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ABSTRACT

We present studyof thedistribution andkinematicsof the neutralgasin thelow-inclination ScdgalaxyNGC6946.Thegalaxyhas
beenobseredfor 192hoursat21-cmwith the WesterborkSynthesidRadioTelescopeTheseareamongthedeepesbbsenationsever
obtainedfor a nearbygalaxy We detectwidespreachigh-velocity H | (up to about100kms 1) and nd 121H | holes,mostof which
arelocatedin theinnerregionswherethe gasdensityandthe starformationrateare higher Much of the high-velocity gasappears
to berelatedto starformationandto be,in somecasesassociateavith H | holes.The overall kinematicsof the high-velocity gasis
characterizedby a slower rotationascomparedvith theregulardisk rotation.

We concludethatthe high-velocity gasin NGC6946is extra-planarandhasthesamepropertiesasthegaseousalosobseredin other
spiralgalaxiesincludingthe Milky Way. Stellarfeedbackgalacticfountain)is probablyat the origin of mostof the high-velocity gas
andof the H| holes.Therearealsoindications,especiallyin the outerregions,—anextendedH | plume,velocity anomaliessharp

edgesandlarge-scaleasymmmetriespointingto tidal encounteraindrecentgasaccretion.
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1. Intr oduction

DeepH 1 suneys of nearbyspiral galaxiescarriedout in recent
yearshave revealedthe presenceof cold extra-planargasand
have openeda new chapterin the study of the disk-halocon-
nection.An extended,laggingH 1 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). Some of these(e.g. NGC2403, Schaap
et al. 2000; Fraternaliet al. 2001) are not edge-on,and the
presencef extra-planarH | hasbeeninferredfrom its anoma-
lous velocities.In the Milky Way, halo gascomponentsirethe
well-known Intermediate-¥locity Clouds (IVCs) and, as con-
clusively shawvn by recentdistancedeterminationgWakker etal.
2007,2008),alsothe High-Velocity Clouds(HVCs) (Wakker &
vanWoerden1997).

The origin of the halo gasis still an open question.One
of the mechanismgroposeds the so called GalacticFountain
(Shapiro& Field 1976;Bregman1980)accordingto which gas,
heatedby starsand supernevae,leavesthe disk and movesvia
chimneys in the vertical directionto fall back,eventually onto
thedisk. Thereis alsoevidence however, that partof the extra-
planargasmustbeinfall from intergalacticspacg(Sancisiet al.
2008).1t is likely, for exkample thatthe GalacticHVCs, because
of their low metallicity, are suchaccretedgas(van Woerden&
Wakker 2004).

Mostof theobsenationswhichhaverevealedhepresencef
extra-planaigashave beencarriedoutfor spiralgalaxiesviewed
edge-onor highly inclined. Naturally, they have beenusedto
studythe vertical extent of the extra-planarH | andits rotation.
A more “face-on”view is requiredto investigatethe gas mo-
tion perpendiculato the plane,to detecthigh-velocity gasand

to studyits possibleconnectionsvith structuresn thedisk, such
asspiralarms,H | holes,starclustersandH Il regions.

For this purposewe have carriedoutavery sensitve H | sur
vey with the WesterborkSynthesidRadio TelescopdWSRT) of
the nearbyspiral galaxy NGC6946.This is a Scd galaxyseen
at low inclination shaving high-level star formation activity
(Degioia-Eastwod et al. 1984). The bright optical disk (R <
R2s5) shavsmary largeH ii complexes.SomeH ii regionsarealso
presentin the outerarms(Femgusonet al. 1998). Furthermore,
thereis an extendeddisk of di useH and X-ray emission
(Schlegeletal. 2003).

Over the last 30 years,NGC6946 hasbeenobsened sev-
eraltimesin the21-cmline. Rogstacetal. (1973)madethe rst
synthesisobsenation at the OwensValley Radio Obsenatory.
Their HI mapalreadyshoved a gasdisk that extendswell be-
yond the optical image and deviations from circular rotation
couldbeseenin theirvelocity eld despitethelow resolutionof
2° Tacconi& Young(1986)con rmed theseresultswith their
40"datafrom the Very Large Array. Carignanet al. (1990)and
Boulanger& Viallefond (1992) madea more detailedstudy of
thekinematicsandthedistribution of theH | in NGC6946using
the WSRT. They werethe rst to reportthe presencef holesin
theH 1 distribution. In addition,they reportedthe detectionof a
di usefastgascomponentndof a few isolatedhigh-velocity
H 1 clouds.Kamphuis& Sancisi(1993)studiedthe widespread
high-velocity H1 and found that this is predominantlylocated
in the directionof the bright optical disk suggesting link with
stellarwindsandsupern@ae(i.e. agalacticfountain).Kamphuis
(1993) also madethe rst detailedstudy of H1 holesin this
galaxy

Cataloguesf H1 shellshave beencompiledfor the gas-rich
galaxiesin the Local Group, suchas M 31 (Brinks & Bajaja



1986),M 33 (Deul & denHartog 1990),the LMC (Kim et al.
1999)andSMC (Stanimirovic etal. 1999).Many H | holeshave
beendetectedn galaxiesin neighbouringgroups:Ho Il (Puche
etal. 1992),NGC2403(Thilkeretal. 1998),IC 2574(Walter &
Brinks 1999),M 101 (vanderHulst & Sancisi1988;Kamphuis
1993),andIC 10 (Wilcots & Miller 1998).The shellsandholes
are commonlythoughtto have beenproducedby clusteredsu-
pernovaexplosionsandstellarwinds(Tomisaka& Ikeuchil986;
McCray & Kafatos1987;Mac Low & McCray 1988; Tenorio-
Tagle & Bodenheimer1988). Simulationsshow that theseare
enegetic enoughto form kpc-sizebubblesand chimneys (see
e.g.deAvillez & Berry 2001),which would appearasholesin
theH | distribution, whenobsenedin anexternalgalaxy

Here,we reportthe mainresultsof a new, deepH | studyof
NGC 6946 with the WSRT. In particular we draw attentionto
the presencef alarge numberof H 1 holes(Section3.3) andof
gascompleeswith anomalouwelocities(Section3.4). We dis-
cusstherole of starformationandervironmentin the formation
of thesefeatureqSectiord).

