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Abstract. Takinga cluefrom thepair of HI supershellsfound
in theScdgalaxyNGC3556(M 108),weproposeanew mech-
anismfor theoriginof HI supershellsin gas-richmassivegalax-
ies.In thisscenario,thetwo supershellswereinflatedoutof the
neutralhydrogendisk dueto the localisedflaring of a pair of
radio lobesformedby thejetsejectedfrom thenucleusduring
anactivephaseabout∼ 107 yearsago,but havefadedawayby
now. It is shown thatthesalientfeaturesof thissupershellpair,
suchas their symmetricallocationsaboutthe galacticcentre,
theanomalouslylargeenergy requirements,the largegalacto-
centric distances,as well as the Z-symmetrichemispherical
shapes,find a more naturalexplanationin termsof this sce-
nario,ascomparedtothestandardmodelswhichpostulateeither
a massive starburst,or the infall of externalgasclouds.Other
possibleimplicationsof thishypothesisarebriefly discussed.
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1. Introduction

An important manifestationof the activity inside the disks
of gas-richgalaxiesis their highly structuredHI distribution,
markedby cavities, shellsandsupershells.First discoveredin
the Milk y Way (Heiles 1979, 1984), such featuresare now
known to exist in a numberof spiral galaxies(e.g. Lehnert
& Heckman1996,Irwin & Seaquist1990,Pucheet al. 1992,
Brinks & Bajaja1986).ExceptionallyhugeHI arcsandloops
extendingacrossseveralkiloparsecshave beenidentifiedwith
greaterclarity in theHI imagesof anumberof edge-onspirals,
suchasNGC 5775(Irwin 1994),NGC 4631(Rand& vander
Hulst 1993),NGC 3044 (Lee & Irwin 1997,hereafterLI97)
andNGC 3556(M 108,King & Irwin 1997,hereafterKI97).
Thesehave beeninterpretedasexpandingsupershellsbecause
of a loop-like or circular appearancein projectionandeither
a persistenceover a wide velocity rangeor, in a few cases,as
someevidencefor expansionin position-velocity space.Two
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mainclassesof explanationsfor thesupershellspositthesource
of their kinetic energy to be,respectively, internalandexternal
to theparentgalaxy.

Theinternalsourcemodelinvolvesstarbursts,driving stel-
larwinds(orsuperwinds)andsubsequentsupernova explosions
(e.g.Lehnert& Heckman1996).The“chimney model” (Nor-
man& Ikeuchi1989),for example,attemptstoexplaindisk-halo
featuresandotherhalogasvia processesrelatedto underlying
star formation.The associationbetweenextraplanarHα fila-
mentsand star forming regions in the disk of NGC 891 and
othercorrelationsbetweenhaloemissionandin-disk tracersof
starformation(Dahlemetal. 1995;Rand1997)arguein favour
of suchmodels.If the presenceof HI supershellsis found to
correlatewith theexistenceof otherhalogas,asmight beex-
pectedin thechimney model,thenstellarwindsandsupernovae
areexpectedto beresponsiblefor theHI supershellsaswell.

Themaindifficulty with thestarburstmodelfor HI super-
shellslies in the requiredinput energiesfor the largestshells.
Usingstandardassumptionsthattheexpandingsupershellsare
in thepost-Sedov phasefollowing an‘instantaneous’injection
of energy (cf. Chevalier1974),HI supershellsoftenrequireen-
ergy input from staggeringnumbersof spatiallycorrelatedsu-
pernova events.This was realizedearlyon for our own Galaxy
(Heiles1979,1984).For externaledge-ongalaxies,sinceweare
selectively observingonly the largestshells,theenergy deficit
problemis exacerbated.In somecases,hundredsof thousands
of clusteredsupernovaearerequired(e.g.KI97, LI97), a con-
clusionwhich is not changedsignificantlyif the energy is in-
jectedcontinuouslyover the lifetime of the shells.Otherevi-
denceagainststarformationprocessescreatingtheHI shellsis
alsoemerging.Rhodeetal. (1999)find noopticalevidencefor
recentstar formation in the numerouslower energy HI holes
of Holmberg II andnotethatX-ray andFUV emissionarealso
absent.They concludethatsupernovaehavenotplayedapartin
theformationof theHI shells.Efremov et al. (1998)outlinenu-
merousotherexamplesin whichthereappearsto benorelation
betweenHI shellsandstarformation.They, aswell asLoeb&
Perna(1998),proposethattheHI shellsareproduced,instead,
by gammaraybursts.

Thealternative externalsourcehypothesisinvokes infall of
massivegascloudson to thegalacticplane,asa resultof grav-



Gopal-Krishna& J.A. Irwin:: Radiojet-blown neutralhydrogensupershellsin spiralgalaxies? 889

itational interactionwith neighbouringgalaxies(seeTenorio-
Tagle& Bodenheimer1988).Thisresolvestheenergy problem
sinceinputenergy is thenafunctionof themassandvelocityof
theinfalling cloud.Evidencein favourof thishypothesiscomes
from observationsof high velocity clouds(HVCs) aroundour
own Milk y Wayandthesignaturesof interactionin M 101(van
derHulst& Sancisi1988)andNGC4631(Rand& Stone1996).
It does,however, requirethatthegalaxybein someway inter-
actingwith a companionor, at least,that sufficiently massive
cloudsbein thevicinity.

