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Abstract. We present deep, high velocity resolutionl(6 km s') Giant Meterwave Radio Telescope HI 21 cm synthesis
images for the faintig ~ —12.1) dwarf irregular galaxy GR8. We find that the velocity field of the galaxy shows a clear
systematic large scale pattern, with a maximum amplituti@ km s. Neither pure rotation, nor pure radial motion alone can

fit the observed velocity field; however a combination of radial and circular motions can provide a reasonable fit. The most
natural interpretation is that the neutral ISM, in addition to rotating about the center, is also expanding outwards, as a result of
energy input from the ongoing star formation in the galaxy. Support for this interpretation comes from the fact that the pressure
in the HIl regions in the galaxy is known to be substantial$$ times) higher than the average pressure in the gas disk. It is,
however, also possible that the velocity field is the result of the gas swirling inwards, in which case GR8 could be in the process
of formation via the merger of subgalactic clumps.
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1. Introduction galaxies are expected to lose a substantial part of their gas due

) ) ) ) ) . to the energy deposited in the ISM by supernovae from the first
Although bright irregular galaxies have rotating gas disks, it {§, st of star formation (e.g. Dekel & Silk 1986). Some obser-

u_nclear whether the faintes} dwarf irregular galaxies are ro{asional support for such models is provided by the large ex-
tionally _suppor.ted or not. ae et ‘?‘I' (2000, basgd ona Stumbanding HI supershells seen in the ISM of some dwarf irreg-
of the kinematics of eight dwarf irregular galaxies (with magy o, galaxies with active star formation (e.g. Ott et al. 2001).
nitudes varying fronMg = ~16.7 toMs = ~11.3) suggest that |, his paper we discuss the issue of the kinematics of faint

normal rotation is seen only in dwarfs brighter thg ~ —14. 4 arf galaxies, and its possible connections with energy in-

This is consistent with the earlier findings of Lo et al. (1993t from stellar processes, in the specific context of the faint
who, based on an interferometric study of faint dwarf galam%mB ~ ~12.1) dwarf irregular galaxy GR8.

(with Mg ~ -9 to Mg ~ —15) found that only two of their sam- i ) .
ple of nine galaxies showed ordered velocity fields. However, SR8 was first discovered by Reaves (1956) in the course of

this conclusion has been questioned by Skillman (1996) whgurvey for dwarf galaxies in the direction of the Virgo Cluster.
pointed out that the interferometric observations of Lo et af has also be_en_ cata_loged as [.)DO 15f5 by van den _BeLgh
(1993) lacked sensitivity to low extended H distribution and2°9)- The original distance estimates for GR8 were in the
could thus have been insensitive to the large scale velodii§’9¢ 1-0-1.4 Mpc (H()Idge 1967, Dehlvﬁucou:eurs E‘ Moss
field. Further, Begum et al. (2003) showed that the dwarf irre 983; Hoessel & Dan;esor; 19|83)’ which would make GRS_
ular galaxy Camelopardalis B, despite being extremely fai tproba_ble member of the ocal group. However, recent esti-
(Mg ~ —109) nonetheless has a regular velocity field, Coﬁ_rjates give §omewhat|argerd|stances. Tolstoy et aI: (1995) es-
sistent with that expected from a rotating disk. So, some fafiftated a distance of 2.2 Mpc (based on observations of the
galaxies at least, have rotating HI disks. What about the reSf¥Y detected Cepheid variable). This estimate is in excellent
If gas in faint dwarf galaxies is not supported by rotation, whgreement with that of Dohm-Paimer et al. (1998) which is
provides the energy that keeps it from collapse? For very fa sed on the brightness of the tip of the red g.|ant branch. From
dwarf irregular galaxies, the binding energy of the gas is nti¢ location for the local group barycenter gl\;]en bg. Cg_urteau
much larger than the energy output of a few supernovae. Stay@n den Bergh (1999) one can compute that this distance
formation in such galaxies could hence have a profoufete places GR8 well outside the local group zero velocity surface.

on the kinematics of the ISM. Indeed, the faintest dwaffonsistent with this, van den Bergh (2000) does not classify
GR8 as a member of the local group.

Send giprint requests toA. Begum, GR8 has a patchy appearance in optical images, with the
e-mail:ayesha@ncra.tifr.res.in emission being dominated by bright blue knotsaHmag-
* e-mail:chengalur@ncra.tifr.res.in ing (Hodge 1967) shows that these knots are sites of active
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star formation. However, in addition to the bright blue knotshift over our observing interval is much less than the channel
GR8 also possesses faint extended emission (Hodge 198idith, there was no need to apply affiime correction.