2. Obser vations and data reduction

We obsened NGC6946 (Table 1) with the upgradedWSHRT,
which hascooledfrontendson all 14 telescopesSixteen12-hr
obsenationsweremadebetweerDecembefl52001andJune?
2002.We usedthe WSRT 36,54, 72 and90m con gurationsto
achievze auniformuv-coverage Each12-hrobsenationwaspre-
cededby a shortobsenation of 3C286andfollowed by a short
obsenationof 3C48or 3C147for calibrationpurposes.

Table 1. Generainformationon NGC 6946

Type SAB(rs)cd 1
Distance 6 Mpc 2
Positionof nucleus (2000) 20'34"52.3 3
(2000) 60 0914%
Kinematicalcentre  (2000) 20'34"52.36 0.13 5
(2000) 60 0913 2%
Holmbeg radius 7.8 4
aDys 11.2 4
disk scalelength 1.9 4
Positionangle 242 5
Inclinationangle 38 2 5
Veys 43 3kmst 5
Mg -21.38 4
Lg 53 109 4
HI mass (67 01) 1°M 5
21-cmFlux 788 12Jykms?! 5

Corversion1® 1.75kpc

Notes

a diameterat the 25 B magarcsec?
! deVaucouleurstal. (1976)

2 Karachentseetal. (2000)

3 vanDyk etal. (1994)

4 Carignaretal. (1990)

5 this study

The uv-data reductionwas performedwith the MIRIAD

the quality of the datawe usedself-calibrationon the contin-

uumin additionto the cross-calibrationand correctedresidual
phaseerrorsusingan iterative procedureThe rst stepwasto

form amodelof thesky brightnesdlistribution of thecontinuum
emissiorusingCLEAN componentsWith thatmodel,thephase
errorswerecorrectedAfter this rst improvemenbf thecalibra-
tion, abettersky modelcouldbe de ned for the next iteration.

ThedatawereFouriertransformedvith arobustnessveight-
ing of 0 (Briggs 1995).For the decowolution of the dataat the
highestresolution,the multi-resolutionclean(MRC) algorithm
(Wakker & Schwarz 1988)wasusedwithin the GIPSY package
(vanderHulstetal. 1992;Vogelaar& Terlouw2001).Thiswas
necessarpecausef thelargeextentof theH | emissionin each
channelThe MRC algorithmwasableto producechanneimaps
with a at noiselevel. The resolutionof the mapsis 12°0 14%
andther.m.s.noiseperchannelis 0.22mJybeam*. Theveloc-
ity resolutionis 4.2kms 1.

We alsoconstructedow-resolutionsetsof channelmapsto
optimisethe signal-to-noiseatio for extendedemission.These
setswere CLEANed in MIRIAD using the Clark algorithm.
The resultingcleanbeamsfor the low-resolutiondatasetsare
20.7° 23.4%and63.6° 65.68° The noiselevel per channelfor
the 22%resolutionsetis 0.34 mJybeam?! andfor the 65°
data cube 0.5 mJybeam?!. The obsenational parametersare
listedin Table2.

Table 2. Observingparameters

Dateof obserations

Dec.2001-Jun.2002

Total observingtiime 16 12hours
Obseredbaselines 36—2772m, step:18m
Fieldcentre (2000) 20'34"52.3

(2000) 60 0914

Heliocentricvelocity of centralchannel 48kms *

Total bandwidth 5and10 MHz?
FWHM of primarybeam 36°
Calibrationsources 3C286,3C48,3C147
Radiiof rst gratingring ( ) 404° 471°
Numberof antennas 14

Numberof channels 512and1024
Channekeparation 2.1kms?!

FWHM velocity resolution 4.2kms !

Frequeny taper Hanning

FWHM of synthesisetbeam 1200 1400

R.m.snoiseperchannel 0.2mJy(beamarea)?®
CorversionfactorTg(K)/S(mJy) 3.6

Note—2 The rst 8 obserationshave beendonewith 512 channels
and5 MHz bandwidth theresthasbeenobseredwith 1024chan-
nelsand10 MHz bandwidth.

3. Results
3.1. H1 distribution

Figure 1 shavs thetotal HI mapof NGC6946 comparedo an
opticalimagefrom the Digitized Sky Sunwey (samescale).This
H I mapwasconstructedrom the high-resolutiordatacubeus-
ing 64%%resolutionmasksto de ne the areaof the emissionin

package(Sault et al. 1995). We usedas bandpassan average eachchannebeforeaddingthemto producethetotalH I map.

of the calibrationobsenationbeforeandaftereachl2-hrrun.In

addition,the datawere HanningsmoothedThe continuumhas
beensubtractedy interpolatingit with a 2"9-orderpolynomial
omittingthechannelsvith H | line emissionIn orderto improve

As seenin mary spiralgalaxiesthe H 1 diskis muchmore
extendedthanthe bright optical disk. The inner gasdisk shows
the samepatternof lamentary spiral-armstructureasthe op-
tical. Outwards, the spiral armsbecomemore pronouncedAt



Fig. 1. Theleft panelis a colour compositeof the Digitized Sky Suney plates.Theright panelis the deep(192 hoursintegration)H | mapon the
samescaleasthe optical. Columndensitiesangefrom 6  10° cm 2 to 3.7 10%* cm 2. TheH 1 in the centreis seenin absorptioragainstthe

bright core,producinga blackspotontheH | map.

leastthreespiralarmscanbetracedwell. Thenorthernarmis the
mostgasrich. It is moreopenandthereis a high arm-interarm
contrast.Theinner HI disk shows a sharpedgeon the side of

thenorthernspiralarm.All outerspiralarmsbifurcatehalf way;

giving theouteredgea frayedappearanceith mary shortspiral

fragmentqFig. 2, left panel),exceptfor the south-westeredge.
The outerarmsalso containstarsas shovn by Fergusonet al.

(1998)(seealsoFig. 10in Sancisietal. 2008).

Also visiblein Fig. 1 andin Fig. 2 isaprominentH | absorp-
tion in the centre(theblackandthewhite dotrespectiely). This
absorptionis dueto H | seenagainstthe bright radio continuum
nuclearsourceln Fig. 2 (left panel)aminor bar (positionangle

10 ) andtheinnerspiralarmsappeasymmetriowith respect
to theopticalandradionucleus.