Recentobservationsarerevealinggalaxieswhichareappar-
ently isolated,yetharbourextremelylargeHI supershells.Two
striking examplesarethe nearby, SB(s)cdgalaxy, NGC 3556
(KI97) andthe SBc galaxy, NGC 3044(LI97). Both of these
galaxiesexhibit radiocontinuumhalosextendingto ∼ 5 kpc
from the galacticplaneandhave anumberof supershellsre-
quiringenergiesup to a few × 1056 ergs.Thesesupershellsare
too largeandenergeticto have beenproducedby conventional
clusteredsupernovae.At thesametime, thereappearsto beno
evidencefor interactionor nearbycompanions,either.

Weproposehereanew explanationfor HI supershells.That
is, thatthey havebeenformedby radiojetswhichplow through
the interstellarmedium(ISM), accretingISM gasand some-
timesinflatingbubbles.Thisallowsfor aninternalenergysource
for theHI shells,providesa naturalexplanationfor any spatial
symmetriesseenin the HI features,andalsoresolvesthe en-
ergy problem.In Sect.2, we provide argumentsin favour of
jet inflatedHI bubbles,Sect.3 presentsthemodel,andSect.4
discussestheimplicationsof this scenario.

2. The case for a radio jet origin for HI supershells

2.1. RadiojetsandAGN in spiral galaxies

Seyfertsareoneclassof diskgalaxyfor whichseveralexamples
of thenucleusejectingaradiojet pairhavebeenfound(e.g.Ul-
vestad& Wilson 1984a,1984b,Kukulaet al. 1995,Aoki et al.
1999).Likewise,severalcasesof jetsoccurringin normalspiral
galaxieshave beenreported(e.g.Hummelet al. 1983).Promi-
nentexamplesincludeNGC3079(deBruyn1977),NGC5548
(Ulvestadetal. 1999)andCircinus(Elmouttieetal. 1998).

Thetotal energy outputfrom suchnuclearactivity canap-
proach1060 erg, assumingthatthenuclearactivity lasts∼ 107

years,andarisesfrom accretionontoasupermassiveblackhole
of 108M� at10%of theEddingtonlimit with thecanonical10%
efficiency. In “normal” spiralgalaxies,thecentralmassmaybe
lower; for example,the bipolar outflow from the SAB(rs)cd
galaxy, M 101maybeproducedby a central∼ 106 M� black
hole(Moodyetal.1995).While jetsarenotalways observeddi-
rectly, thegrowingnumberof supermassiveblackholesinferred
tobepresentin the nucleiof normaldiskgalaxies(Kormendy&
Richstone1995,van derMarel1999),includinglate-typedisks
(Ho et al. 1997),theMilk y Way itself (e.g.Genzelet al. 1997)
andgas-rich,largelow-surface-brightnessgalaxies(Schombert
1998), lend weight to the idea that many suchgalaxiesmay
have undergonephasesof nuclearactivity accompaniedwith a

bi-directionalejectionof relativisticplasmajets,beforeentering
adormantnuclearphase.

Recentstudieshave alsorevealedthat the ejectionof jets
cantake placeat small anglesto the large-scalegalacticdisk
(e.g.Nagar& Wilson1999;Kinney et al.2000),plausiblylead-
ing to clearsignaturesof their dynamicalinteractionwith the
ISM. A classiccaseof suchan interactionis the bow-shaped
morphologyof theradiolobein thewell known Seyfert galaxy,
NGC 1068,which stronglysuggeststhat the kiloparsec-scale
radio jets areploughingthroughthe disk medium(Wilson &
Ulvestad1987,Axon et al. 1998).A dynamicalinteractionof
the jets with the disk is alsoevident in the caseof the spiral
galaxyM 51 which is at the low endof nuclearactivity scale.
Here,the jets seemto have createda pair of ‘radio lobes’ on
oppositesidesof thenucleus;whereasoneof thelobesis bow-
shaped,theotheroneis actuallyresolved into a ring which is
alsodetectedin Hα emission(Fordetal. 1985).Anotherexam-
ple is NGC 4258whoseVLBI jet hasbeenejectedcloseto the
galaxydisk (seeCecil et al. 1995,Herrnsteinet al. 1997,Ce-
cil et al. 1998).Largescale(14 kpc length)“anomalousarms”
arealsoseenwithin thegalacticdiskandhavebeeninterpreted
asmanifestationsof a larger-scalejet (e.g.Martin et al. 1989,
but seeCox& Downes1996).In M 101,thebipolaroutflow is
alsoroughlyconfinedto thedisk,with theoutflow notexpected
to extendbeyonda heightof 400pc (Moody et al. 1995).Ad-
ditional supportfor thejet-disk interactionhypothesisin these
diskgalaxiescomesfrom the detectionof shock-excitedoptical
emissionlinesassociatedwith theradio lobes,asdiscussedin
someof thereferencescitedabove.

