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ABSTRACT

Wepresentastudyof thedistributionandkinematicsof theneutralgasin thelow-inclination ScdgalaxyNGC6946.Thegalaxyhas
beenobservedfor 192hoursat21-cmwith theWesterborkSynthesisRadioTelescope.Theseareamongthedeepestobservationsever
obtainedfor a nearbygalaxy. We detectwidespreadhigh-velocity H I (up to about100kms� 1) and�nd 121H I holes,mostof which
arelocatedin the inner regionswherethegasdensityandthestarformationratearehigher. Much of thehigh-velocity gasappears
to berelatedto starformationandto be,in somecases,associatedwith H I holes.Theoverall kinematicsof thehigh-velocity gasis
characterizedby a slower rotationascomparedwith theregulardisk rotation.
Weconcludethatthehigh-velocitygasin NGC6946is extra-planarandhasthesamepropertiesasthegaseoushalosobservedin other
spiralgalaxiesincludingtheMilk y Way. Stellarfeedback(galacticfountain)is probablyat theorigin of mostof thehigh-velocitygas
andof the H I holes.Therearealsoindications,especiallyin theouterregions,–anextendedH I plume,velocity anomalies,sharp
edges,andlarge-scaleasymmmetries–pointingto tidal encountersandrecentgasaccretion.
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1. Intr oduction

DeepH I surveys of nearbyspiralgalaxiescarriedout in recent
yearshave revealedthe presenceof cold extra-planargasand
have openeda new chapterin the study of the disk-halocon-
nection.An extended,laggingH I halo hasbeendiscoveredin
the edge-ongalaxy NGC891 (Swaterset al. 1997; Oosterloo
et al. 2007).Extra-planargaswith similar propertieshasalso
beendetectedin a numberof nearbyspirals(seea review by
Sancisiet al. 2008). Someof these(e.g. NGC2403, Schaap
et al. 2000; Fraternaliet al. 2001) are not edge-on,and the
presenceof extra-planarH I hasbeeninferredfrom its anoma-
lous velocities.In theMilk y Way, halogascomponentsarethe
well-known Intermediate-Velocity Clouds(IVCs) and,as con-
clusively shownby recentdistancedeterminations(Wakkeretal.
2007,2008),alsotheHigh-VelocityClouds(HVCs) (Wakker &
vanWoerden1997).

The origin of the halo gas is still an open question.One
of the mechanismsproposedis the so calledGalacticFountain
(Shapiro& Field 1976;Bregman1980)accordingto whichgas,
heatedby starsandsupernovae,leavesthe disk andmovesvia
chimneys in the vertical directionto fall back,eventually, onto
thedisk.Thereis alsoevidence,however, thatpartof theextra-
planargasmustbeinfall from intergalacticspace(Sancisiet al.
2008).It is likely, for example,thattheGalacticHVCs,because
of their low metallicity, aresuchaccretedgas(van Woerden&
Wakker2004).

Mostof theobservationswhichhaverevealedthepresenceof
extra-planargashavebeencarriedout for spiralgalaxiesviewed
edge-onor highly inclined. Naturally, they have beenusedto
studytheverticalextentof theextra-planarH I andits rotation.
A more “f ace-on”view is requiredto investigatethe gasmo-
tion perpendicularto the plane,to detecthigh-velocity gasand

to studyits possibleconnectionswith structuresin thedisk,such
asspiralarms,H I holes,starclusters,andH II regions.

For thispurposewehavecarriedoutaverysensitiveH I sur-
vey with theWesterborkSynthesisRadioTelescope(WSRT) of
the nearbyspiral galaxyNGC6946.This is a Scdgalaxyseen
at low inclination showing high-level star formation activity
(Degioia-Eastwood et al. 1984).The bright optical disk (R <
R25) showsmany largeH ii complexes.SomeH ii regionsarealso
presentin the outerarms(Fergusonet al. 1998).Furthermore,
there is an extendeddisk of di� use H � and X-ray emission
(Schlegelet al. 2003).

Over the last 30 years,NGC6946 hasbeenobserved sev-
eraltimesin the21-cmline. Rogstadet al. (1973)madethe�rst
synthesisobservation at the OwensValley RadioObservatory.
Their H I mapalreadyshowed a gasdisk that extendswell be-
yond the optical image and deviations from circular rotation
couldbeseenin theirvelocity �eld despitethelow resolutionof
20. Tacconi& Young(1986)con�rmed theseresultswith their
4000datafrom theVery LargeArray. Carignanet al. (1990)and
Boulanger& Viallefond (1992)madea moredetailedstudyof
thekinematicsandthedistributionof theH I in NGC6946using
theWSRT. They werethe�rst to reportthepresenceof holesin
theH I distribution. In addition,they reportedthedetectionof a
di� usefastgascomponentandof a few isolatedhigh-velocity
H I clouds.Kamphuis& Sancisi(1993)studiedthewidespread
high-velocity H I and found that this is predominantlylocated
in thedirectionof thebright opticaldisk suggestinga link with
stellarwindsandsupernovae(i.e.agalacticfountain).Kamphuis
(1993) also madethe �rst detailedstudy of H I holes in this
galaxy.

Cataloguesof H I shellshavebeencompiledfor thegas-rich
galaxiesin the Local Group, suchas M 31 (Brinks & Bajaja
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1986),M 33 (Deul & denHartog1990), the LMC (Kim et al.
1999)andSMC(Stanimirovic etal. 1999).Many H I holeshave
beendetectedin galaxiesin neighbouringgroups:Ho II (Puche
etal. 1992),NGC2403(Thilkeret al. 1998),IC 2574(Walter&
Brinks 1999),M 101(vanderHulst & Sancisi1988;Kamphuis
1993),andIC 10 (Wilcots & Miller 1998).Theshellsandholes
arecommonlythoughtto have beenproducedby clusteredsu-
pernovaexplosionsandstellarwinds(Tomisaka& Ikeuchi1986;
McCray & Kafatos1987;Mac Low & McCray 1988;Tenorio-
Tagle & Bodenheimer1988).Simulationsshow that theseare
energetic enoughto form kpc-sizebubblesand chimneys (see
e.g.de Avillez & Berry 2001),which would appearasholesin
theH I distribution,whenobservedin anexternalgalaxy.

Here,we reportthemainresultsof a new, deepH I studyof
NGC 6946with the WSRT. In particular, we draw attentionto
thepresenceof a largenumberof H I holes(Section3.3)andof
gascomplexeswith anomalousvelocities(Section3.4).We dis-
cusstheroleof starformationandenvironmentin theformation
of thesefeatures(Section4).

2. Obser vations and data reduction

We observed NGC6946 (Table 1) with the upgradedWSRT,
which hascooledfrontendson all 14 telescopes.Sixteen12-hr
observationsweremadebetweenDecember152001andJune7
2002.We usedtheWSRT 36,54,72 and90m con�gurationsto
achieveauniformuv-coverage.Each12-hrobservationwaspre-
cededby a shortobservationof 3C286andfollowedby a short
observationof 3C48or 3C147for calibrationpurposes.