In the outer partsthe H1 disk is asymmetric,.e. more ex-
tendedtoward the south-eastermlirection with respectto the
bright optical disk (Rzs, which is indicatedby the ellipse in
Fig. 2, seealso Fig. 17). Despitethis lopsidednessthe outer
spiral patternof NGC6946is quite symmetric.If we rotatethe
galaxyimageby 180 andshiftit by about1®to thesouth-south-
eastthenthe northernandsoutherrspiralarmfall perfectlyon
top of eachother

Figure3 showvs theglobalH | pro le for NGC6946andfor
two companiongalaxies(seeSection4.4). The positionsof the
latter with respecto NGC6946canbe seenin Fig. 17. Thein-
tegratedH| ux of NGC6946is 788 Jy kms 1. If we usethe
distanceof 6 Mpc asdeterminedby Karachentseet al. (2000),
we obtaina total HI massof 6.7 10° M . This is the sameas
the H1 massfound by Carignanet al. (1990) (after corverting
their massto our adopteddistance)with the WSRT, usingad-
ditional short-spacingneasurement®©ur resultsare consistent
with thoseof singledishmeasurement8 10° 20%M ac-
cordingto Gordonetal. 1968)indicatingthatwe arenot missing
arny ux in ourmeasurementfogstacetal. (1973)reportasim-
ilar valueof 7:4 10°M .

3.2. Large-scale kinematics

Someof the velocity channels(at negative velocities) are af-
fectedby foregroundemissiorfrom H 1 in our galaxy Thisfore-
groundemissiorcould,however, beremovedalmostcompletely
becaus®f thedi erencean angularscalecomparedvith theH |
structuresn NGC6946.A striking featureof theH 1 line pro-
les of this galaxyis the presencealreadynoticedby Boulanger
& Viallefond (1992) and by Kamphuis& Sancisi(1993), of
extendedvelocity wings at low emissionlevels, dueto gasat
anomalouselocity with respecto the disk's rotation.To deter
mine the velocity of the peaksand obtainthe velocity eld of
NGC6946,we tted a Gaussiarto the upperpart (above 25%)
of eachpro le, discardingthelow intensity broadenegbart. We
includeda 3"-orderHermitepolynomialin the t to accountor
asymmetriesn the pro les. For mary pro les a t to thewhole
pro le with asingleGaussianithoutHermitepolynomialsgave
the sameresult;in regionswith broad,asymmetricpro les the
di erencebetweerthetwo ts wasarounds kms . Theuncer
tainty in thevelocity eld increasedn the outerregionsbecause
of the lower signal-to-noiseatio. Theresultingvelocity eld at
22resolutionis shavn superposedn the H | densitydistribu-
tionin Fig. 2.

Although NGC6946 has a fairly low inclination (inclina-
tion angle38 ), di erentialrotationclearly shavs up anddom-
inatesthe overall kinematicsof the galaxy NGC6946 appears
to be a regularly rotating galaxy Thereare no apparentarge
distortionswithin the optical radius (marked by the ellipse in
Fig. 2), exceptsomesmall-scalewiggles. Someof the wiggles
in the inner regionsfollow the structureof the H1 spiral arms
and can probablybe attributed to streamingmotionsalongthe
arms.Their amplitudeis of theorderof 15kms ! (correctedor
inclination)if the motionsarein the planeof thedisk.

In the outerpartsthevelocity eld becomesnoredisturbed.
On the northernside the iso-velocity contoursare benttoward
theapproachingide(NE) overalargearea.The sharpesgradi-
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Fig. 3. GlobalH 1 pro le of NGC6946 andthe two companionsThe
shadedband indicatesthe channelswhich are strongly a ected by
GalacticforegroundemissionTheinsetshawvs a blow-up versionof the
pro les of thecompanionsTheblackline is thepro le for UGC 11583,
thedashedyrey-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
whole westsideof the disk and may be relatedto the plume of

H 1 onthenorth-westerrside (seesectiond.4).

The mostprominentdisturbancen the velocity eld of the
outerdiskis seenin the southerrside.Closeto the southerrspi-
ral arm,the wigglesarevery large: the velocitiesdrop by about
40kms 1(seeFig. 2 andsection3.3).

3.2.1. Rotation curve

We performeda tilted-ring tting of the velocity eld in Fig. 2
following the schemedescribedby Begeman(1989).A similar
analysisfor NGC6946hasbeendonebeforeby Carignanet al.
(1990).We iteratively improvedthe t by xing the parameters
one by onestartingwith the centreof the rings. The kinematic
centrecoincideswith thenucleuswithin theuncertaintiesVsysis
constanbutto aradiusof 12.5kpc andincreasest largerradii.
This behaiour hasbheenobsened in othergalaxiesandinter
pretedasa possibleo setbetweenthe inner disk andthe dark
matterhalo (Battagliaet al. 2006).We took the averageof the
innerdisk, whichis 43 1kms %. Thisdi ersslightly from the
Vsys thatwe derive from theglobalpro le: 47 2kms 1. Except
for adip at R = 11kpc, which seemsrelatedto the outerH |
arm, the tted inclinationangleappearapproximatelyconstant
(Boomsma2007).We adopta constanwalueofi =38 2.

Therotationcurves,derivedseparatelyor thetwo sides,are
shavnin Fig. 4. For radiioutto 13kpc, they aresimilar. In the
outerparts,thedi erencedecomearge. Thesedi erencesre
alsoseenin Fig. 5, wherewe shov the averagerotation curve
overlaid on a position-\elocity plot alongthe major axis of the
galaxy The rotation curve is determinedout to about21 kpc
( 2Res).

In Fig. 4 we show theformal errorsof the t. Theactualun-
certaintiescanbe estimatedusingthe di erencein rotationve-
locity betweerthe meanrotationcurve andthe curveson either
sides(cf. Swaters1999).This procedurdeadsto errorsof 3 4
kms lin theinnerpartsrisingto aboutl0kms ‘beyond13kpc.
Furthermorepneshouldincludethe2 uncertaintyin theincli-
nation, which introducesanothersystematics% uncertaintyin
therotationvelocities.

The signal-to-noisein the outer regions is better at
64°tesolution.On the recedingside (west), thereis, however,
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a sharpedgeandtherotationcurve cannotbe determinecut to
radii largerthan 21 kpc. Onthe approachingidetherotation
curve continuesdecliningoutto thelastmeasuregbointatabout
28 kpc. Also the t of the velocity eld at 64%°resolutiongives
no indicationsfor a changean theinclinationatlargeradii.

