemmostrelevant
to thepresenstudy(seeFig. 1; KI97) are:

(a) Two symmetricallyplacedgiantHI loopsareseenoriginat-
ing at a projectedgalactocentricadiusof about12 kpc on the
eastandwestmajor axis. They appeatto originateright at the
oppositeedgef theopticaldiskandextend,notperpendicular
to thedisk plane,but ratherparallelto it andoutwards.

(b) The giantHI loopsor supershellsare slightly bentinto a
Z-symmetry

(c) TheseHl loopsaremostobviousin velocity channelsvhich
are equally spacedaboutthe systemicvelocity of the galaxy
(thoughthey extendover alargervelocity range,seeKI97).

(d) Fromtheirvelocitydependentorphologyeachof theloops
shaws evidencefor shell expansion,but with only half of the
shell presentln both casesthe recedingside (with respecto
galaxyrotation)is open.

(e) OthersmallerHI loopsandextensionsdo exist at smaller
galactocentricadii.

() The parametersf thesetwo HI supershellgreasfollows:
The easterrsupershelhasa mass M = 5.9 x 10° M, ara-
dius R = 3.2kpc, anexpansionvelocity, Av = 51.7kms™!, a

kinematicage,r = 6.0 x 107 yr, akinetic enegy, Ey;, = 1.6 x
10° ergs,andanimpliedinputenegy (assumingnstantaneous
inputfrom supernwae)of E = 2.6 x 10°° ergs. Theparameters
of thewesterrsupershelare M = 2.3 x 10" M, R=1.85kpc,
Av=41.4kms~ !, 7 =4.4x 107 yr, Ex;, = 3.9 x 10°3 emgs,and
E=3.4x 10°° ergs.

(g) The enegy neededo createthe easternsupershellalone
wouldrequireastarclusterpopulatedby > 1.7 x 10°> OB stars,
if supernwaeandstellarwindsarethedrivers.

(h) The brighter and more spectaculaeasternsupershelhas
associatedHl gaswhich extendsasfar as 30 kpc beyond the
easterredgeof the opticaldisk andpossiblymuchfarther(see
Fig. lainset).ThehugeeasterrH| extensionappears$o openup
fromonesideof theeasterrshellandextendsfairly straightout-
wardsin theradial,ratherthantheverticaldirectionasif formed
in ashortperiodof timein comparisorto galacticrotation.

(i) The galaxy containsa large nonthermalradio halo with a
scaleheightof ~ 5 kpc abwe the plane(seealsode Bruyn &
Hummel1979,Bloemenetal. 1993).

() Radio continuumemissionappeargo be associatedvith
the HI loops, but is not spatially coincidentwith them. The
radio continuumemissionextendsfartherout thanthe HI su-
pershellsasif “funnelling” alongor throughthe HI features
(KI197; Fig. 1b).

(k) NGC 3556 hasno olvious interactingcompanionsThe
brightesalaxyin thevicinity isthel16thmagnitudeMCG+09-
19-001,25" in size,undisturbedn appearancand~ 12 tothe
eastof NGC 3556.This is mostlikely a backgroundsource.

2.3.2.0therexamples

NGC 5775,aninteractinggalaxy shavs symmetricallyplaced
HI featureqLeeetal. 2000)in the sensahatHI extensionoc-
cur on oppositesidesof the majoraxisin which thereappears
to be anunderlyingdisturbancethesefeaturesoccurat simi-
lar galactocentriadadii, in projection(seealsoFig.3 of Irwin
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1994which shaws 3 of the extensions)NGC 2613(Chaves &
Irwin 2000)alsoshaws six HI extensionswhich occurin pairs
symmetricallyon eithersideof the majoraxis;two of thepairs
occurnearthe endsof the optical disk.

Anotherpotentiallyvery interestingexampleis M 31. Blitz
etal. (1999)shav thattwo massie HI cloudsexist symmetri-
cally placedbnoppositesidesnf thisgalaxy They beararemark-
ableresemblance extragalacticadiojets. Thetwo cloudsare
redshiftedoy ~ 200kms~! with respecto the systemicve-
locity of M 31. Concevably, this could be explainedby ram
pressuressweepingasM 31 falls throughthe IGM towardsthe
Milky Way.