Table1. GeneralinformationonNGC6946

Type SAB(rs)cd 1
Distance 6 Mpc 2
Positionof nucleus � (2000) 20h34m52.3s 3

� (2000) 60� 0901400

Kinematicalcentre � (2000) 20h34m52.36� 0.13s 5
� (2000) 60� 09013� 200

Holmberg radius 7.80 4
aD25 11.20 4
diskscalelength 1.90 4
Positionangle 242� 5
Inclinationangle 38� 2� 5
Vsys 43� 3kms� 1 5
MB -21.38 4
LB 5:3 � 1010L� 4
H I mass (6:7 � 0:1) � 109 M� 5
21-cmFlux 788� 12Jykms� 1 5
Conversion10 1.75kpc

Notes
a diameterat the25B magarcsec� 2

1 deVaucouleurset al. (1976)
2 Karachentsev et al. (2000)
3 vanDyk etal. (1994)
4 Carignanet al. (1990)
5 thisstudy

The uv-data reduction was performedwith the MIRIAD
package(Sault et al. 1995).We usedas bandpassan average
of thecalibrationobservationbeforeandaftereach12-hrrun.In
addition,the datawereHanningsmoothed.The continuumhas
beensubtractedby interpolatingit with a 2nd-orderpolynomial
omittingthechannelswith H I line emission.In orderto improve

the quality of the datawe usedself-calibrationon the contin-
uum in additionto thecross-calibration,andcorrectedresidual
phaseerrorsusingan iterative procedure.The �rst stepwasto
form amodelof thesky brightnessdistributionof thecontinuum
emissionusingCLEAN components.With thatmodel,thephase
errorswerecorrected.After this�rst improvementof thecalibra-
tion, abettersky modelcouldbede�ned for thenext iteration.

ThedatawereFourier-transformedwith arobustnessweight-
ing of 0 (Briggs1995).For thedeconvolution of thedataat the
highestresolution,themulti-resolutionclean(MRC) algorithm
(Wakker& Schwarz1988)wasusedwithin theGIPSYpackage
(vanderHulst et al. 1992;Vogelaar& Terlouw2001).This was
necessarybecauseof thelargeextentof theH I emissionin each
channel.TheMRC algorithmwasableto producechannelmaps
with a �at noiselevel. The resolutionof the mapsis 1200� 1400

andther.m.s.noiseperchannelis 0.22mJybeam� 1. Theveloc-
ity resolutionis 4.2kms� 1.

We alsoconstructedlow-resolutionsetsof channelmapsto
optimisethesignal-to-noiseratio for extendedemission.These
setswere CLEANed in MIRIAD using the Clark algorithm.
The resultingcleanbeamsfor the low-resolutiondatasetsare
20.700� 23.400and63.600� 65.600. Thenoiselevel perchannelfor
the � 2200 resolutionset is 0.34 mJybeam� 1 and for the � 6500

data cube 0.5 mJybeam� 1. The observational parametersare
listedin Table2.

Table2. Observingparameters

Dateof observations Dec.2001– Jun.2002
Totalobservingtime 16� 12 hours
Observedbaselines 36– 2772m, step:18m
Fieldcentre � (2000) 20h34m52.3s

� (2000) 60� 0901400

Heliocentricvelocityof centralchannel 48kms� 1

Totalbandwidth 5 and10 MHza

FWHM of primarybeam 360

Calibrationsources 3C286,3C48,3C147
Radii of �rst gratingring (� � � ) 40:40 � 47:10

Numberof antennas 14
Numberof channels 512and1024a

Channelseparation 2.1kms� 1

FWHM velocity resolution 4.2kms� 1

Frequency taper Hanning
FWHM of synthesisedbeam 1200� 1400

R.m.snoiseperchannel 0.2mJy(beamarea)� 1

ConversionfactorTB(K)/S(mJy) 3.6

Note– a The�rst 8 observationshave beendonewith 512channels
and5 MHz bandwidth,theresthasbeenobservedwith 1024chan-
nelsand10MHz bandwidth.

3. Results

3.1. H I distribution

Figure1 shows the total H I mapof NGC6946comparedto an
optical imagefrom theDigitized Sky Survey (samescale).This
H I mapwasconstructedfrom thehigh-resolutiondatacubeus-
ing 6400-resolutionmasksto de�ne the areaof the emissionin
eachchannelbeforeaddingthemto producethetotalH I map.

As seenin many spiral galaxies,theH I disk is muchmore
extendedthanthebright opticaldisk. The innergasdisk shows
the samepatternof �lamentary spiral-armstructureas the op-
tical. Outwards,the spiral armsbecomemore pronounced.At
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Fig.1. Theleft panelis a colourcompositeof theDigitized Sky Survey plates.Theright panelis thedeep(192hoursintegration)H I mapon the
samescaleastheoptical.Columndensitiesrangefrom 6 � 1019 cm� 2 to 3:7 � 1021 cm� 2. TheH I in thecentreis seenin absorptionagainstthe
bright core,producinga blackspoton theH I map.

leastthreespiralarmscanbetracedwell. Thenorthernarmis the
mostgasrich. It is moreopenandthereis a high arm-interarm
contrast.The inner H I disk shows a sharpedgeon the sideof
thenorthernspiralarm.All outerspiralarmsbifurcatehalf way,
giving theouteredgeafrayedappearancewith many shortspiral
fragments(Fig. 2, left panel),exceptfor thesouth-westernedge.
The outerarmsalsocontainstarsasshown by Fergusonet al.
(1998)(seealsoFig. 10 in Sancisiet al. 2008).

Also visible in Fig.1 andin Fig. 2 is aprominentH I absorp-
tion in thecentre(theblackandthewhitedot respectively).This
absorptionis dueto H I seenagainstthebright radiocontinuum
nuclearsource.In Fig. 2 (left panel)a minor bar(positionangle
� � 10� ) andtheinnerspiralarmsappearsymmetricwith respect
to theopticalandradionucleus.

In the outerpartsthe H I disk is asymmetric,i.e. moreex-
tendedtoward the south-easterndirection with respectto the
bright optical disk (R25, which is indicatedby the ellipse in
Fig. 2, seealso Fig. 17). Despitethis lopsidedness,the outer
spiralpatternof NGC6946is quitesymmetric.If we rotatethe
galaxyimageby 180� andshift it by about10 to thesouth-south-
east,thenthenorthernandsouthernspiralarmfall perfectlyon
topof eachother.

Figure3 shows theglobalH I pro�le for NGC6946andfor
two companiongalaxies(seeSection4.4).Thepositionsof the
latterwith respectto NGC6946canbeseenin Fig. 17. The in-
tegratedH I �ux of NGC6946 is 788 Jy kms� 1. If we usethe
distanceof 6 Mpc asdeterminedby Karachentsev et al. (2000),
we obtaina total H I massof 6.7� 109 M� . This is the sameas
the H I massfound by Carignanet al. (1990) (after converting
their massto our adopteddistance)with the WSRT, usingad-
ditional short-spacingmeasurements.Our resultsareconsistent
with thoseof singledishmeasurements(8 � 109 � 20%M� ac-
cordingto Gordonetal.1968)indicatingthatwearenotmissing
any �ux in ourmeasurements.Rogstadetal. (1973)reportasim-
ilar valueof 7:4 � 109 M� .