3.2.2. Velocity dispersion of the cold disk

As mentionedearlierin this section,mostH 1 velocity pro les

shav a nearly Gaussiarshape Figure 6 shavs the azimutally
averagedvaluesof the velocity dispersion(seealsoBoulanger
& Viallefond 1992). This decreasesith radius from about

13kms ! in thecentreto abouts kms * in theoutskirts Around
R2s5 thereis adropo followed by a remarkabldinear decrease
from9kms *to6 kms L. Therunof velocity dispersionsn the
innerregionsis muchlessregularthanin the outerregions,with
bumpsat R = 2 and4 kpc. The generaldecreasérom the inner
to the outerpartsis similar to thosefound for M 101andNGC
628 (seeKamphuis,PhDthesis1993).
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Fig. 6. Radialpro le of theH | velocity dispersiorin NGC6946at 13°
resolution.The dispersiongare correctedfor instrumentabroadening.
The dashedine shavs the approximatdinear trend of the dispersion
in the outerdisk extrapolatedto smallerradii. Rys is indicatedby the
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3.3. HI holes

ExpandingshellsandH | cavities presenta clearly recognisable
patternin velocity-spacendare,therefore gasietto identify on
position-\elocity (p-v) mapsthanon channeimaps A disadwan-
tageof only looking in velocity-spacds that one can mistale
interarmregionsfor shellsor holes.Interarmregionsare,on the
other hand, easily recognisablén channelmaps,so the safest
proceduras to identify shellsinspectinghefull 3-D datacube.

The hole-typeidenti cation schemes the sameasadopted
by Brinks & Bajaja(1986).Therearethreetypesof holes:Type
1is anopenhole,withoutexpandingshell,andin a p-v diagram
it appearsasadensitygap.Type?2 is characterisedly a velocity
shiftin the p-v diagram.In type 3 holesthereis a clearsplitting
of the line pro les into two componentsSeealso Figure 1 in
Deul & denHartog (1990) for a clear illustration of the three
types.

In the centralpartsof NGC 6946 we may misssomeholes
becaus®f the strongshearOn the north-eastersideit is more
di cult to identify the holes becauseof Galactic foreground
emission.

Theholesareshawn in Fig. 7 asellipsesindicatingsizeand
orientation.Fig. 8 shavs examplesof H holescomparedo the
H emissionin thesameregions(seeSectior4.1).

3.3.1. Distribution of H1 holes

We nd 121H 1 holesdistributedoverthewholedisk, but mainly
in regionswith highH | columndensity(Fig. 7). As comparedo
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thestarlight,the distribution of the holesappeard¢o be moreex-
tended:mary arefound outsideR;s wherethe stellardensityis
low (Fig. 9, bottomright). Furthermoretheholesareasymmetri-
cally distributedascomparedo the bright opticaldisk, although
someasymmetnyis alsoseenin thelow level stellarbrightness.
Opticalemission(brightin theinnerdisk, faintin theouterdisk)
is seenin thedirectionof nearlyevery hole.

Theradialnumberdistribution of the holes(Fig. 10a)shavs
a broadpeakaround10 kpc, which is aboutRys. Perhapsa bet-
ter representatioof the importanceof the holesis givenby the
coveringfactorshavn in Fig. 11. The peakin the coverageap-
pearsatsmalleradii thanthenumberdistributionandshowvsthat
the holesaremostdominantwithin the bright optical disk. The
coveringfactordropssharplytoward the smallestradii. The av-
erageH | columndensityalsodropssharplyin theinnerregions,
which probablypreventsthe detectionof holes.The lack of in-
nerholesmayalsobecausedy thestrongshearwhich shortens
theirlifetimes.At largeradii, wheretheaverageH | columnden-
sity is belov abouts5  10°°cm 2 thecoveringfactordropsagain.
The radial distribution of starformation(H brightnessjn the
disk shavs the sametrendasthe holes,suggestinghatthey are
related.

3.3.2. Hole sizes

Thereseemdo be no correlationbetweenthe diametersof the
holesand their distancefrom the centre,exceptthat no holes
larger than 1 kpc exist in the inner 4 kpc. The latter may be
relatedto thegalacticshearassuggeste@arlier

Fortheholeslargerthan1 kpcthesizedistributionis 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 766 pc. If we extrapolatethe exponentialsizedistribution
down to theresolutionof thedata,we missabout250holes.This
would meanthatwe have only detectedl/3™ of theholes.

The averagediameterof the holesis 1.2kpc, whichiis large
comparedo thetypical H1 disk scaleheightsfor a galaxylike
NGC6946. If we assumean averagescaleheighth of 200 pc
even the smallesthole in our catalogueof 766 pc size would
reachabout2 scaleheightsabove the midplane.There,the gas
densityis about10% of the midplanedensity This would im-
ply thatall holesthatwe detectmusthave brokenout of thethin
disk into the halo. Oncebroken out, a bubble loosespressure
and the interior is blown into the halo. Without the pressure,
further expansionof the bubblein the planewould seemto be
di cult. Neverthelesswe detectholeswith sizesup to 3 kpc.
This maysuggesthatthe expansioncontinuese ectively in the
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opticaldisk (Dzs).
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Fig. 8. Exampleof HI holesandassociated Il regions.Fromtop to

bottomthe galactocentriadistanceincreasesThe left panelsshav the

total HI densitydistribution aroundthe holes. The ellipsesshav the

derived sizeandorientationof the H | holes.The beamis shawn in the

bottomleft corner The holesnumbersin Fig. 7 are:54 and59 for the

top panel;107 for the middle panel;43, 49, 55 and 57 for the bottom
panel.Theright panelsshav the sameregionsin H , with the dashed
ellipsesoutliningtheH | holes.

plane.Someof thelargestholesmayalsobeablendof anumber
of smallerones.

3.3.3. Missing H1

We estimatedhe missingH | massfrom the holesby assuming
thattheinitial (pre-superbbble)columndensityat the location
of eachholeis thesameastheaveragecolumndensityin its sur
roundingsTheresultingdistribution of missingmassess shovn
in Fig. 10e.The averageH I massmissingfrom eachholesis
about10’ M . Adding over all holesgivesa total missingH
massof aboutl.1 10° M , 15%of thetotal HI massThereal
missingH | massis probablysmaller becausahe columnden-
sitiesin the surrounding®f the holesareprobablyincreasedy
thematerialsweptup in the expansionof theshells.