3. A new model for the formation of HI supershells
3.1. Needfor a new metanism

As mentionedabore, the galaxy NGC 3556 putsto a severe
testboth of the standardexplanationsfor the supershelphe-
nomenon,namely: (i) localized starturst (generatingintense
stellarwinds, followed by multiple supernea explosions),and
(ii) infall of massve gascloudsonto thegalacticdisk. Thema-
jor difficulties facedby thesemodels,as highlightedin KI97,

are:

(a) Localizedstarkursts: Theenegy neededo createtheeast-
ernsupershelblonewould requirea starclusterpopulatedby
> 1.7 x 10° OB stars Evenfor therecentlydiscovered‘super
starclusters(SSC)’in somestarhurst galaxies,not morethan
10* OB starsareimplied (Meureretal. 1995).Thereis noin-

dicationof an OB associatioreven remotelyapproachinghe
level of SSCsatthelocationsof the supershellsn NGC 3556.
Sincethekinematicagesof thesupershellare~ 5 x 107 yr, the
starlurstwould have to have occurredwithin this time frame.
Yet starlurst durationsand OB associatioragesare typically
alsoof this order so someevidenceof the starturst might be
expectedo have survived.No suchevidences presentlyfound,
however. NGC 3556doesnot shov amarkedly high supernoa
rateglobally (Irwin etal. 1999)andindependentow andhigh
resolutionradio continuumobsenationsshav no evidencefor

a sourceof enegy at the basef the supershellgKI97, Irwin

etal. 2000).

(b) Infalling clouds: Sewral agumentshave beenadwanced
againsthis possibility (KI97). Firstly, this galaxyappearsso-

lated, making the sourceof the putatve clouds puzzlesome.

Secondlyto impartsuficientkinetic enegy for the creationof
the easterrsupershellaninfalling cloud of mass> 108 M,
wouldberequired A cloudthismassiewould easilyhave been
detectedbn the sensitie HI maps,yet no suchcloud or clouds
areseen(An exceptionwould beif thecloudshadvery narrov
line widths, low fractal dimensionsand were optically thick,
in which casethey could have beenmisseddueto low filling
factors.)Thirdly, if an encountemith intergalacticcloudshas
occurredn thepast,it would benecessaryo postulatehattwo
verymassve cloudsjusthappenedb fall in parallelto themajor
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axisat oppositeendsof thegalaxy roughlyatthe sametime, a
scenariowhich seemsamplausible.Fourthly, we couldinstead
suggesthata“rain” of HI cloudsis infalling (sinceotherhigh
latitude HI structuresare also seenin this galaxy),including
two which fell in alongthe major axis at eitherend.However,
in orderfor therainto benolongervisible, theinfall would have
to be completedover atimescalewhichis lessthanor equalto
theageof thesupershells,e. afew 107 years Thisis unlikely
sinceinfall timescalesreof orderadynamicatimescalevhich
is typically afew 10° yr.

While theseagumentshave beenappliedto NGC 3556
alone,the difficulty with internalenegy from starlurstingap-
pliesto a numberof galaxies,asoutlinedin Sect.l. Infalling
cloudsarecertainly plausible,but run into difficulties for iso-
latedgalaxiessuchasNGC 3556andNGC 3044.Barringnew
informationcomingto light on thesegalaxieswe thereforear-
guethatanew modelshouldbe considered.