3.2. Large-scale kinematics

Someof the velocity channels(at negative velocities)are af-
fectedby foregroundemissionfrom H I in ourgalaxy. This fore-
groundemissioncould,however, beremovedalmostcompletely,
becauseof thedi� erencein angularscalecomparedwith theH I
structuresin NGC6946.A striking featureof theH I line pro-
�les of thisgalaxyis thepresence,alreadynoticedby Boulanger
& Viallefond (1992) and by Kamphuis& Sancisi(1993), of
extendedvelocity wings at low emissionlevels, due to gasat
anomalousvelocitywith respectto thedisk's rotation.To deter-
mine the velocity of the peaksandobtain the velocity �eld of
NGC6946,we �tted a Gaussianto theupperpart (above 25%)
of eachpro�le, discardingthelow intensity, broadenedpart.We
includeda3rd-orderHermitepolynomialin the�t to accountfor
asymmetriesin thepro�les. For many pro�les a �t to thewhole
pro�le with asingleGaussianwithoutHermitepolynomialsgave
the sameresult; in regionswith broad,asymmetricpro�les the
di� erencebetweenthetwo �ts wasaround5 kms� 1. Theuncer-
tainty in thevelocity �eld increasesin theouterregionsbecause
of thelower signal-to-noiseratio.Theresultingvelocity �eld at
2200resolutionis shown superposedon theH I densitydistribu-
tion in Fig. 2.

Although NGC6946has a fairly low inclination (inclina-
tion angle38� ), di� erentialrotationclearlyshows up anddom-
inatesthe overall kinematicsof the galaxy. NGC6946appears
to be a regularly rotating galaxy. Thereare no apparentlarge
distortionswithin the optical radius(marked by the ellipse in
Fig. 2), exceptsomesmall-scalewiggles.Someof the wiggles
in the inner regions follow the structureof the H I spiral arms
andcanprobablybe attributedto streamingmotionsalongthe
arms.Theiramplitudeis of theorderof 15kms� 1 (correctedfor
inclination)if themotionsarein theplaneof thedisk.

In theouterpartsthevelocity �eld becomesmoredisturbed.
On the northernsidethe iso-velocity contoursarebent toward
theapproachingside(NE) overa largearea.Thesharpestgradi-
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Fig.2. Left panel:total H I distribution. Thecontourvaluesare0.6,1, 2, 4, 8, 12, 16, 24, and32� 1020cm� 2. Theellipse(dashed)indicatesthe
brightopticaldisk (R25). Thewhitedot in thecentreis dueto absorptionagainsttheradiocontinuumsource. Thebeam(1200� 1400) is shown in the
bottomleft corner. Rightpanel:thevelocity �eld at2200resolutionplottedontopof the1300resolutiontotalH I distribution(greyscale).Thebeam
is shown in thelower left corner. Thelinesareseparatedby 10kms� 1 runningfrom � 70to 150kms� 1(NE approaching).Thethick line shows the
systemicvelocity. Theellipseindicatesthesizeandorientationof thebrightopticaldisk (� R25).

Fig.3. Global H I pro�le of NGC6946andthe two companions.The
shadedband indicatesthe channelswhich are strongly a� ected by
Galacticforegroundemission.Theinsetshowsablow-upversionof the
pro�les of thecompanions.Theblackline is thepro�le for UGC11583,
thedashedgrey-blackline for L 149.

entin thevelocity�eld coincideswith themiddleof thenorthern
spiral arm (Fig. 2). Furtherout to the north-westthe contours
bendbackto highervelocities.This patterncontinuesover the
wholewestsideof thedisk andmayberelatedto theplumeof
H I on thenorth-westernside(seesection4.4).

The mostprominentdisturbancein thevelocity �eld of the
outerdisk is seenin thesouthernside.Closeto thesouthernspi-
ral arm,thewigglesarevery large:thevelocitiesdropby about
40kms� 1(seeFig. 2 andsection3.3).

3.2.1. Rotation curve

We performeda tilted-ring �tting of thevelocity �eld in Fig. 2
following theschemedescribedby Begeman(1989).A similar
analysisfor NGC6946hasbeendonebeforeby Carignanet al.
(1990).We iteratively improvedthe�t by �xing theparameters
oneby onestartingwith the centreof the rings.The kinematic
centrecoincideswith thenucleuswithin theuncertainties.Vsys is
constantout to a radiusof 12.5kpc andincreasesat largerradii.
This behaviour hasbeenobserved in other galaxiesand inter-
pretedasa possibleo� setbetweenthe inner disk andthe dark
matterhalo (Battagliaet al. 2006).We took the averageof the
innerdisk, which is 43� 1kms� 1. This di� ersslightly from the
Vsys thatwe derive from theglobalpro�le: 47� 2kms� 1. Except
for a dip at R = 11kpc, which seemsrelatedto the outer H I
arm,the�tted inclinationangleappearsapproximatelyconstant
(Boomsma2007).We adopta constantvalueof i = 38� 2� .

Therotationcurves,derivedseparatelyfor thetwo sides,are
shown in Fig. 4. For radii out to � 13kpc, they aresimilar. In the
outerparts,thedi� erencesbecomelarge.Thesedi� erencesare
alsoseenin Fig. 5, wherewe show the averagerotationcurve
overlaidon a position-velocity plot alongthe majoraxis of the
galaxy. The rotation curve is determinedout to about21 kpc
(� 2R25).

In Fig. 4 we show theformalerrorsof the�t. Theactualun-
certaintiescanbe estimatedusingthedi� erencein rotationve-
locity betweenthemeanrotationcurve andthecurveson either
sides(cf. Swaters1999).This procedureleadsto errorsof 3 � 4
kms� 1in theinnerpartsrising to about10kms� 1beyond13kpc.
Furthermore,oneshouldincludethe2� uncertaintyin the incli-
nation,which introducesanothersystematic5% uncertaintyin
therotationvelocities.

The signal-to-noise in the outer regions is better at
6400resolution.On the recedingside (west), thereis, however,
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Fig.4. Therotationcurve for therecedingside(�lled squares)andthe
approachingside(opentriangles)separately. The error barsshow the
formal errorsfrom the �t, but they aregenerallyvery small. The line
shows the�t to thewholevelocity �eld. Theverticalgrey line indicates
theopticalradiusR25.

Fig.5. Therotationcurve of NGC6946plottedon a p-v slicealongthe
majoraxis.

a sharpedgeandtherotationcurvecannotbedeterminedout to
radii largerthan� 21 kpc.On theapproachingsidetherotation
curvecontinuesdecliningout to thelastmeasuredpointatabout
28 kpc. Also the �t of thevelocity �eld at 6400resolutiongives
no indicationsfor a changein theinclinationat largeradii.