3.3.4. Age

Theagesof theholesarederivedfrom their sizesusingtheaver-
ageexpansionvelocity of 20kms *. In Fig. 10c a histogramof
the agesof the holesis shown. It shavs a peakbetween2 and
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Fig. 11. The averagecovering factorof the H | holesasa function of
thedistancdrom thecentre(blackline) comparedo theradialH | den-
sity distribution (grey line), andtheH surfacebrightnesqconnected
stars).

4 10’yr. The distribution looks similar to that of the diame-
tersin Fig. 10, sincewe usedthe sameexpansionvelocityfor all
holes.The presencef a peakwould suggest burstof holefor-
mation,but morelik ely this shapés causedy selectione ects.
As alreadypointedout above, the small (young) holesmay be
missingbecaus®f lack of resolutionof the obsenationsandthe
old holesare harderto detect,becausef shearand distortions
dueto theturbulentISM.

Therearealmostno H I holeswith brightH ii complexesin-
side (seeFig. 8). If the holeswereformedby stellarwinds and



SN explosionsfrom OB associationsthenthe absencef these
associationandH ii compleceswouldimply thattheholeswere
formed2 107 yr agoor earlier(Heiles1990).

We canalsoestimatean upperlimit to the ageof the holes
takingacharacteristizaluefor thevelocity dispersiorof thegas
to calculatehow long it would take to gradually Il themin. A
valueof 10kms ! for the dispersionresultsin agesbetween4
and8 10’ yr.

Finally, we can calculatehole agesfrom their averageel-
lipticity, assuminghat they becameelongateddue to shearin
thedi erentiallyrotatingdisk, by usingthe modelsfrom Palous
et al. (1990). Figure 10d shavs that most of the holes have
an axis ratio between0.7 and 1.0. The medianvalue is 0.81.
Accordingto Palouset al. (1990),this corresponds$o anageof
about4 10’ yr. Thisisnottoodi erentfrom theotherestimates.

The modelsby Palouset al. (1990)alsopredictthatthe po-
sition angleof the elongatecholesis a function of time. We do
not nd this behaiour. The holesdo, however, have a preferred
alignmentas canbe seenfrom the histogramin Fig. 10f. Here
we plot thedistribution of pitch angleganglebetweerthe major
axisof theholeandthetangento acircle atthatgalacticradius)
which shavs a sharppeakat 30 . This angleroughly coincides
with the dominantpitch angleof the spiral structure.

Thereareothere ectsthatcouldin uencetheellipticity, be-
sidesshearTheshapeof theholesis a ectedby thelimited res-
olution of the data. The smallestholesappearrounderdue to
beamsmearing Furthermorethereareindicationsof substruc-
turein the largestholes,which suggesthatthey may consistof
asuperpositiorof smallerholes.Thiswouldalsoa ecttheelon-
gation.In addition,the structureof the ISM, in which the shells
expand,mayhave anin uence ontheshapeof thehole.

3.3.5. Kinetic energy

We estimatehe enegy neededo produceanH | holeusingthe
formula by Heiles (1979). The estimatednput enegiesin our
samplearein therangeof 10°°  10°° erg. Thesearehigh com-
paredto the enepgiesestimatedor the holesin M 31 (Brinks &
Bajajal986)andM 33 (Deul& denHartog1990).Thisis mostly
dueto thelargersizesof theholesin NGC6946.

Silich etal. (1996) nd in their simulationghatan OB asso-
ciationgiving anenegy input of 10°3 erg createsa superhibble
with adiameterof aboutl.3kpcandashellmassof 0:6 10’ M
in 30Myr. Our averageholehasasizeof 1.2kpc,amissingmass
of 10’ M , anageof 30Myr but aninputenegy of 1 10°
erg. Timescalessizes,and massesare in good agreementbut
our input enepy is large comparedo thosein the simulations.
However, theuncertaintyin theenegy estimatas high, because
it dependson ill-determinedquantitiessuchasthe scaleheight
of the gasdisk andthe assumedxpansionvelocities.If, for ex-
ample,we assumea scaleheight of 250 pc insteadof 200 pc
andassumehat we have overestimatedhe initial columnden-
sity by 50%,the enegiesdropby afactor2. Furthermoreif we
follow Heiles (1979) and take the expansionvelocity equalto
the velocity dispersionof the surroundinglSM, which is about
10kms Y(insteadof the assumed20kms 1), the enegy esti-
mateswould alsobecomesubstantialljiower.

3.4. High-velocity gas

Fig. 12 shavssix representatie position-\elocity plotsextracted
alongthe lines shavn on the total H1 map of NGC6946 (top
left). Thesep-v cutsshow theregular, di erentiallyrotatingdisk

anda variety of featuresat anomalousselocities,someon the
high-velocity side (asin cut 1), but mostof them on the low-

velocity side(asin cut 4), towardsthe systemicvelocity. These
aredeviations(upto aboutl00kms 1) from circularmotion (we
referto all of themas”high-velocity” clouds),which, in view of

the low inclination of NGC 6946, mustbe in the vertical di-

rection,shaving gasleaving the disk or falling down ontoit. In

somecaseqcuts2 and3) thereseemdo be anassociatiorwith

H 1 holesin thedisk (Sectiond.1). Most of the high-velocity gas
is associatedvith the bright inner disk and seemgo have, be-
sidesthe obvious vertical motion, also an overall rotationlag-

ging with respecto thatof thedisk (Section3.4.2).Cuts5 and
6 shawv the outerregionswherethe high-velocity gasis clearly
associateavith H 1 holesin thedisk. Thisis relatedto thelarge-
scalevelocity wiggles visible in the velocity eld (Fig. 2 and
Section4.4).