2.2. Jet inflatedbubblesin thelobesof radiogalaxies

It is further interestingto note that radio bubblesand shells
of synchrotronplasmahave beendiscoveredwithin the lobes
of a few radio galaxies.Two spectacularexamplesare3C310
(van Breugel& Fomalont,1984) and HerculesA (Dreher&
Feigelson1984).In HerculesA, in addition,peculiardarkshells,
about3kpcin size,havebeenfoundstraddlingthenucleusalong
theradiooutflow axes (Baumet al. 1996).For thedarkshells,
Baumetal.preferanexplanationin termsof expandingbubbles
of hot gasejectedfrom theactive nucleusalongtheradioaxis,
in agreementwith plasmon-like ejectionfrom thecore,though
they donot ruleoutotherpossibilities.

Thesecasesprovideacluethattheradiobubbles/shellsmay
have been‘puffed’ up dueto localizedinstabilitiesin theradio
jets,occurringatdistancesof a few kiloparsecsfrom theactive
nucleus(e.g.Morrison& Sadun1996).Shouldsuchinstabili-
tiesarisealsoin thejetsejectedwithin diskgalaxies(Sect.2.1),
it is quite plausiblethat the resulting increasein pressureat
thoselocationswould inflatebubblesandshellsout of theam-
bientISM materialwhichis HI rich, in thecaseof spirals.Such
features,puffed out of thedisk duringthebrief phaseof jet in-
stability, would remainvisiblepasttheradiative lifetime of the
synchrotronplasmaagainsttheradiative andexpansionlosses,
which is typically of order106–107 years.
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Fig. 1. a Superimpositionof two channelsof HI emissionof NGC 3556from KI97 at velocities633kms−1 (eastside)and757kms−1 (west
side).The greyscaleis setto emphasizethe HI loopson eithersideof the galaxyandrangesfrom 0.9 mJy beam−1 (2σ) to 3 mJy beam−1.
Contoursareat 0.9, 1,1.25,1.7, and3 mJy beam−1 anda white crossmarksthe galaxy’s optical centre.Inset. Total intensityHI imageof
NGC 3556(contours)from KI97 superimposedon anoptical imageof thegalaxy. b HI contoursasin (a) superimposedon a greyscale20cm
continuummap(alsofromKI97) toemphasizethefaintcontinuumfeatures.Thegreyscalerangesfrom0.23mJybeam−1 (1σ) to 1mJybeam−1.

2.3. Candidategalaxies

2.3.1.NGC3556

In NGC 3556,thetwo mostprominentsupershellsarelocated
symmetricallyneartheoppositeextremitiesof thegalaxy. KI97
have carriedout a detailedmappingof the HI andradio con-
tinuumemissionfrom this nearlyedge-ongalaxylocated11.6
Mpc away. Thesuperimpositionof 2 channelsof HI emission,
symmetricallyplacedin velocity aboutsystemic,areshown in
Fig.1a.Themostobviousfeaturesaretwo loopsof HI, produc-
ing extensionsto theeastandwestalongthemajoraxis.Fig.1b
shows theHI emissionfrom thesevelocitiessuperimposedon
the radio continuummap,the latter taken from entirely inde-
pendentobservations.Theabruptdensitydrop-off in theradio
continuummapoccursroughlywheretheoptical galaxyends
(Fig.1ainset).Thesalientfeaturesof thissystemmostrelevant
to thepresentstudy(seeFig.1; KI97) are:

(a)Two symmetricallyplacedgiantHI loopsareseenoriginat-
ing at a projectedgalactocentricradiusof about12 kpc on the
eastandwestmajoraxis.They appearto originateright at the
oppositeedgesof theopticaldiskandextend,notperpendicular
to thediskplane,but ratherparallelto it andoutwards.
(b) The giant HI loopsor supershellsareslightly bent into a
Z-symmetry.
(c) TheseHI loopsaremostobviousin velocitychannelswhich
are equally spacedaboutthe systemicvelocity of the galaxy
(thoughthey extendover a largervelocity range,seeKI97).
(d)Fromtheirvelocitydependentmorphology,eachof theloops
shows evidencefor shell expansion,but with only half of the
shell present.In bothcases,the recedingside(with respectto
galaxyrotation)is open.
(e) OthersmallerHI loopsandextensionsdo exist at smaller
galactocentricradii.
(f) Theparametersof thesetwo HI supershellsareasfollows:
The easternsupershellhasa mass, M = 5.9 × 107 M�, a ra-
dius, R = 3.2 kpc, anexpansionvelocity, ∆v = 51.7kms−1, a

kinematicage,τ = 6.0× 107 yr, akineticenergy, Ekin = 1.6×

1054 ergs,andanimpliedinputenergy (assuminginstantaneous
input from supernovae)of E = 2.6 × 1056 ergs.Theparameters
of thewesternsupershellare: M = 2.3× 107 M�, R = 1.85kpc,
∆v = 41.4kms−1, τ = 4.4× 107 yr, Ekin = 3.9× 1053 ergs,and
E = 3.4× 1055 ergs.
(g) The energy neededto createthe easternsupershellalone
wouldrequireastarclusterpopulatedby> 1.7×105 OB stars,
if supernovaeandstellarwindsarethedrivers.
(h) The brighter and more spectaculareasternsupershellhas
associatedHI gaswhich extendsasfar as 30 kpc beyond the
easternedgeof theopticaldisk andpossiblymuchfarther(see
Fig.1ainset).ThehugeeasternHI extensionappearstoopenup
fromonesideof theeasternshellandextendsfairly straightout-
wardsin theradial,ratherthantheverticaldirectionasif formed
in ashortperiodof time in comparisonto galacticrotation.
(i) The galaxycontainsa large nonthermalradio halo with a
scaleheightof ∼ 5 kpc above theplane(seealsodeBruyn &
Hummel1979,Bloemenetal. 1993).
(j) Radio continuumemissionappearsto be associatedwith
the HI loops, but is not spatially coincidentwith them. The
radio continuumemissionextendsfartherout thanthe HI su-
pershells,as if “funnelling” alongor throughthe HI features
(KI97; Fig.1b).
(k) NGC 3556 has no obvious interactingcompanions.The
brightestgalaxyin thevicinity is the16thmagnitude,MCG+09-
19-001,25′′ in size,undisturbedin appearanceand∼ 12′ to the
eastof NGC3556.This is mostlikely abackgroundsource.