3.2. Outlineof themodel

As mentionedearliet the duality of the expandingHI super
shellsin NGC 3556,togethemwith their locationsat the oppo-
site edgesof the disk marked by steepdensitygradientstheir
Z-symmetricdeviations from sphericalsymmetry as well as
their anomalouslylarge enegy requirementgSect2.3.1),to-
gethereadusto arguethattheorigin of thesewo supershellss
linkedto the jet phenomenonin Sect2 we have notedseveral
manifestation®f jet instabilitiesgiving rise to bubble-shaped
featuresor shells,in the form of optical nehulositiesor non-
thermalradioemissionin normalspiralsandradiogalaxiesIn
thepresentontet of HI supershellsywe examinethe possibil-
ity of thesupershelbeinginflateddueto localisedinstabilities
in the radio jets asthey ploughthroughthe ISM of the disk
of NGC 3556.The presentdiscussiorshouldonly be viewed
asa feasibility checkbasedon enegy considerationsandnot
asadetailedquantitatve modelfor thesupershellsEvenin the
casenof NGC 3556 thestandardanechanism$or thesupershells
(Sect1l) maywell have contributedat somelevel.
Accordingto our proposalthetwo radiojets ejectedclose
to the planeof the disk, duringthe active phaseof the nucleus,
undego a rapid flaring asthey encountetthe region of large
scaledensitydeclineneartheoutskirtsof thegalacticdisk.Con-
sequentlyboth synchrotronplasmaandthe entrainedthermal
plasmadepositedy thejetsin thesewo regionsgetheatedand
the resultinghigh-pressurdubble of hot plasmaundegoesa
rapid expansion,sweepingthe gas-richambientmediuminto
theshapeof the HI supershellsAn idealizationto sucha situa-
tionis theflaring of ajet crossinganISM/IGM interface which
was firstdiscussedn the context of radio galaxiesanalytically
by Gopal-Krishnak Wiita (1987) followedby two-dimensional
(Normanetal. 1988, Wiita etal. 1990,Zhangetal. 1999)and
three-dimensionafLoken et al. 1995, Hooda & Wiita 1996,
1998) numericalsimulations.The simulationsby Lokenet al.
shavedthatintermediat@owerradiojetsassociatedith wide-
angle-tail(WAT) sourcesundego arapidflaring uponcrossing
theISM/IGM densitydiscontinuitywherea moderatelysuper
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sonicjet becomesubsonicAs shavn by the numericalsimu-
lations,a densitydropof afactorof justafew cancausesucha
flaring (e.g.Hooda& Wiita 1996).Obsenationalevidencefor
thejetflaringcomedrom Wide-Angle-Tail (WAT) radiosources
which areassociatedvith the dominantmemberf rich clus-
tersof galaxiege.g.O’Donoghueetal. 1993).Furtherevidence
is provided, e.g.,by therecentradio/optical/X-raystudyof the
WAT radio galaxy 3C465in the Abell clusterA2634 (Salel-
liou & Merrifield 1999).Particularlyinstructive for the present
studyis the caseof the active disk galaxyIRAS 04210+0400;
thetwo ~ 10 kpclongradiojetsassociatedith thisdiskgalaxy
areseento flare up nearthe oppositeoptical boundarie®f the
galaxy(Holloway et al. 1996).It maybenotedthatduringtheir
passagéhroughtheinnerpartsof the galacticdisk, thejetsare
likely to encounterarge ISM density fluctuations.However,
thesearelessproneto disruptthe jetsbecausef the higherjet
thrustthere,combinedwith the expectedsmall spatialscaleof
the densityfluctuationscomparedvith thejets’ cross-section.

Sincethe postulatedradio jetsin NGC 3556are currently
too weakfor detectiona pointwhich we re-addresselov, we
shalladoptherethejet parameterinferredfor anothemassie
disk galaxy NGC 4258 (Sect2.1), and apply themto known
conditionsin NGC 3556. The jet velocity, as measuredrom
the emissionline gas,is at leastv; = 2000kms~! which, to-
getherwith adensityof p; = 0.02m,, gcm~3, wherem,, is the
massof the proton,correspondo akinetic luminosityof L; ~
10*2 ergs~! (Falcke & Biermann1999).Assumingthattheram
pressurén thejet dominatesver theinternalthermalpressure,
thenacrossthe shockfront we requirep; (v; — vs)® = pov2,
wherep, istheambienigasdensity andv, is theshockvelocity.
Taking po = 0.26m,, g cm~3 atthe positionsof the supershells
(KI97), we obtainv, = 435kms~!. Thisis slightly higherthan
thevalue of~ 300kms~! estimatedor NGC 4258.Theshock
velocity putsa minimum timescaleon the durationof the jet
in this model,sincetheremustbe sufiicient time for thejet to
propagat®utto thelocationsof thesupershellst12kpcgalac-
tocentricradius.Thus,the minimum durationof thejetsis 2.7
x 107 yr for the parameterén this illustration.