3.4.1. Derotation

In orderto study the anomalousvelocity gascomponentwe
have separatedt from theregularly rotatinggasin the H I disk.
We have de ned all H1 emissionwhich di ers more than 50
kms ! from the local di erential galactic rotation as anoma-
lousH1 or “high-velocity' HI. For eachposition (line of sight)
we have de ned the anomalousvelocity V4e, as the velocity
deviation from the velocity of the H1 in the disk. The derota-
tion hasbeene ectedby shifting eachvelocity pro le in the
datacubein sucha way thatall emissionat velocitiesasrepre-
sentedn the velocity eld (Fig. 2) appearsn onesinglechan-
nel. This removesthe systematianotion (disk rotation)andre-
sultsin a datacubewherethe 3" axisis Vge . In the derotated
cube(Fig. 13), eachchannelshovs H1 at a given Vye,(seealso
Boulanger& Viallefond 1992).For referencethetotal H1 dis-
tributionis shavn in themiddle frame.

The top and bottom channelsin Fig. 13 show that a sig-
ni cant amountof H1 is presentwith jV4e,j larger than 50
kms 1(seealsoFig. 9). Sincethe H1 velocity dispersioneven
in the centralregion doesnot exceed12kms 1, thesecannotbe
thewings of the Gaussiarvelocity distribution of the gasin the
disk.

3.4.2. Distribution and kinematics

It is clearfrom Figs.9 and 13 thatmostof the H | with jVyej>
50kms ! is seenin thedirectionof the bright optical disk (out-
lined at Rys by theellipse).

The high-velocity emissionis not distributedsymmetrically
with respecto the centreof NGC6946.The gaswith negative
Vyev is moreextendedo the south-westwhile the gaswith pos-
itive velocitiesshavs the opposite In a p-v diagramof the orig-
inal (non-derotatedjlatathis anomalougasis thusseenmainly
on the lower rotationalside of the cold disk emission(Fig. 14)
asa beard(Sancisiet al. 2001). This is similar to whatis ob-
senedin moreinclined galaxiessuchasNGC2403(Fraternali
et al. 2001) and NGC4559 (Barbieri et al. 2005). The beard
in NGC2403hasbeeninterpretedas a manifestationof a lag-
ging H1 halo. Thereis, however, an importantdi erence:in
NGC6946,emissionis alsoseenat the high rotationalvelocity
side.The velocitiesof this gascannot be explainedasrotation
(seeSection4.3).

In addition,thereis H1 at so-calledforbiddenvelocities,i.e.
apparentlycountefrotating.An examplecanbe seenin Fig. 14
(right panel)in the quadrantleft of the centreand at positive
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velocities.Figure 14 alsoshows thatthe high-velocity H 1 hasa
clumpy structureat highresolution.

Figurel5shovsthevelocity distribution of thederotatedH |
emissionafter integrating along the minor axis of the galaxy
The vertical dashedlines mark the boundaryof the optically
brightdisk.Also shovnistheH emissiondatafrom Feiguson
etal. 1998)afterintegrationin the samedirection(pro le atthe
bottomof Fig. 15). This diagramillustratesthe overall spatial-
velocitystructureof theH | afterderotationlt clearlyshavsthat:

i) thehigh-velocityH I tailsandtheH emissiorarehighly con-
centratedn the directionof the bright inner disk of NGC6946
ii) thereis aremarkableosition-\elocity skewnessin the distri-
bution of the high-velocity H I. The origin of this skewnesscan
beunderstoodn thisway: thep-v diagramin Fig. 14 shavsthat
thereis moregasbelow thanabove the rotationvelocities. This
is the beard(e.g. (Fraternaliet al. 2001)).In the derotation,us-
ing the rotation curve of the disk, obviously the disk emission
movesto velocitiesaround0 kms 1, while the beardgas(which
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hasvelocitieslower thanrotation)is shiftedto negative veloc- 4. Discussion

ities. This is preciselywhatis obsenedin Fig.16, on the right

side(recedingsideof thegalaxy).A similar shiftin theopposite 4.1. Holes and star formation

sensgtowardspositive velocities)occurson the left sideof the . . . . .
gure (approachingsideof thegalaxy). This gas,in ourview, is | € mostlikely mechanisnfor producingholesin the H1 dis-
locatedin the halo of NGC6946andthe skewnessis themani-  tfibutionis theexpansior(andblow-up) of superiibblescreated
festationof its laggingrotation(see4.3). by multiple supernea explosionsaroundlarge stellar clusters.

In someof the nearesgalaxies(M 31, M 33, SMC), wherein-
dividual OB associationsanbe detecteda correlationis found
betweentheseassociationgndsmall (< 200—-300pc) H holes
(Brinks & Bajajal986;Deul & denHartog1990;Hatzidimitriou
etal. 2005).For largeholesandshellsno correlationis seen At
theirinterior, theH I holesof NGC6946(all largerthan 800pc)
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generallyshov no bright opticalUV emissionno radio contin-
uum(Fig. 9) andno Far Infrared(FIR) emission(Contursietal.
2002).This suggestshattheseholesarereally devoid of gasand
dustandstarformation.

During their formation, the interiors of the bubbles are
thoughtto containhotgas,heatedy the SN explosionsandstel-

lar winds, that shouldbe obsenablein X-rays. Chandraobser

vationsof NGC6946(Schlagel etal. 2003)showv di useX-ray
emissiontoward the starforming regions (tracedby the largest
H ii complees,seetheir Fig. 3) but only a few regionswith X-

ray emissioncoincidewith H I holesin our sample Thoseholes
arealsothefew caseghatcoincidewith bright starclusters.
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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-
tionanH bubbleis detectedwhichseemgo Il theH | cavity
(Fig. 16, top right). At the westernrim, one or more OB asso-
ciationsare seensurroundedy a bright Hii complex. TheH |
kinematicsshavs atwo-sidedspurwhich seemdo becentredon
the Hii complex andcanbe interpretedasanout ow (Fig. 16,
bottompanels)Thereis X-ray emissioncoincidingwith theH
bubble,which indicatesa hot interior. The presencef theH
bubble,the X-ray emissionaswell asthe smallsizeandspher
ical shapendicatethattheH 1 holeis still relatively young.We
estimateanageof 1:9 10 yr.

Themostextendedregionwherestellaractivity seemgo co-
incide with a groupof H1 holesis the north-easterspiral arm,
about6 kpc from the nucleus.In optical this spiral arm seems
thicker thanthe othersandin H I it appearssplit by a group of
H 1 holes,the largestof which is nr. 20 (seeFig. 7). Insidethe
holes largeclustersof bluestarsareseenThehigh contrastand
colourdi erencewith its surroundingsould alsobe thee ect
of extinction.Di usesoft X-raysaredetectedvertheentirespi-
ral armaswell asdi useH emission(Felgusonet al. 1998).
Figure9 shawsthatthereis high-velocity gasin the directionof
theholes.