2.3.2.Otherexamples

NGC 5775,aninteractinggalaxy, shows symmetricallyplaced
HI features(Leeetal. 2000)in thesensethatHI extensionsoc-
cur on oppositesidesof themajoraxis in which thereappears
to be anunderlyingdisturbance;thesefeaturesoccurat simi-
lar galactocentricradii, in projection(seealsoFig.3 of Irwin
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1994which shows 3 of theextensions).NGC 2613(Chaves &
Irwin 2000)alsoshows six HI extensionswhich occurin pairs
symmetricallyoneithersideof themajoraxis;two of thepairs
occurneartheendsof theopticaldisk.

Anotherpotentiallyvery interestingexampleis M 31.Blitz
et al. (1999)show that two massive HI cloudsexist symmetri-
callyplacedonoppositesidesof thisgalaxy.They beararemark-
ableresemblanceto extragalacticradiojets.Thetwo cloudsare
redshiftedby ∼ 200 kms−1 with respectto the systemicve-
locity of M 31. Conceivably, this could be explainedby ram
pressuresweepingasM 31 falls throughtheIGM towardsthe
Milk y Way.

3. A new model for the formation of HI supershells

3.1. Needfor a new mechanism

As mentionedabove, the galaxy NGC 3556 puts to a severe
testboth of the standardexplanationsfor the supershellphe-
nomenon,namely: (i) localizedstarburst (generatingintense
stellarwinds,followedby multiplesupernova explosions),and
(ii) infall of massivegascloudsonto thegalacticdisk.Thema-
jor difficulties facedby thesemodels,ashighlightedin KI97,
are:

(a) Localizedstarbursts: Theenergy neededto createtheeast-
ernsupershellalonewould requirea starclusterpopulatedby
> 1.7 × 105 OB stars.Evenfor therecentlydiscovered‘super
starclusters(SSC)’ in somestarburst galaxies,not morethan
104 OB starsareimplied (Meureret al. 1995).Thereis no in-
dicationof an OB associationeven remotelyapproachingthe
level of SSCsat thelocationsof thesupershellsin NGC 3556.
Sincethekinematicagesof thesupershellsare∼ 5× 107 yr, the
starburst would have to have occurredwithin this time frame.
Yet starburst durationsandOB associationagesare typically
alsoof this order, so someevidenceof the starburst might be
expectedtohavesurvived.Nosuchevidenceispresentlyfound,
however. NGC3556doesnotshow amarkedlyhighsupernova
rateglobally (Irwin et al. 1999)andindependentlow andhigh
resolutionradiocontinuumobservationsshow no evidencefor
a sourceof energy at thebasesof thesupershells(KI97, Irwin
etal. 2000).

(b) Infalling clouds: Several argumentshave beenadvanced
againstthis possibility(KI97). Firstly, this galaxyappearsiso-
lated, making the sourceof the putative cloudspuzzlesome.
Secondly, to impartsufficientkineticenergy for thecreationof
theeasternsupershell,an infalling cloudof mass> 108 M�

wouldberequired.A cloudthismassivewouldeasilyhavebeen
detectedon thesensitive HI maps,yet no suchcloudor clouds
areseen.(An exceptionwouldbeif thecloudshadverynarrow
line widths, low fractal dimensionsandwereoptically thick,
in which casethey could have beenmisseddueto low filling
factors.)Thirdly, if an encounterwith intergalacticcloudshas
occurredin thepast,it wouldbenecessaryto postulatethattwo
verymassivecloudsjusthappenedto fall in parallelto themajor

axisatoppositeendsof thegalaxy, roughlyat thesametime,a
scenariowhich seemsimplausible.Fourthly, we could instead
suggestthata “rain” of HI cloudsis infalling (sinceotherhigh
latitudeHI structuresarealsoseenin this galaxy), including
two which fell in alongthemajoraxisat eitherend.However,
in orderfor theraintobenolongervisible,theinfall wouldhave
to becompletedover a timescalewhich is lessthanor equalto
theageof thesupershells,i.e. a few 107 years.This is unlikely
sinceinfall timescalesareof orderadynamicaltimescalewhich
is typically a few 108 yr.

While theseargumentshave beenapplied to NGC 3556
alone,thedifficulty with internalenergy from starburstingap-
plies to a numberof galaxies,asoutlinedin Sect.1. Infalling
cloudsarecertainlyplausible,but run into difficulties for iso-
latedgalaxiessuchasNGC 3556andNGC 3044.Barringnew
informationcomingto light on thesegalaxies,we thereforear-
guethatanew modelshouldbeconsidered.