3.2.2. Velocity dispersion of the cold disk

As mentionedearlier in this section,mostH I velocity pro�les
show a nearly Gaussianshape.Figure6 shows the azimutally
averagedvaluesof the velocity dispersion(seealsoBoulanger
& Viallefond 1992). This decreaseswith radius from about

13kms� 1 in thecentreto about6kms� 1 in theoutskirts.Around
R25 thereis a dropo� followedby a remarkablelineardecrease
from 9 kms� 1 to 6 kms� 1. Therunof velocitydispersionsin the
innerregionsis muchlessregularthanin theouterregions,with
bumpsat R = 2 and4 kpc.Thegeneraldecreasefrom theinner
to theouterpartsis similar to thosefoundfor M 101andNGC
628(seeKamphuis,PhDthesis1993).

Fig.6. Radialpro�le of theH I velocitydispersionin NGC6946at 1300

resolution.The dispersionsarecorrectedfor instrumentalbroadening.
The dashedline shows the approximatelinear trendof the dispersion
in the outerdisk extrapolatedto smallerradii. R25 is indicatedby the
arrow.

3.3. H I holes

ExpandingshellsandH I cavities presenta clearlyrecognisable
patternin velocity-spaceandare,therefore,easierto identify on
position-velocity(p-v) mapsthanonchannelmaps.A disadvan-
tageof only looking in velocity-spaceis that onecanmistake
interarmregionsfor shellsor holes.Interarmregionsare,on the
other hand,easily recognisablein channelmaps,so the safest
procedureis to identify shellsinspectingthefull 3-D datacube.

The hole-typeidenti�cation schemeis thesameasadopted
by Brinks & Bajaja(1986).Therearethreetypesof holes:Type
1 is anopenhole,withoutexpandingshell,andin ap-v diagram
it appearsasa densitygap.Type2 is characterisedby a velocity
shift in thep-v diagram.In type3 holesthereis a clearsplitting
of the line pro�les into two components.Seealso Figure1 in
Deul & denHartog (1990) for a clear illustration of the three
types.

In the centralpartsof NGC6946we may misssomeholes
becauseof thestrongshear. On thenorth-easternsideit is more
di� cult to identify the holes becauseof Galactic foreground
emission.

Theholesareshown in Fig. 7 asellipsesindicatingsizeand
orientation.Fig. 8 showsexamplesof H I holescomparedto the
H � emissionin thesameregions(seeSection4.1).

3.3.1. Distribution of H I holes

We�nd 121H I holesdistributedoverthewholedisk,but mainly
in regionswith highH I columndensity(Fig.7).As comparedto
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Fig.7. TheH I holesplottedon top of thetotal H I mapof NGC6946. Thesizesandorientationsareindicatedby theellipses.Thewhite spotin
thecentreis not anH I hole,but is theresultof H I absorptionagainstthebright radiocontinuumnucleus.Theresolutionis shown by theshaded
ellipsein thebottomleft corner.

thestarlight,thedistributionof theholesappearsto bemoreex-
tended:many arefoundoutsideR25 wherethestellardensityis
low (Fig.9,bottomright).Furthermore,theholesareasymmetri-
cally distributedascomparedto thebrightopticaldisk,although
someasymmetryis alsoseenin the low level stellarbrightness.
Opticalemission(bright in theinner-disk,faint in theouter-disk)
is seenin thedirectionof nearlyeveryhole.

Theradialnumber-distributionof theholes(Fig. 10a)shows
a broadpeakaround10 kpc,which is aboutR25. Perhaps,a bet-
ter representationof the importanceof theholesis givenby the
coveringfactorshown in Fig. 11. Thepeakin thecoverageap-
pearsatsmallerradii thanthenumberdistributionandshowsthat
theholesaremostdominantwithin thebright opticaldisk. The
coveringfactordropssharplytowardthesmallestradii. Theav-
erageH I columndensityalsodropssharplyin theinnerregions,
which probablypreventsthedetectionof holes.The lack of in-
nerholesmayalsobecausedby thestrongshear, whichshortens
their lifetimes.At largeradii,wheretheaverageH I columnden-
sity is below about5� 1020cm� 2 thecoveringfactordropsagain.
Theradialdistribution of starformation(H � brightness)in the
disk shows thesametrendastheholes,suggestingthatthey are
related.

3.3.2. Hole sizes

Thereseemsto be no correlationbetweenthe diametersof the
holesand their distancefrom the centre,except that no holes
larger than 1 kpc exist in the inner 4 kpc. The latter may be
relatedto thegalacticshearassuggestedearlier.

For theholeslargerthan1kpcthesizedistributionis approx-
imately exponential(Fig. 10b).For smallersizes,the numbers
drop sharply. Even thoughthe highestspatialresolutionof the
presentdatais 390 pc, the smallesthole we �nd hasa diame-
ter of 766pc. If we extrapolatetheexponentialsizedistribution
down to theresolutionof thedata,wemissabout250holes.This
wouldmeanthatwe haveonly detected1/3rd of theholes.

Theaveragediameterof theholesis 1.2kpc, which is large
comparedto the typical H I disk scaleheightsfor a galaxylike
NGC6946. If we assumean averagescaleheight h of 200 pc
even the smallesthole in our catalogueof 766 pc size would
reachabout2 scaleheightsabove themidplane.There,thegas
densityis about10% of the midplanedensity. This would im-
ply thatall holesthatwedetectmusthavebrokenoutof thethin
disk into the halo. Oncebroken out, a bubble loosespressure
and the interior is blown into the halo. Without the pressure,
further expansionof the bubble in the planewould seemto be
di� cult. Nevertheless,we detectholeswith sizesup to 3 kpc.
This maysuggestthattheexpansioncontinuese� ectively in the
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Fig.9.Top left: thetotalH I distribution.Middle left: adeepH � imagefrom Fergusonetal. (1998).Topright: theH I atvelocitieshigherthan� 80
kms� 1 with respectto the local galacticrotationat 2200resolution.Middle right: thegaswith deviationshigherthan50 kms� 1 �Bottomright: the
cataloguedholesindicatedby ellipses.Bottomleft: the21-cmradiocontinuum.All panelsareon thesamescale.Theellipsesoutline thebright
opticaldisk (D25).
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Fig.8. Exampleof H I holesandassociatedH II regions.From top to
bottomthe galactocentricdistanceincreases.The left panelsshow the
total H I densitydistribution aroundthe holes.The ellipsesshow the
derivedsizeandorientationof theH I holes.Thebeamis shown in the
bottomleft corner. Theholesnumbersin Fig. 7 are:54 and59 for the
top panel;107 for the middle panel;43, 49, 55 and57 for the bottom
panel.Theright panelsshow thesameregionsin H � , with thedashed
ellipsesoutlining theH I holes.

plane.Someof thelargestholesmayalsobeablendof anumber
of smallerones.

3.3.3. Missing H I

We estimatedthemissingH I massfrom theholesby assuming
that the initial (pre-superbubble)columndensityat the location
of eachholeis thesameastheaveragecolumndensityin its sur-
roundings.Theresultingdistributionof missingmassesis shown
in Fig. 10e.The averageH I massmissingfrom eachholesis
about107 M� . Adding over all holesgivesa total missingH I
massof about1.1� 109 M� , 15%of thetotal H I mass.Thereal
missingH I massis probablysmaller, becausethecolumnden-
sitiesin thesurroundingsof theholesareprobablyincreasedby
thematerialsweptup in theexpansionof theshells.