Expandingshellsareexpectedto compresghe surrounding
ISM enhancinggravitational collapseand triggering new star
formation.In NGC6946thereis strongevidencefor this taking
place.Fig. 8 shows clearexamplesof bright Hii regionsin the
rims of theH I shells.Notethatthey belongto verydi erenten-
vironmentsa crowdedregioncloseto thenucleuguppermanel),
thelargeH I holenr. 107in thewesterrspiralarm(middlepanel)
andthenorthernspiralarmbeyond Rys (bottompanel).

To testthehypothesighatH I holesareformedby explosion
of a large numberof supernwaewe cancomparethe enegies
associatedo the two processeskor the starformation rate of

NGC6946we take the estimatefrom FIR andC* emissionby
Sautyetal. (1998),which gives4 M yr 1. This correspondso
aSNrateof about4 10 2yr ! andafull enegyinputof 6
10°° erg Myr 1, having includedalsoa contribution from stellar
winds. On the other side of the balance the enegy neededto
createtheholesin NGC6946is 1:8 10°° erg (usingtheenegy
formulaby Heiles1979).Giventhatthe typical lifetime for the
H 1 holesis of about30 Myr, therequiredenepgy inputbecomes
6 10°>*ergMyr 1, aboutl0%of theavailableenegy from SNe.

Althoughthe enegy budgetsseenroughlyright for the stel-
lar feedbackio producethe holesi,it is still a puzzlethatwe ob-
sene mary H 1 holeswithout progenitomemnantslif aholewas
formed by 1000 SNe, an over-densityof the lower massstars
that formed togetherwith the massie SNe-progenitorsvould
be expected:6000uppermainsequencstars(late B, A, andF)
shouldremainafter 10° yr (Rhodeet al. 1999). After thattime,
theclusterswill nothave dispersedigni cantly andthey should
beobsenableasbluepointsourcesnsidetheholes.Possiblesx-
planationsarethattheagesof theholeshave beenlargely under
estimatedr thatthe holesareformedby the combinede ectof
severalsmall clusterswhich would leadto a muchmoredi use
emission.

Alternatively, the holescan be formed by collisions of gas
cloudswith theH I disk of the galaxy(Tenorio-Tagleetal. 1986,
1987;Vorobyor & Basu2005).In NGC6946therearesomein-
dicationsthatthis may occasionallybe happeningFig. 12 (bot-
tom right) shavs a p-v plot from the outerpartsof theH I disk.
Large deviationsfrom normalrotationaredetectedn this area
asonecanseealsofrom the velocity eld in Fig. 2. The high-
velocitygas visiblein Fig. 12, is shiftedby abouts0kms * with
respecto the surroundinggasandfollows the kinematicaldis-
tortion of the spiral arm wiggles. It is detectedn aninter-arm
region where star formationis scarceor absentwhich makes
the possibility of a stellar origin quite unlikely. A cloud colli-
sionin this areamaybeadwocatedalsoto explain the prominent
spiralarmsin the outerdisk (seealsoSancisietal. 2008).

4.2. Holes and high-velocity gas

Most of the high-velocity gascomplexesarefoundin regionsof
high hole density(Fig. 9) predominantlywithin the starform-
ing, optical disk as outlined by R,s. However, the asymmetric
distribution of the holesto the southis notre ectedin thedistri-
bution of high-velocity H I (Fig. 9, middle-rightpanel)shawving
that the connectionbetweenholesandthe high-velocity is not
straightforvard.

Onthesmallscalethereareonly afew case®f clearconnec-
tions betweenrhigh-velocity gasandholes.A possibleexample
is givenby cutsnr. 2 and3in Fig. 12 wherealarge high-velocity
cloud(mass2:;5 10°M ) is detecteashiftedby about80kms *
in the directionof the hole nr. 108. Smallercomplexesarealso
obsenedin connectionwith the remarkablehole nr. 107 (cuts
nr. 3and4).

The lack of an obvious connectionwith the holescan,in
somecases pe explainedby taking into accountthe di erent
kinematicsbetweendisk andhalo. Accordingto galacticfoun-
tainmodels(Collins etal. 2002;Fraternali& Binney 2006),gas
canstayin the halo for abouthalf a rotation period (few 10—
108 yr). Sincethehalois rotatingmoreslowly thanthecold disk,
thistimeis long enoughfor the gasto drift a few kpc away from
its origin in thedisk.

If the high-velocity gasis producedby the blow-out (into
the halo) of the superlubblesthat producethe holesin disk,
the missingmassfrom the holesshouldbe comparablevith the



massof gasat high velocities.The H1 massmissingfrom the
holesis 1:1  10°M , while the amountof H1 with Vgej > 50
kms tis2:9 10° M . The former may be overestimatede-
causeof the reasongdescribedn 3.3.3.The latter is certainly
underestimatetiecausét doesnottake into accounthehydro-
genthat hasbeenionisedand, especially the large fraction of
H1 with smallerjVyej. In fact, if we lower the cut in velocity
t0 jVaej > 40 kms 1, the total amountof high-velocity H | be-
comesof order10® M . We concludethatthemissingmassirom
theholesandthemassof high-velocityH | arecomparablesup-
portingthe hypothesighatthetwo phenomenarerelated.

4.3. Extra-planar gas

Whereis the high-velocity gaslocated?s it extra-planar?The
obsenationshave shovn that: 1) Thehigh-velocitygasis mainly
seenin the directionof the inner, optically bright disk (Figs. 9
and 14). 2) Thereis more gaswith lower thanwith higherve-
locities ascomparedo the local disk rotation,2:4  10° M vs.
0.5 10°M (Figs.14and16). Thisshavsupasastrikingasym-
metry'skewnessn g. 16.