3.2. Outlineof themodel

As mentionedearlier, the duality of the expandingHI super-
shellsin NGC 3556,togetherwith their locationsat theoppo-
siteedgesof thedisk markedby steepdensitygradients,their
Z-symmetricdeviations from sphericalsymmetry, as well as
their anomalouslylarge energy requirements(Sect.2.3.1),to-
getherleadusto arguethattheorigin of thesetwo supershellsis
linkedto thejet phenomenon.In Sect.2 we have notedseveral
manifestationsof jet instabilitiesgiving rise to bubble-shaped
features,or shells,in the form of optical nebulositiesor non-
thermalradioemissionin normalspiralsandradiogalaxies.In
thepresentcontext of HI supershells,weexaminethepossibil-
ity of thesupershellbeinginflateddueto localisedinstabilities
in the radio jets as they plough throughthe ISM of the disk
of NGC 3556.The presentdiscussionshouldonly be viewed
asa feasibility checkbasedon energy considerations,andnot
asadetailedquantitativemodelfor thesupershells.Evenin the
caseof NGC3556,thestandardmechanismsfor thesupershells
(Sect.1) maywell havecontributedat somelevel.

Accordingto our proposal,thetwo radio jetsejectedclose
to theplaneof thedisk,duringtheactive phaseof thenucleus,
undergo a rapid flaring as they encounterthe region of large
scaledensitydeclineneartheoutskirtsof thegalacticdisk.Con-
sequently, both synchrotronplasmaandthe entrainedthermal
plasmadepositedby thejetsin thesetwo regionsgetheatedand
the resultinghigh-pressurebubbleof hot plasmaundergoesa
rapid expansion,sweepingthe gas-richambientmediuminto
theshapeof theHI supershells.An idealizationto suchasitua-
tion is theflaringof ajet crossinganISM/IGM interface,which
was firstdiscussedin thecontext of radiogalaxiesanalytically
byGopal-Krishna& Wiita (1987),followedby two-dimensional
(Normanet al. 1988,Wiita et al. 1990,Zhanget al. 1999)and
three-dimensional(Loken et al. 1995,Hooda& Wiita 1996,
1998)numericalsimulations.Thesimulationsby Lokenet al.
showedthatintermediatepowerradiojetsassociatedwith wide-
angle-tail(WAT) sourcesundergoarapidflaringuponcrossing
theISM/IGM densitydiscontinuitywherea moderatelysuper-
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sonicjet becomessubsonic.As shown by thenumericalsimu-
lations,adensitydropof a factorof justa few cancausesucha
flaring (e.g.Hooda& Wiita 1996).Observationalevidencefor
thejetflaringcomesfromWide-Angle-Tail (WAT) radiosources
which areassociatedwith thedominantmembersof rich clus-
tersof galaxies(e.g.O’Donoghueetal.1993).Furtherevidence
is provided,e.g.,by therecentradio/optical/X-raystudyof the
WAT radio galaxy3C465in the Abell clusterA2634 (Sakel-
liou & Merrifield 1999).Particularlyinstructive for thepresent
studyis thecaseof theactive disk galaxyIRAS 04210+0400;
thetwo∼ 10 kpclongradiojetsassociatedwith thisdiskgalaxy
areseento flareup neartheoppositeopticalboundariesof the
galaxy(Holloway et al. 1996).It maybenotedthatduringtheir
passagethroughtheinnerpartsof thegalacticdisk, thejetsare
likely to encounterlarge ISM densityfluctuations.However,
thesearelessproneto disruptthejetsbecauseof thehigherjet
thrustthere,combinedwith theexpectedsmallspatialscaleof
thedensityfluctuationscomparedwith thejets’ cross-section.

Sincethe postulatedradio jets in NGC 3556arecurrently
too weakfor detection,a point which we re-addressbelow, we
shalladoptherethejet parametersinferredfor anothermassive
disk galaxy, NGC 4258(Sect.2.1), andapply themto known
conditionsin NGC 3556.The jet velocity, as measuredfrom
the emissionline gas,is at leastvj = 2000kms−1 which, to-
getherwith adensityof ρj = 0.02mp g cm−3, wheremp is the
massof theproton,correspondto a kinetic luminosityof Lj ∼

1042 ergs−1 (Falcke& Biermann1999).Assumingthattheram
pressurein thejet dominatesover theinternalthermalpressure,
thenacrosstheshockfront we requireρj (vj − vs)

2
= ρ0 v2

s ,
whereρ0 is theambientgasdensity, andvs is theshockvelocity.
Takingρ0 = 0.26mp g cm−3 at thepositionsof thesupershells
(KI97), weobtainvs = 435kms−1. This is slightly higherthan
thevalue of∼ 300kms−1 estimatedfor NGC4258.Theshock
velocity putsa minimum timescaleon the durationof the jet
in this model,sincetheremustbesufficient time for the jet to
propagateoutto thelocationsof thesupershellsat12kpcgalac-
tocentricradius.Thus,theminimumdurationof the jets is 2.7
× 107 yr for theparametersin this illustration.