3.3.4. Age

Theagesof theholesarederivedfrom theirsizesusingtheaver-
ageexpansionvelocity of 20kms� 1. In Fig. 10ca histogramof
the agesof the holesis shown. It shows a peakbetween2 and

Fig.10.Numberdistributionsof thepropertiesof theH I holes.

Fig.11. The averagecovering factorof the H I holesasa function of
thedistancefrom thecentre(blackline) comparedto theradialH I den-
sity distribution (grey line), andtheH � surfacebrightness(connected
stars).

4 � 107 yr. The distribution looks similar to that of the diame-
tersin Fig. 10,sinceweusedthesameexpansionvelocityfor all
holes.Thepresenceof a peakwould suggesta burstof holefor-
mation,but morelikely this shapeis causedby selectione� ects.
As alreadypointedout above, the small (young)holesmay be
missingbecauseof lackof resolutionof theobservationsandthe
old holesareharderto detect,becauseof shearanddistortions
dueto theturbulentISM.

Therearealmostno H I holeswith bright H ii complexesin-
side(seeFig. 8). If theholeswereformedby stellarwinds and
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SN explosionsfrom OB associations,thentheabsenceof these
associationsandH ii complexeswould imply thattheholeswere
formed2 � 107 yr agoor earlier(Heiles1990).

We canalsoestimatean upperlimit to the ageof theholes
takingacharacteristicvaluefor thevelocitydispersionof thegas
to calculatehow long it would take to gradually�ll themin. A
valueof 10kms� 1 for the dispersionresultsin agesbetween4
and8� 107 yr.

Finally, we can calculatehole agesfrom their averageel-
lipticity, assumingthat they becameelongateddue to shearin
thedi� erentiallyrotatingdisk,by usingthemodelsfrom Palous
et al. (1990). Figure 10d shows that most of the holes have
an axis ratio between0.7 and 1.0. The medianvalue is 0.81.
Accordingto Palouset al. (1990),this correspondsto anageof
about4� 107 yr. Thisis nottoodi� erentfrom theotherestimates.

Themodelsby Palouset al. (1990)alsopredictthat thepo-
sition angleof theelongatedholesis a functionof time. We do
not �nd this behaviour. Theholesdo,however, have a preferred
alignmentascanbe seenfrom the histogramin Fig. 10f. Here
weplot thedistributionof pitchangles(anglebetweenthemajor
axisof theholeandthetangentto acircleat thatgalacticradius)
which shows a sharppeakat 30� . This angleroughlycoincides
with thedominantpitchangleof thespiralstructure.

Thereareothere� ectsthatcouldin�uencetheellipticity, be-
sidesshear. Theshapeof theholesis a� ectedby thelimited res-
olution of the data.The smallestholesappearrounderdue to
beamsmearing.Furthermore,thereareindicationsof substruc-
ture in the largestholes,which suggestthat they mayconsistof
asuperpositionof smallerholes.Thiswouldalsoa� ecttheelon-
gation.In addition,thestructureof theISM, in which theshells
expand,mayhaveanin�uence on theshapeof thehole.

3.3.5. Kinetic energy

We estimatetheenergy neededto produceanH I holeusingthe
formula by Heiles (1979).The estimatedinput energiesin our
samplearein therangeof 1053 � 1055 erg. Thesearehigh com-
paredto theenergiesestimatedfor theholesin M 31 (Brinks &
Bajaja1986)andM 33(Deul& denHartog1990).Thisismostly
dueto thelargersizesof theholesin NGC6946.

Silich etal. (1996)�nd in their simulationsthatanOB asso-
ciationgiving anenergy input of 1053 erg createsa superbubble
with adiameterof about1.3kpcandashellmassof 0:6� 107 M�
in 30Myr. Ouraverageholehasasizeof 1.2kpc,amissingmass
of 107 M� , anageof 30Myr but an input energy of � 1 � 1054

erg. Timescales,sizes,andmassesare in goodagreement,but
our input energy is large comparedto thosein the simulations.
However, theuncertaintyin theenergy estimateis high,because
it dependson ill-determinedquantitiessuchasthescaleheight
of thegasdisk andtheassumedexpansionvelocities.If, for ex-
ample,we assumea scaleheight of 250 pc insteadof 200 pc
andassumethatwe have overestimatedthe initial columnden-
sity by 50%,theenergiesdropby a factor2. Furthermore,if we
follow Heiles (1979)and take the expansionvelocity equalto
thevelocity dispersionof thesurroundingISM, which is about
10kms� 1(insteadof the assumed20kms� 1), the energy esti-
mateswould alsobecomesubstantiallylower.

3.4. High-velocity gas

Fig.12showssix representativeposition-velocityplotsextracted
along the lines shown on the total H I map of NGC6946 (top
left). Thesep-v cutsshow theregular, di� erentiallyrotatingdisk

anda variety of featuresat anomalousvelocities,someon the
high-velocity side (as in cut 1), but most of themon the low-
velocity side(asin cut 4), towardsthesystemicvelocity. These
aredeviations(upto about100kms� 1) from circularmotion(we
referto all of themas”high-velocity” clouds),which, in view of
the low inclination of NGC 6946,must be in the vertical di-
rection,showing gasleaving thedisk or falling down onto it. In
somecases(cuts2 and3) thereseemsto beanassociationwith
H I holesin thedisk (Section4.1).Mostof thehigh-velocitygas
is associatedwith the bright inner disk andseemsto have, be-
sidesthe obvious vertical motion, alsoan overall rotation lag-
ging with respectto thatof thedisk (Section3.4.2).Cuts5 and
6 show theouterregionswherethehigh-velocity gasis clearly
associatedwith H I holesin thedisk.This is relatedto thelarge-
scalevelocity wiggles visible in the velocity �eld (Fig. 2 and
Section4.4).

3.4.1. Derotation

In order to study the anomalousvelocity gascomponent,we
have separatedit from theregularly rotatinggasin theH I disk.
We have de�ned all H I emissionwhich di� ers more than 50
kms� 1 from the local di� erentialgalactic rotation as anoma-
lous H I or `high-velocity' H I. For eachposition(line of sight)
we have de�ned the anomalousvelocity Vdev as the velocity
deviation from the velocity of the H I in the disk. The derota-
tion hasbeene� ectedby shifting eachvelocity pro�le in the
datacubein sucha way thatall emissionat velocitiesasrepre-
sentedin thevelocity �eld (Fig. 2) appearsin onesinglechan-
nel. This removesthesystematicmotion (disk rotation)andre-
sults in a datacubewherethe 3rd axis is Vdev. In the derotated
cube(Fig. 13), eachchannelshows H I at a givenVdev(seealso
Boulanger& Viallefond1992).For reference,the total H I dis-
tribution is shown in themiddleframe.

The top and bottom channelsin Fig. 13 show that a sig-
ni�cant amount of H I is presentwith jVdevj larger than 50
kms� 1(seealsoFig. 9). Sincethe H I velocity dispersioneven
in thecentralregion doesnot exceed12kms� 1, thesecannotbe
thewingsof theGaussianvelocity distribution of thegasin the
disk.