Resultnr. 1 pointsto a fountainorigin of the high velocity
H1 and,consideringthe low inclination of the galaxy the mo-
tion is probablydominatedby verticalout- andin- o ws. In this
caseonewould expect, contraryto resultnr. 2, symmetry(i.e.
equalamplitudesand equalamountsof gas)betweerthe lower
andthe highervelocities.Resultnr. 2 resemblesinstead,a so-
called beard(Sancisiet al. 2001) andleadsusto think thatthe
high-velocity gas(or a large fraction of it) is extra-planarand
rotatesmore slowly thanthe gasin the disk. Also NGC6946
seemsthereforeto be surroundedy alagginghaloof cold gas
as NGC 891 (Swaterset al. 1997; Oosterlooet al. 2007) and
NGC 2403 (Schaapet al. 2000; Fraternaliet al. 2001). We do
not derive the amplitudeof thelag but it is clearthat,for the ef-
fectto be sostriking (asin Fig. 16), thelag in rotationmustbe
quite pronouncedasfoundin NGC 891 (Oosterlocetal. 2007).
It is not known whatis causingsucha largerotationalgradient.
It seemaunlikely thatgalacticfountainmodels,by themseles,
canexplainit (Fraternali& Binney 2006;Healdetal. 2006).For
NGC891andNGC2403it hasheensuggestedhatthe gradient
is theresultof interactionsbetweerthe fountaingasandaccret-
ing ambientgascarryinglow angularmomentum(Fraternali&
Binney 2008).

4.4. Interactions and accretion

Earlier obsenationsreport“no signaturesf interactionsin the
NGC6946system”(Pisana& Wilcots 2000).We have detected,
however, a plume-like structureat the north-westerredgeof the
disk (Fig. 17), that may be relatedto a recentinteraction.This
plumeis avery faint featurethatcanberevealedonly with high
sensitvity and at low resolution.That is probablywhy it was
missedn previousobsenations.

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
NGC6946areabout33and37 kpc respectiely. We did not nd
ary emissionn betweerthemandthe plume.However, faraway
from thepointingcentrethesensitvity of our obsenationsdrops
rapidly becausef the attenuatiorby the WSRT primary beam.
At the positionof the companionsthe sensitvity is only 2% of
that at the centreof the eld. To overcomethis problemnew
obsenationsweremadewith thetelescopeointingin thedirec-

tion betweerNGC6946andits companionshut no connection
wasfoundbetweertheplumeandthecompanionsThelimiting
columndensityis abouts5  10'° c¢m 2.

A lowerlimit for themassof theplumeis about7.5 10’M .
This is of the order of the gas mass of the companions
(1.2 10°M and8.8 10’ 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 the detectiorimit.
Theplumemayalsohaveformedoutof anintergalacticH | com-
plex whichcontainsnostars Alternatively, theplumeis originat-
ing from the H I disk of NGC6946, pulled out from the galaxy
by tidal interaction,which would also explain the similarity in
velocity with the disk of NGC6946atthatposition.

ThereareotherindicationsthatNGC 6946 may have under
gonetidal interactionsn therecentpast:

1. Its lopsidednessBoth its H I and stellar distribution are
somavhat asymmetric.Also its kinematicsis lopsidedin the
outer parts:the rotation curveswhich have beenderived sepa-
ratelyfor the approachingndfor therecedingside(Fig. 4) dif-
fer atlargeradii (oneremains at while the otheris declining).
It hasbeensuggestedhat lopsidednessanbe producedby re-
centor ongoingaccretion(Zaritsky & Rix 1997;Bournaudetal.
2005).

2. The sharpedgeof the H1 disk on the south-westside.
Suchedgesare seenin galaxiesthat undego tidal interaction,
e.g.M 51 (Rotset al. 1990)and M 81 (Yun et al. 1994). Ram
pressureseemsaunlikely here,in the absencef a densecluster
medium.

3. The peculiarkinematicalstructure(H | cavity and high-
velocity)in theouterdisk, outsidethe starforming regions(Fig.
12, cut 6). This shavs up as a strongwiggle in the velocity
eld which extendsfor 10-15kpc following the prominentouter
spiral arm (Figs. 2 and 12). If the obsened structurehasbeen
causedy agascomple falling in andpenetratinghe disk, this
musthave occurredquiterecently probablynotmorethanafew
times10’ yr, aswe still seethe high-velocity H I locatedwell in
front of thehole (seealso4.1).

5. Summary and conc lusions

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

1) A large numberof holesin the HI disk. Sizesareupto 3
kpc diametre They aremostly locatedwithin the bright optical
diskandpreferentiallyin regionsof highH I columndensityand
starformation. Their agesarein the rangeof 1to 6 107 yr.
Someof themhave H ii regionsattheir rims.

2) Widespread¢lumpy high-velocity H 1. Thevelocitiesare
upto about100kms ! (for thefaintestfeaturesat the detection
limit). Mostof thehigh-velocitygasis seerin thedirectionof the
innerbrightopticaldisk. It hasarotationalcomponenfollowing
the disk rotation but lagging behindit. Thereis alsosomeH |
at forbiddenvelocities. The total massof the gaswith jVge,j>
50kms lis2:9 10° M , 4% of thetotal H | mass.

3) A largeH | outerplume,sharpouteredgesandalopsided
structureand kinematics.In the outer partsthereare also pro-
nouncedvelocity wigglesandassociatedt | cavities.

4) H1 disk velocity dispersiorreachingmaximumvaluesof
12-13kms ! inside Rys and decreasing(linearly) down to 6
kms lin theouterparts.

We concludethat:
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Fig. 17. Total HI mapat 13*°and64°°resolutionof NGC6946andtwo companionsThe maphasbeencorrectedor primary beamattenuation.
The greyscaleshaws the high resolution.The contours(1.25,2.5, 5, 10, and20 10'° cm 2) shaw the 64%°low resolutionH | distribution. The
highestemissioncontourshave beenleft out. The sizesof the beamdgor bothresolutionsareshavn in thelower left corner

1) The high-velocity H1 is extra-planargaswhich rotates
moreslowly thanthe disk. This hasthe samepropertiesasthe
H1 halos found in nearby spiral galaxiessuch as NGC891,
NGC2403andalsothe Milky Way (IVCs andHVCs).

2) Most of this extra-planarH | is fountaingaswhich origi-
natesfrom theregionsof starformationin the brightinnerdisk
andis probablyrelatedto thepresencef thenumeroud I holes.

3) Thereis evidencemainlyin theouterpartsof NGC 6946,
pointingto recenttidal encounterandminor mergers.
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