The mechanicalpower of the jet would then be Lj =
1/2 ρ0π R2 v3

s = 5 × 1041 ergs−1, wherethe effective jet ra-
dius,R hasatypicalvalue of1 kpc(e.g.Ceciletal. 1995).This
is similar to the jet power estimatedfor thewell known spiral
galaxyM 51, which is at the low endof the scaleof nuclear
activity (cf. Fordetal. 1985).In NGC3556,theintegratedme-
chanicalluminosityof thejet over its minimumlifetime is then
∼ 4 × 1056 erg. This lower limit is adequateto accountfor the
observed kinetic energy associatedwith the larger easternsu-
pershell(Sect.2.3.1).Herewehaveassumedthattheefficiency
for converting the input energy into the kinetic energy of the
shellis of order1%asusuallytakenfor themultiplesupernova
model.For a higherefficiency, the requiredjet power canbe
lower.

The expansionof a typical bubblein the ISM shouldthen
proceedsimilarly to previously modelledscenarios,thediffer-
encebeingthe sourceof input energy. Sincethe input energy
is muchhigherthanconventionalsupernovae,the bubblesare

more likely to achieve blowout, providing a natural conduit
throughwhich cosmicrays (including thosesuppliedby the
jets)canescapeinto thehalo.Thus,thepresenceof supershells
is expectedto correlatewith theexistenceof anonthermalradio
halo.

Thelocationsof theanchorpointsof thetwo supershellsin
NGC 3556suggestthat the postulatedblastingof eachsuper-
shellwouldhaveoccurredatagalactocentricdistancewhich is
just pastthepeakof theHI rotationcurve (seeFig.6 of KI97).
Theradially outwardexpansionof eachsupershellwould then
exposeit to thevelocity shearin themedium,exertinga side-
wayswind pressurecounterto thegalacticrotation.Dueto this,
the half of the supershelltowardsthe directionof the galactic
rotationwouldbecompressedandhencebrightened,whilst the
otherhalf wouldbedraggedoutdueto thevelocityshearin the
externalmediumand,consequently, dimmed.Sucha deforma-
tion of thetwo supershellsfrom sphericalsymmetry, in course
of their expansion,would give rise to a Z-symmetry, which is
consistentwith theobservations(Sect.2.3.1;KI97).

Thecoolingtime for theX-ray emittingsheathsaroundthe
jets of NGC 4258,assumingunity filling factor, is only 4 ×

106 yr (Ceciletal.1995)andtherefore,oncethejetshaveturned
off, suchasignatureof theirexistencewoulddisappearrapidly.
Thelifetime of thesynchrotronemittingparticlesin thejets is
longer, typically from 106 to 107 yr. For NGC4258,it hasbeen
estimatedto be between1 to 5 × 107 yr (Martin et al. 1989).
However, shortertimescalesarepossibleandwill dependon
local magneticfield strengthandspectralindex. For instance,
themagneticfieldin thenorth-eastradiojet in NGC1068,which
extendsto∼ 450pcfrom thenucleus,is∼ 5× 10−4 Gaussand
thespectralindex is -1 (Wilson& Ulvestad1987).Thisgivesa
synchrotronlifetime of only 1.5× 105 yr. Theparticlelifetime
is expectedto beshorterin shockswherethemagneticfield is
compressed.Thus,weexpecttheradiojet in NGC3556to fade
over a timescalelessthantheagesof thesupershells.

Similar argumentsapply to the radio core which is ex-
pectedto decayfasterthan the jets, oncethe nuclearactivity
hasswitchedoff, given the likelihoodof a strongermagnetic
field andflatter spectralindex in thecore.Even if someradio
emissionfrom acorewereto persistaftertheactivity ceases,it
maybebelow thermsnoiselevel of theavailablemaps.Chary
& Becklin(1997),for example,estimatetheradioluminosityof
thecoreof NGC4258,which is known to have asupermassive
centralobjectof mass3.6× 107 M� andaVLBI jet, to beLrad

= 100L�. The2σ noiselevel of theradiomapsof Irwin et al.
(2000)correspondsto a radio power of 6.8 × 1017 W Hz−1.
Integratingover 1011 Hz, this yieldsa radioluminosityof 180
L�. Thus,evenif NGC3556harboursaradiocoreof thesame
luminosityasNGC4258,it wouldnothavebeendetectedin the
observationsmentionedabove.

4. Summary and possible implications

In this studywe have sketcheda scenariowherebyradio jets
ejectedduring an active nuclearphasein the life of a large
spiral galaxycould inflate out of the disk exceptionallylarge
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shells,i.e. supershellsof neutralhydrogengas.Whenapplied
to theScdgalaxy, NGC 3556,this modelcanaccountfor each
of theseveralfeaturesenumeratedin Sect.2.3.1.In thecontext
of theHI supershellsseenin thisgalaxy, thisschemeappearsto
faredistinctly betterthaneitherof thetwo standardmodelsfor
supershellswhich invoke eithera starburst inducedsuperwind
oraninfall of externalgascloudsontothegalaxydisk.Thus,the
jet-ISM interactionscenariofor disk galaxiescouldeffectively
supplementtheothertwo mechanismsalreadyproposedfor the
supershellphenomenon,with agreaterrelevancewhenever the
shellsareextraordinarilylargeaswell asenergeticandoccurat
largegalactocentricdistances.