3.4.2. Distribution and kinematics

It is clearfrom Figs.9 and13 thatmostof theH I with jVdevj >
50kms� 1 is seenin thedirectionof thebright opticaldisk (out-
linedatR25 by theellipse).

Thehigh-velocity emissionis not distributedsymmetrically
with respectto the centreof NGC6946.The gaswith negative
Vdev is moreextendedto thesouth-west,while thegaswith pos-
itivevelocitiesshows theopposite.In a p-v diagramof theorig-
inal (non-derotated)datathisanomalousgasis thusseenmainly
on the lower rotationalsideof thecold disk emission(Fig. 14)
asa beard(Sancisiet al. 2001).This is similar to what is ob-
served in moreinclinedgalaxiessuchasNGC2403(Fraternali
et al. 2001) and NGC4559 (Barbieri et al. 2005). The beard
in NGC2403hasbeeninterpretedasa manifestationof a lag-
ging H I halo. There is, however, an important di� erence:in
NGC6946,emissionis alsoseenat thehigh rotationalvelocity
side.The velocitiesof this gascannot beexplainedasrotation
(seeSection4.3).

In addition,thereis H I at so-calledforbiddenvelocities,i.e.
apparentlycounter-rotating.An examplecanbeseenin Fig. 14
(right panel) in the quadrantleft of the centreand at positive
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Fig.12.Six position-velocity plotsshowing high-velocity featuresandgasat peculiarvelocitiesin NGC6946.Thetop left panelshows the total
H I mapandvelocity �eld with overlaidthelocationsof thecuts.Contoursareat -0.75,-0.4,0.4(1.5� ), 0.75,1.5,3, 6, 12,and24mJybeam� 1for
thetwo top right panelsandthebottomright panel(2200resolution)and-1.3,-0.66,-0.33,0.33(1.5� ), 0.66,1.3,2.6,5.2,and10 mJybeam� 1for
theotherpanels(1300resolution).Theresolutionis shown in thebottomright corners.Thehorizontalgraydashedline shows Vsys.

velocities.Figure14 alsoshows that thehigh-velocityH I hasa
clumpy structureat high resolution.

Figure15showsthevelocitydistributionof thederotatedH I
emissionafter integrating along the minor axis of the galaxy.
The vertical dashedlines mark the boundaryof the optically
brightdisk.Also shown is theH � emission(datafrom Ferguson
et al. 1998)after integrationin thesamedirection(pro�le at the
bottomof Fig. 15). This diagramillustratesthe overall spatial-
velocitystructureof theH I afterderotation.It clearlyshowsthat:

i) thehigh-velocityH I tailsandtheH � emissionarehighly con-
centratedin thedirectionof thebright inner disk of NGC6946
ii) thereis a remarkableposition-velocityskewnessin thedistri-
bution of thehigh-velocityH I. Theorigin of this skewnesscan
beunderstoodin thisway: thep-v diagramin Fig. 14showsthat
thereis moregasbelow thanabove therotationvelocities.This
is thebeard(e.g.(Fraternaliet al. 2001)).In thederotation,us-
ing the rotationcurve of the disk, obviously the disk emission
movesto velocitiesaround0 kms� 1, while thebeardgas(which
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Fig.13. Channelimagesat 6400 resolutionafter derotation.The channelseparationand width are about10 kms� 1. In the top-left cornerof
eachpanel,thevelocity rangerelative to thedisk rotationis shown. Contoursareat � 2.56,� 1.28,1.28(1:5� ), 2.56,5.12,10.2,20.4,and40.8
mJybeam� 1. Thecentralpanelshows thetotal H I for comparison.Contoursareplottedfor 0.25,0.5,1, 2, 4, 8, 12,and16� 1020cm� 2. Thegrey
line shows thekinematicminoraxis.Theellipseoutlinestheregion insideR25. Thebeamsizeis indicatedin thebottom-leftcornerof thebottom
left panel.

hasvelocitieslower thanrotation) is shiftedto negative veloc-
ities. This is preciselywhat is observed in Fig.16,on the right
side(recedingsideof thegalaxy).A similarshift in theopposite
sense(towardspositive velocities)occurson the left sideof the
�gure (approachingsideof thegalaxy).This gas,in our view, is
locatedin thehaloof NGC6946andtheskewnessis themani-
festationof its laggingrotation(see4.3).

4. Discussion

4.1. Holes and star formation

The mostlikely mechanismfor producingholesin the H I dis-
tributionis theexpansion(andblow-up)of superbubblescreated
by multiple supernova explosionsaroundlarge stellarclusters.
In someof the nearestgalaxies(M 31, M 33, SMC), wherein-
dividual OB associationscanbedetected,a correlationis found
betweentheseassociationsandsmall (< 200–300pc) H I holes
(Brinks& Bajaja1986;Deul& denHartog1990;Hatzidimitriou
et al. 2005).For largeholesandshellsnocorrelationis seen.At
their interior, theH I holesof NGC6946(all largerthan� 800pc)
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Fig.14.Position-velocitydiagramnearthemajoraxis.Theleft panelis at 1300resolution,themiddleat 2200, andtheright panelat 6400resolution.
In all panelsthe contoursareat � 3� , � 1.5� , 1.5� , 3� , 6� , 12� , 24� , and48� . The r.m.s.noisevaluesarerespectively 0.15,0.25,and0.43
mJybeam� 1. Theverticaldashedline indicatesthecentreof thegalaxy, thehorizontaldashedline thesystemicvelocity.

Fig.15.A total H I pv diagramfor NGC 6946parallelto themajoraxisafterstrip integrationof thederotatedH I emissionalongtheminor axis.
Thebottompro�le shows theH � emissionalsointegratedalongtheminoraxis.TheverticaldashedlinesindicatetheD25 of NGC6946.Contour
valuesare1, 2, 4, 8,...,256(arbitraryunits).

generallyshow no bright optical/UV emission,no radiocontin-
uum(Fig. 9) andnoFar Infrared(FIR) emission(Contursiet al.
2002).Thissuggeststhattheseholesarereallydevoid of gasand
dustandstarformation.

During their formation, the interiors of the bubbles are
thoughtto containhotgas,heatedby theSNexplosionsandstel-

lar winds, that shouldbe observablein X-rays.Chandraobser-
vationsof NGC6946(Schlegel et al. 2003)show di� useX-ray
emissiontoward thestarforming regions(tracedby the largest
H ii complexes,seetheir Fig. 3) but only a few regionswith X-
rayemissioncoincidewith H I holesin oursample.Thoseholes
arealsothefew casesthatcoincidewith bright starclusters.
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Fig.16.Exampleof a holecoincidingwith anH � bubbleandH I out-
�o w next to it. The top left panelshows the channelat 8 km/s (hel.
velocity) in which the hole is bestseen(greyscale).Thebeamis indi-
catedby theshadedellipse.Thetopright panelshows theH � emission
in greyscale.Thebottompanelsarepv-diagramsalongthedashedlines
in thetop left panel.Thecrossesindicatetheresolution.