The mechanicalpower of the jet would then be L; =
1/2 pom R%2v2 =5 x 10* egs~!, wherethe effective jet ra-
dius,R hasatypical value ofl kpc (e.g.Ceciletal. 1995).This
is similar to the jet power estimatedor the well known spiral
galaxyM 51, which is at the low end of the scaleof nuclear
activity (cf. Fordetal. 1985).In NGC 3556,theintegratedme-
chanicalluminosity of thejet over its minimumlifetime is then
~ 4 x 10°% erg. This lower limit is adequatéo accountor the
obsened kinetic enegy associatedvith the larger easternsu-
pershellSect2.3.1).Herewe have assumedhattheefficiency
for corverting the input enegy into the kinetic enegy of the
shellis of order1% asusuallytakenfor themultiple supernea
model. For a higher efficiency, the requiredjet power canbe
lower.

The expansionof a typical bubblein the ISM shouldthen
proceedsimilarly to previously modelledscenariosthe differ-
encebeingthe sourceof input enegy. Sincethe input enegy
is muchhigherthancornventionalsuperneae, the bubblesare
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more likely to achieve blowout, providing a natural conduit
throughwhich cosmicrays (including thosesuppliedby the
jets)canescapénto thehalo.Thus,the presencef supershells
is expectedo correlatewith theexistenceof anonthermatadio
halo.

Thelocationsof theanchormointsof thetwo supershellén
NGC 3556 suggesthatthe postulatedblastingof eachsuper
shellwould have occurredat a galactocentriclistancewvhichis
just pastthe peakof the HI rotationcurve (seeFig.6 of KI97).
Theradially outward expansionof eachsupershelivould then
exposeit to the velocity shearin the medium,exerting a side-
wayswind pressure&ounterto thegalacticrotation.Dueto this,
the half of the supersheltowardsthe directionof the galactic
rotationwould be compressedndhencebrightenedwhilst the
otherhalf would be draggeut dueto thevelocity sheaiin the
externalmediumand,consequentlydimmed.Sucha deforma-
tion of thetwo supershell§rom sphericalsymmetryin course
of their expansionwould give riseto a Z-symmetry which is
consistentvith the obsenations(Sect2.3.1;KI97).

Thecoolingtime for the X-ray emittingsheaths@roundthe
jets of NGC 4258, assumingunity filling factor is only 4 x
1P yr (Ceciletal. 1995)andthereforepncethejetshaveturned
off, suchasignatureof their existencewould disappearapidly.
Thelifetime of the synchrotroremitting particlesin the jetsis
longet typically from 10° to 107 yr. For NGC 4258, it hasbeen
estimatedo be betweenl to 5 x 107 yr (Martin et al. 1989).
However, shortertimescalesare possibleand will dependon
local magneticfield strengthand spectralindex. For instance,
themagnetidieldin thenorth-eastadiojetin NGC 1068,which
extendsto ~ 450pcfromthenucleusjs ~ 5 x 10~ Gaussand
thespectraindex is-1 (Wilson & Ulvestadl987).Thisgivesa
synchrotrorifetime of only 1.5 x 10° yr. The particlelifetime
is expectedto be shorterin shockswherethe magneticfield is
compressedlhus,we expecttheradiojetin NGC 3556to fade
over atimescaldessthanthe agesof thesupershells.

Similar agumentsapply to the radio core which is ex-
pectedto decayfasterthanthe jets, oncethe nuclearactiity
hasswitchedoff, given the likelihood of a strongermagnetic
field andflatter spectralindex in the core.Evenif someradio
emissionfrom a corewereto persistaftertheactiity ceasesit
may be below thermsnoiselevel of theavailablemaps.Chary
& Becklin(1997),for example estimateheradioluminosityof
thecoreof NGC 4258,whichis known to have asupermasse
centralobjectof mass3.6 x 10" M, andaVLBI jet,tobeL .q
=100L 4. The 20 noiselevel of the radiomapsof Irwin etal.
(2000) correspondso a radio power of 6.8 x 107 W Hz~!.
Integratingover 10! Hz, this yields a radio luminosity of 180
L. Thus,evenif NGC 3556harboursaradiocoreof thesame
luminosityasNGC 4258,it would nothave beendetectedn the
obsenationsmentionedabove.