The energy requirementis no longera major issuein the
presentmodel.Even a modestenergy input from a 107 M�

compactobjectat the galacticnucleus,suchasthat observed
in NGC 4258, is more thanadequateto supply the input en-
ergy requiredfor thesupershellsof NGC3556.Thismodelcan
thereforeaccountfor HI supershellswhicharedifficult to form
via conventionalprocessesinvolving massivestarformation,or
thoseoccurringin galaxieslackingpotentiallyinteractingcom-
panions.Largersupershells(or partsthereof,given theproba-
ble developmentof instabilities)may alsobe predicted,since
known centralmassesand/oraccretionratesmaywell surpass
thoseconsideredhere.

Furthermore,thepresentmodelcanaccountfor thesymmet-
ric HI featuresin galaxies.For instance,it is morelikely that
bubbleswill beinflatedby thepropagatingjetsatgalactocentric
radiiwheretheISM densityhasdeclinedtosufficiently low val-
uesfor blow-out.At thesametime, symmetryis not a generic
outcomeourmodel,sincelocalshocks,dictatedby theinterac-
tion of thejet with localdensityperturbations,canbeimportant
in determiningwherethebubbleswill beinflated.For example,
known bubblesin thelobesof radiogalaxies(Sect.2.2)arenot
alwaysseento beequidistantoneithersideof thenucleus.

In our sampleillustration(Sect.3.2),thejetsmustexist for
long enoughto reachlarge galactocentricradii (3 × 107 yr)
but needto inject energy over only a fraction of the lifetime
of the supershells(2 × 107 yr, or even less,if the efficiency
exceeds1%). The jets presumablyswitch off thereafter, with
the synchrotronemitting particlesdecayingin 106 - 107 yr. It
is difficult to predict whetherjets and HI supershellsshould
co-exist in spirals.Nuclearactivity in galaxiesis commonly
believed to be atransientphenomenon,lastingfor ∼ 107–108

years(e.g.Eilek 1996,Scheuer1995;Soltan1982;Haehnelt&
Rees1993;Hoetal.1997).If AGN activity occursontimescales
longerthana few × 107 yr, thiswouldsuggestthattheremight
bedisk galaxiesin which bothphenomenashouldbeobserved
at thesametime.However, suchnuclearactivity timescalesare
likely to bemorerepresentativeof radiogalaxies;AGN activity
in spiralsis probablyshorterlived.An importantnext stepis
to considerwhat jet parametersarerequiredto reachlarge,or
at leastkpc-scaleradii, in traversing thetypical ISM of aspiral
galaxy.

If jets in spiralsbothrecurandprecess,it maybepossible
to inflate bubblesover a variety of galactocentricradii and
azimuthal angles.However, it is unlikely that the “frothy”

natureof the HI seenin galaxiessuchasHolmberg II or the
holesin M 31 couldbeproducedby suchjetsdirectly without
seeingsomelingering evidencefor the jets aswell. Also, the
jet phenomenoncannotdirectly accountfor featureswhich
correlatewith thestarformingdisk,suchassomeknown radio
andHα halos.If thereis a connection,it is morelikely to be
indirect. For example,once the expansionof the postulated
jet-blown supershellsis halted due to the gravitational pull
of the host galaxy, their segments (i.e. HI clumps) would
eventuallyshower backon to the galacticdisk, giving rise to
secondaryshells,bubblesandcavities in theHI componentof
the disk. The impactcould alsotrigger sporadicburstsof star
formation,especiallyin theouterdisk,asseen,e.g.,in gas-rich
low-surface-brightnessgalaxies(cf. O’Neil et al. 1997)which
are thought to be the present-dayremnantsof quasars(e.g.
Schombert1998).Thus,muchafter its cessation,the nuclear
activity in gas-rich galaxiesmay continue to influence the
evolutionof their disks.

Acknowledgements.It is apleasureto thankPaulJ.Wiita for valuable
commentsonthemanuscript.JI gratefullyacknowledgesagrantfrom
theNaturalSciencesandEngineeringResearchCouncilof Canada.

References

Aoki K., KosugiG.,WilsonA.S.,YoshidaM., 1999,ApJ521,565
Axon D.J.,MarconiA., CapettiA., et al., 1998,ApJ496,75
BaumS.A.,O’DeaC.P., deKoff S.,et al., 1996,ApJ465,L5
Blitz L., SpergelD.N., TeubenP.J.,HartmannD., BurtonW.B., 1999,

ApJ514,818
BloemenH., Duric N., Irwin J.A.,1993,In: LeahyD.A., Hicks R.B.,

VenkatesanD. (eds.)23rdInternationalCosmicRayConference.
World Scientific,New Jersey, p. 279

BrinksE.,BajajaE., 1986,A&A 169,14
CecilG.,WilsonA.S.,dePreeC., 1995,ApJ440,181
CecilG.,dePreeC.G.,GreenhillL.J.,MoranJ.M.,DopitaM.A., 1998,

AAS 193.0710
CharyR., BecklinE.E.,1997,ApJ485,L75
ChavesT., Irwin J.A.,2000,In: HibbardJ.E.,RupenM.P., vanGorkom

J.H.(eds.)Gasand GalaxyEvolution.ASPConf.Ser., in press
ChevalierR.A., 1974,ApJ188,501
CoxP., DownesD., 1996,ApJ473,219
DahlemM., LisenfeldU., GollaG., 1995,ApJ444,119
deBruynA.G., 1977,A&A 58,221
deBruynA.G., HummelE., 1979,A&A 73,196
DreherJ.W., FeigelsonE.D.,1984,Nat308,43
Efremov Y.N., ElmegreenB.G.,HodgeP.W., 1998,ApJ501,L163
EilekJ.A.,1996,In: HardeeP.E.,BridelA.H.,ZensusJ.A.(eds.)Energy