In Fig. 16 we show a close-upof the hole labelledas 51
in Fig. 7. This is a sphericalH I hole with a diameterof about
800pc, amongthe smallestin our sample.In the samedirec-
tion anH � bubbleis detected,whichseemsto �ll theH I cavity
(Fig. 16, top right). At the westernrim, oneor moreOB asso-
ciationsareseensurroundedby a bright H ii complex. The H I
kinematicsshowsatwo-sidedspurwhichseemsto becentredon
the H ii complex andcanbe interpretedasan out�ow (Fig. 16,
bottompanels).Thereis X-ray emissioncoincidingwith theH �
bubble,which indicatesa hot interior. The presenceof theH �
bubble,theX-ray emission,aswell asthesmallsizeandspher-
ical shapeindicatethat theH I hole is still relatively young.We
estimateanageof 1:9 � 107 yr.

Themostextendedregionwherestellaractivity seemsto co-
incidewith a groupof H I holesis thenorth-easternspiralarm,
about6 kpc from the nucleus.In optical this spiral arm seems
thicker thantheothersandin H I it appearssplit by a groupof
H I holes,the largestof which is nr. 20 (seeFig. 7). Insidethe
holes,largeclustersof bluestarsareseen.Thehighcontrastand
colour di� erencewith its surroundingscould alsobe the e� ect
of extinction.Di� usesoftX-raysaredetectedovertheentirespi-
ral arm aswell asdi� useH � emission(Fergusonet al. 1998).
Figure9 shows thatthereis high-velocitygasin thedirectionof
theholes.

Expandingshellsareexpectedto compressthesurrounding
ISM enhancinggravitational collapseand triggering new star
formation.In NGC6946thereis strongevidencefor this taking
place.Fig. 8 shows clearexamplesof bright H ii regionsin the
rimsof theH I shells.Notethatthey belongto verydi� erenten-
vironments:acrowdedregioncloseto thenucleus(upperpanel),
thelargeH I holenr. 107in thewesternspiralarm(middlepanel)
andthenorthernspiralarmbeyondR25 (bottompanel).

To testthehypothesisthatH I holesareformedby explosion
of a large numberof supernovaewe cancomparethe energies
associatedto the two processes.For the star-formation rateof

NGC6946we take the estimatefrom FIR andC+ emissionby
Sautyet al. (1998),which gives4 M� yr� 1. This correspondsto
aSNrateof about4 � 10� 2 yr� 1 anda full energy inputof � 6 �
1055 erg Myr � 1, having includedalsoa contribution from stellar
winds. On the otherside of the balance,the energy neededto
createtheholesin NGC6946is 1:8 � 1056 erg (usingtheenergy
formulaby Heiles1979).Giventhat the typical lifetime for the
H I holesis of about30Myr, therequiredenergy input becomes
6� 1054 erg Myr � 1, about10%of theavailableenergy from SNe.

Althoughtheenergy budgetsseemroughlyright for thestel-
lar feedbackto producetheholes,it is still a puzzlethatwe ob-
servemany H I holeswithoutprogenitorremnants.If a holewas
formedby 1000 SNe,an over-densityof the lower massstars
that formed togetherwith the massive SNe-progenitorswould
beexpected:6000uppermainsequencestars(lateB, A, andF)
shouldremainafter 108 yr (Rhodeet al. 1999).After that time,
theclusterswill nothavedispersedsigni�cantly andthey should
beobservableasbluepointsourcesinsidetheholes.Possibleex-
planationsarethattheagesof theholeshavebeenlargelyunder-
estimatedor thattheholesareformedby thecombinede� ectof
severalsmallclusterswhich would leadto a muchmoredi� use
emission.

Alternatively, the holescanbe formedby collisionsof gas
cloudswith theH I diskof thegalaxy(Tenorio-Tagleetal. 1986,
1987;Vorobyov & Basu2005).In NGC6946therearesomein-
dicationsthatthis mayoccasionallybehappening.Fig. 12 (bot-
tom right) shows a p-v plot from theouterpartsof theH I disk.
Largedeviationsfrom normalrotationaredetectedin this area
asonecanseealsofrom the velocity �eld in Fig. 2. The high-
velocitygas,visiblein Fig.12,is shiftedby about50kms� 1 with
respectto thesurroundinggasandfollows thekinematicaldis-
tortion of the spiral arm wiggles.It is detectedin an inter-arm
region wherestar formation is scarceor absent,which makes
the possibility of a stellarorigin quite unlikely. A cloud colli-
sionin thisareamaybeadvocatedalsoto explain theprominent
spiralarmsin theouterdisk (seealsoSancisiet al. 2008).

4.2. Holes and high-velocity gas

Mostof thehigh-velocitygascomplexesarefoundin regionsof
high hole density(Fig. 9) predominantlywithin the star form-
ing, optical disk asoutlinedby R25. However, the asymmetric
distributionof theholesto thesouthis not re�ectedin thedistri-
bution of high-velocityH I (Fig. 9, middle-rightpanel)showing
that the connectionbetweenholesandthe high-velocity is not
straightforward.

Onthesmallscalethereareonly afew casesof clearconnec-
tionsbetweenhigh-velocity gasandholes.A possibleexample
is givenby cutsnr. 2 and3 in Fig.12wherealargehigh-velocity
cloud(mass2:5� 106M� ) is detectedshiftedby about80kms� 1

in thedirectionof theholenr. 108.Smallercomplexesarealso
observed in connectionwith the remarkablehole nr. 107 (cuts
nr. 3 and4).

The lack of an obvious connectionwith the holescan, in
somecases,be explainedby taking into accountthe di� erent
kinematicsbetweendisk andhalo.Accordingto galacticfoun-
tain models(Collinset al. 2002;Fraternali& Binney 2006),gas
canstay in the halo for abouthalf a rotationperiod(few 107–
108 yr). Sincethehalois rotatingmoreslowly thanthecolddisk,
this time is longenoughfor thegasto drift a few kpcawayfrom
its origin in thedisk.

If the high-velocity gasis producedby the blow-out (into
the halo) of the superbubblesthat producethe holes in disk,
themissingmassfrom theholesshouldbecomparablewith the
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massof gasat high velocities.The H I massmissingfrom the
holesis 1:1 � 109M� , while theamountof H I with jVdevj > 50
kms� 1 is 2:9 � 108 M� . The former may be overestimatedbe-
causeof the reasonsdescribedin 3.3.3.The latter is certainly
underestimatedbecauseit doesnot take into accountthehydro-
gen that hasbeenionisedand,especially, the large fraction of
H I with smallerjVdevj. In fact, if we lower the cut in velocity
to jVdevj > 40 kms� 1, the total amountof high-velocity H I be-
comesof order109 M� . Weconcludethatthemissingmassfrom
theholesandthemassof high-velocityH I arecomparable,sup-
portingthehypothesisthatthetwo phenomenaarerelated.

4.3. Extra-planar gas

Whereis the high-velocity gaslocated?Is it extra-planar?The
observationshaveshownthat:1) Thehigh-velocitygasis mainly
seenin the directionof the inner, optically bright disk (Figs.9
and14). 2) Thereis moregaswith lower thanwith higherve-
locitiesascomparedto the local disk rotation,2:4 � 108 M� vs.
0:5� 108 M� (Figs.14and16).Thisshowsupasastrikingasym-
metry/skewnessin �g. 16.