4. Summary and possibleimplications

In this studywe have sketcheda scenariowherebyradio jets
ejectedduring an active nuclearphasein the life of a large
spiral galaxy could inflate out of the disk exceptionallylarge
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shells,i.e. supershellof neutralhydrogengas.Whenapplied
to the Scdgalaxy NGC 3556,this modelcanaccountor each
of theseveralfeaturesenumerateéh Sect2.3.1.In thecontext

of theHlI supershellseenn this galaxy this schemeappearso

faredistinctly betterthaneitherof thetwo standardnodelsfor

supershellsvhich invoke eithera starturstinducedsuperwind
oraninfall of externalgascloudsontothegalaxydisk.Thus,the
jet-ISM interactionscenaridor disk galaxiescould effectively

supplementheothertwo mechanismsalreadyproposedor the
supershelphenomenonyith a greaterrelevancewheneer the
shellsareextraordinarilylargeaswell asenegeticandoccurat
large galactocentridistances.

The enegy requirements no longera major issuein the
presentmodel. Even a modestenegy input from a 10" M,
compactobjectat the galacticnucleus,suchasthat obsered
in NGC 4258,is more than adequatdo supplythe input en-
ergy requiredfor thesupershell®f NGC 3556.This modelcan
thereforeaccounfor HI supershellsvhich aredifficult to form
via conventionalprocessemwvolving massve starformation,or
thoseoccurringin galaxiedackingpotentiallyinteractingcom-
panions.Larger supershellgor partsthereof,given the proba-
ble developmentof instabilities)may alsobe predicted,since
known centralmassesnd/oraccretionratesmay well surpass
thoseconsideredhere.

Furthermorethepresenmodelcanaccounfor thesymmet-
ric HI featuresin galaxies.For instancejt is morelikely that
bubbleswill beinflatedby thepropagatingetsatgalactocentric
radiiwherethelSM densityhasdeclinedo sufiiciently low val-
uesfor blow-out. At the sametime, symmetryis not a generic
outcomeour model,sincelocal shocksdictatedby theinterac-
tion of thejet with local densityperturbationsganbeimportant
in determiningvherethebubbleswill beinflated.For example,
known bubblesin thelobesof radiogalaxiegSect2.2) arenot
alwaysseernto be equidistanbn eithersideof thenucleus.

In our sampleillustration (Sect.3.2),thejets mustexist for
long enoughto reachlarge galactocentriaadii (3 x 107 yr)
but needto inject enegy owver only a fraction of the lifetime
of the supershellg2 x 107 yr, or even less,if the efficiency
exceedsl%). The jets presumablyswitch off thereafterwith
the synchrotronemitting particlesdecayingin 10° - 107 yr. It
is difficult to predictwhetherjets and HI supershellshould
co-&ist in spirals.Nuclearactivity in galaxiesis commonly
believed to be atransientphenomenoniastingfor ~ 107108
years(e.g.Eilek 1996,Scheued 995;Soltan1982;Haehneli&
Reesl993;Hoetal. 1997).If AGN activity occursontimescales
longerthanafew x 107 yr, thiswould suggesthattheremight
be disk galaxiesin which bothphenomenahouldbe obsened
atthesametime. However, suchnuclearactivity timescalesre
likely to bemorerepresentatie of radiogalaxiesAGN actiity
in spiralsis probablyshorterlived. An importantnext stepis
to considerwhat jet parameterarerequiredto reachlarge, or
atleastkpc-scaleaadii, in traversing thetypical ISM of aspiral
galaxy

If jetsin spiralsbothrecurandprecessit maybe possible
to inflate bubblesover a variety of galactocentricradii and
azimuthal angles.However, it is unlikely that the “frothy”
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natureof the HI seenin galaxiessuchasHolmbeg Il or the

holesin M 31 couldbe producedoy suchjetsdirectly without

seeingsomelingering evidencefor the jets aswell. Also, the

jet phenomenorcannotdirectly accountfor featureswhich

correlatewith the starforming disk, suchassomeknown radio

andHa halos.If thereis a connectionjt is morelikely to be

indirect. For example, once the expansionof the postulated
jet-blown supershellss halted due to the gravitational pull

of the host galaxy their sggments(i.e. HI clumps) would

eventually shaver back on to the galacticdisk, giving rise to

secondarnyshells,bubblesandcavities in the HI componenbf

the disk. Theimpactcould alsotrigger sporadicburstsof star
formation,especiallyin theouterdisk,asseeng.g.,in gas-rich
low-surface-brightnesgalaxies(cf. O'Neil etal. 1997)which

are thoughtto be the present-dayremnantsof quasars(e.g.
Schombertl998). Thus, much after its cessationthe nuclear
actiity in gas-rich galaxiesmay continueto influence the
evolution of their disks.
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