Transportin Radio Galaxiesand Quasars.ASP Conf. Ser. 100,
ASP, SanFrancisco,p. 281

ElmouttieM., HaynesR.F., JonesK.L., SadlerE.M., EhleM., 1998,
MNRAS 297,1202

FalckeH., BiermannP.L., 1999,A&A 342,49
FordH.C.,CraneP.C.,JacobyG.H.,Lawrie D.G.,van derHulst JM.,

1985,ApJ293,132
GenzelR., EckartA., Ott T., EisenhauerF., 1997,MNRAS 291,219
Gopal-Krishna,Wiita P.J.,1987,MNRAS 226,531
HaehneltM., ReesM., 1993,MNRAS 263,168
HeilesC., 1979,ApJ229,533



894 Gopal-Krishna& J.A. Irwin:: Radiojet-blown neutralhydrogensupershellsin spiralgalaxies?

HeilesC., 1984,ApJS55,585
HerrnsteinJ.R.,MoranJ.M.,GreenhillL.J.,etal.,,1997,ApJ475,L17,

Erratum:ApJ482,L113
Ho L.C., Filippenko A.V., SargentW.L.W., 1997,ApJ487,568
Holloway A.J.,SteffenW., PedlarA., et al., 1996,MNRAS 279,171
HoodaJ.S.,Wiita P.J.,1996,ApJ470,211
HoodaJ.S.,Wiita P.J.,1998,ApJ493,81
HummelE., van GorkomJ.H.,Kotanyi C.G.,1983,ApJ267,L5
Irwin J.A.,1994,ApJ429,618
Irwin J.A.,SeaquistE.R.,1990,ApJ353,469
Irwin J.A.,EnglishJ.,SorathiaB., 1999,AJ 117,2102
Irwin J.A.,SaikiaD.J.,EnglishJ.,2000,AJ 119,1592
King D., Irwin J.A.,1997,New Astr. 2, 251(KI97)
Kinney A.L., 2000,ApJ (July2000issue)
KormendyJ.,RichstoneD., 1995,ARA&A 33,581
KukulaM.J.,PedlarA., BaumS.A.,O’DeaC.P., 1995,MNRAS 276,

1262
LeeS.-W., Irwin J.A.,1997,ApJ490,247(LI97)
LeeS.-W., Irwin J.A.,DettmarR.-J.,et al., 2000,in prep.
LehnertM.D., HeckmanT.M., 1996,ApJ462,651
LoebA., PernaR., 1998,ApJ503,L35
LokenC., RoettigerK., BurnsJ.O.,NormanM., 1995,ApJ445,80
Martin P., Roy J.-R.,NoreauL., Lo K.Y., 1989,ApJ345,707
MeurerG.R.,HeckmanT.M., LeithererC., etal., 1995,AJ 110,2665
MoodyJ.W., RomingP.W.A., JonerM.D., etal., 1995,AJ 110,2088
MorrisonP., SadunA., 1996,MNRAS 278,265
NagarN.M., WilsonA.S.,1999,ApJ516,97

NormanM.L., BurnsJ.O.,SulkanenM., 1988,Nat335,146
NormanC.A., IkeuchiS.,1989,ApJ345,372
O’DonoghueA.A., Eilek J.A.,JonesJ.M.,1993,ApJ408,428
O’Neil K., Bothun G.D., SchombertJ., Cornell M.E., Impey C.D.,

1997,AJ 114,2448
PucheD., WestpfahlD., BrinksE.,Roy J.-R.,1992,AJ 103,1841
RandR.J.,1997,In: van derHulst J.M. (ed.)TheInterstellarMedium

in Galaxies.Kluwer, Dordrecht,p. 105
RandR.J.,StoneJ.M.,1996,AJ 111,,190
RandR.J.,van derHulst J.M.,1993,AJ 105,2098,Erratum:AJ 107,

392
RhodeK.L., SalzerJ.J.,Westpfahl D.J.,RadiceL.A., 1999,AJ 118,

323
Sakelliou I., Merrifield M.R., 1999,MNRAS 305,417
ScheuerP.A.G., 1995,MNRAS 277,331
SchombertJ.,1998,AJ 116,1650
SoltanA., 1982,MNRAS 200 115
Tenorio-TagleG.,BodenheimerP., 1988,ARA&A 26,145
UlvestadJ.S.,WilsonA.S.,1984a,ApJ278,544
UlvestadJ.S.,WilsonA.S.,1984b,ApJ285,439
UlvestadJ.S.,WrobelJ.M.,Roy A.L., et al., 1999,ApJ517,L81
van BreugelW., FomalontE.B.,1984,ApJ282,L55
van derMarelR.P., 1999,AJ 117,744
van derHulstT., SancisiR., 1988,AJ 95,1354
Wiita P.J.,RosenA., NormanM.L., 1990,ApJ350,545
WilsonA.S.,UlvestadJ.S.,1987,ApJ319,105
ZhangH.-M., KoideS.,SakaiJ.-I.,1999,PASJ51,449