Resultnr. 1 pointsto a fountainorigin of the high velocity
H I and,consideringthe low inclination of thegalaxy, themo-
tion is probablydominatedby verticalout- andin-�o ws. In this
caseonewould expect,contraryto resultnr. 2, symmetry(i.e.
equalamplitudesandequalamountsof gas)betweenthe lower
andthe highervelocities.Resultnr. 2 resembles,instead,a so-
calledbeard(Sancisiet al. 2001)andleadsus to think that the
high-velocity gas(or a large fraction of it) is extra-planarand
rotatesmore slowly than the gasin the disk. Also NGC6946
seems,therefore,to besurroundedby a lagginghaloof coldgas
as NGC 891 (Swaterset al. 1997; Oosterlooet al. 2007) and
NGC 2403(Schaapet al. 2000;Fraternaliet al. 2001).We do
not derive theamplitudeof thelag but it is clearthat,for theef-
fect to besostriking (asin Fig. 16), the lag in rotationmustbe
quitepronounced,asfoundin NGC891(Oosterlooetal. 2007).
It is not known what is causingsucha largerotationalgradient.
It seemsunlikely thatgalacticfountainmodels,by themselves,
canexplain it (Fraternali& Binney 2006;Healdetal. 2006).For
NGC891andNGC2403it hasbeensuggestedthatthegradient
is theresultof interactionsbetweenthefountaingasandaccret-
ing ambientgascarryinglow angularmomentum(Fraternali&
Binney 2008).

4.4. Interactions and accretion

Earlierobservationsreport“no signaturesof interactionsin the
NGC6946system”(Pisano& Wilcots2000).Wehavedetected,
however, a plume-likestructureat thenorth-westernedgeof the
disk (Fig. 17), that may be relatedto a recentinteraction.This
plumeis a very faint featurethatcanberevealedonly with high
sensitivity and at low resolution.That is probablywhy it was
missedin previousobservations.

The velocity of the plume is in the samerange as the
two companiongalaxiesthat happento be on the sameside
of NGC6946. Their projecteddistancesfrom the centre of
NGC6946areabout33and37kpcrespectively. Wedid not �nd
any emissionin betweenthemandtheplume.However, faraway
from thepointingcentrethesensitivity of ourobservationsdrops
rapidly becauseof theattenuationby theWSRT primarybeam.
At thepositionof thecompanions,thesensitivity is only 2% of
that at the centreof the �eld. To overcomethis problemnew
observationsweremadewith thetelescopepointingin thedirec-

tion betweenNGC6946andits companions;but no connection
wasfoundbetweentheplumeandthecompanions.Thelimiting
columndensityis about5 � 1019 cm� 2.

A lowerlimit for themassof theplumeis about7.5� 107 M� .
This is of the order of the gas mass of the companions
(1.2� 108 M� and 8.8� 107 M� ). It is possiblethat we witness
the aftermathof the accretionof a third companiongalaxy. In
deepopticalimagesnoemissionis visible in thedirectionof the
plume.If, however, the companionhasbeentidally disrupted,
thesurfacedensityof starscanbewell below thedetectionlimit.
Theplumemayalsohaveformedoutof anintergalacticH I com-
plex whichcontainsnostars.Alternatively, theplumeisoriginat-
ing from theH I disk of NGC6946,pulledout from thegalaxy
by tidal interaction,which would alsoexplain the similarity in
velocitywith thediskof NGC6946at thatposition.

ThereareotherindicationsthatNGC6946mayhave under-
gonetidal interactionsin therecentpast:

1. Its lopsidedness.Both its H I andstellardistribution are
somewhat asymmetric.Also its kinematicsis lopsidedin the
outerparts:the rotationcurveswhich have beenderived sepa-
ratelyfor theapproachingandfor therecedingside(Fig. 4) dif-
fer at largeradii (oneremains�at while theotheris declining).
It hasbeensuggestedthat lopsidednesscanbeproducedby re-
centor ongoingaccretion(Zaritsky & Rix 1997;Bournaudetal.
2005).

2. The sharpedgeof the H I disk on the south-westside.
Suchedgesareseenin galaxiesthat undergo tidal interaction,
e.g.M 51 (Rotset al. 1990)andM 81 (Yun et al. 1994).Ram
pressureseemsunlikely here,in the absenceof a densecluster
medium.

3. The peculiarkinematicalstructure(H I cavity andhigh-
velocity) in theouterdisk,outsidethestarforming regions(Fig.
12, cut 6). This shows up as a strong wiggle in the velocity
�eld whichextendsfor 10-15kpc following theprominentouter
spiral arm (Figs. 2 and12). If the observed structurehasbeen
causedby a gascomplex falling in andpenetratingthedisk,this
musthaveoccurredquiterecently, probablynotmorethanafew
times107 yr, aswe still seethehigh-velocityH I locatedwell in
front of thehole(seealso4.1).

5. Summar y and conc lusions

We have reported21-cm line observations,amongthe deepest
for a spiral to date,of the low-inclination galaxy NGC6946.
We have found:

1) A largenumberof holesin theHI disk. Sizesareup to 3
kpc diametre.They aremostly locatedwithin thebright optical
diskandpreferentiallyin regionsof highH I columndensityand
star formation.Their agesare in the rangeof 1 to 6 � 107 yr.
Someof themhaveH ii regionsat their rims.

2) Widespread,clumpy high-velocityH I. Thevelocitiesare
up to about100kms� 1 (for thefaintestfeaturesat thedetection
limit). Mostof thehigh-velocitygasisseenin thedirectionof the
innerbrightopticaldisk.It hasarotationalcomponentfollowing
the disk rotationbut laggingbehindit. Thereis alsosomeH I
at forbiddenvelocities.The total massof the gaswith jVdevj >
50kms� 1 is 2:9 � 108 M� , 4% of thetotalH I mass.

3) A largeH I outerplume,sharpouteredges,anda lopsided
structureandkinematics.In the outerpartstherearealsopro-
nouncedvelocitywigglesandassociatedH I cavities.

4) H I disk velocity dispersionreachingmaximumvaluesof
12-13 kms� 1 inside R25 and decreasing(linearly) down to 6
kms� 1in theouterparts.

We concludethat:
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Fig.17. Total H I mapat 1300and6400resolutionof NGC6946andtwo companions.Themaphasbeencorrectedfor primarybeamattenuation.
The greyscaleshows the high resolution.The contours(1.25,2.5, 5, 10, and20� 1019 cm� 2) show the 6400 low resolutionH I distribution. The
highestemissioncontourshave beenleft out.Thesizesof thebeamsfor bothresolutionsareshown in thelower left corner.

1) The high-velocity H I is extra-planargaswhich rotates
moreslowly thanthe disk. This hasthe samepropertiesasthe
H I halos found in nearbyspiral galaxiessuch as NGC891,
NGC2403andalsotheMilk y Way (IVCs andHVCs).

2) Most of this extra-planarH I is fountaingaswhich origi-
natesfrom theregionsof starformationin thebright innerdisk
andis probablyrelatedto thepresenceof thenumerousH I holes.

3) Thereis evidence,mainly in theouterpartsof NGC6946,
pointingto recenttidal encountersandminormergers.
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