De Vaucouleurs & Moss 1983), indicative of earlier episodes The GMRT has a hybrid configuration (Swarup et al. 1991)
of star formation. Indeed, CM diagrams (based on HST imagith 14 of its 30 antennas located in a central compact array
ing, Dohm-Palmer et al. 1998), show that although the brighith size ~1 km (¢5 k1 at 21cm) and the remaining anten-
star forming knots in GR8 have stars which are younger thaas distributed in a roughly “Y” shaped configuration, giving a
~10 Myr, the galaxy also contains stars which are older thamaximum baseline length ef25 km 120 ki at 21 cm). The

few Gyr. Despite this long history of star formation, the metabaselines obtained from antennas in the central square are sim-
licity of the star forming knots in GR8 is extremely low3% ilar in length to those of the “D” array of the VLA while the
solar (Skillman et al. 1988b). This makes it one of the lowebtselines between the arm antennas are comparable in lengtf
metallicity galaxies known (Kunth &stlin 2000). In keeping to the “B” array of the VLA. A single observation with the
with this low metallicity, despite the fact that the star forminGMRT hence yields information on both large and small an-
regions are expected to be associated with molecular gas, @@ar scales. Data cubes were therefore made at vanipuis (
has not been detected in the galaxy (Verter & Hodge 1995). ranges, including5 k1, 0-10 k1, 0-15 k1 and G-80 k1 using

There have been two independent studies of the kinematicgform weighting. At eachy, v) range, a circularly symmetric
of Hl in GR8, both using the VLA. However these two studie§aussian taper with BWHM equal to 80% of they, v) range
resulted in very dferent interpretations of the galaxy’s kinewas applied, in order to reduce the sidelobes of the synthesized
matics. Carignan et al. (1990) assumed that the observed lveam. The angular resolutions obtained for the various) (
locity field was produced by rotation and used it to derive ranges listed above were’4Q 38”7, 25’ x 25", 16” x 14" and
rotation curve. On the other hand Lo et al. (1993) interpretdd x 3" respectively. All the three low resolution data cubes
the velocity field as being due to radial motions (i.e. either efi-e. up to 168 x 14” resolution) were deconvolved using the
pansion or contraction). Both of these studies were basedtba AIPS task IMAGR. For the highest resolution data cube,
modest £6 km s1) velocity resolution observations. Furthethe signal to noise ratio was too low for CLEAN to work re-
both observations used the VLA C array, and hence were tiably and hence the’4x 3” resolution data cube could not
sensitive to emission from the extended low surface brightndss deconvolved. Despite this, the low SNR of this image im-
portions of the HI disk. There has also been a recent high y@ies that the inability to deconvolve it does not greatly degrade
locity resolution VLA (Cs array) based study of GR8 (Younds dynamic range or fidelity. The morphology of the emission
et al. 2003). This study was focused on the local connecticst®ould hence be accurately traced, apart from an uncertainty in
between the ISM and star formation and not the large scéhe scaling factor (this essentially arises because the rfiairt e
kinematics of the gas. Although Young et al. (2003) noted thatt deconvolving weak emission at about the noise level corre-
velocity field in GR8 does show a large scale gradient, theponds to multiplying by a scale factogrdter & van Moorsel
chose to characterize the velocity field as giving the overall ihi995; Rupen 1999).
pression of resulting from random motions. The HI emission from GR8 spanned 28 channels of the

We present here deep, high velocity resolutiospectral cube. A continuumimage was made using the average
(~1.6 km s?) Giant Meterwave Radio Telescope (GMRTYf remaining line free channels. No continuum was detected
observations of the HI emission from GR8 and use them fimm the disk of GR8 to a@ flux limit of 1.8 mJyBm (for a
study the kinematics of this galaxy. The rest of the paperbsam size of 46x 37”). We also checked for the presence of
divided as follows. The GMRT observations are detailed amy compact continuum sources in the disk of GR8 by mak-
Sect. 2, while the results are presented in discussed in Sectn§.a high resolution (8 x 5.8’) map — no sources associ-
Throughout this paper we take the distance to GR8 to b&d with the disk of GR8 were detected down tasalignit of
2.2 Mpc, and hence its absolute magnitude tdvge~ —12.1. 0.6 mJyBm.

We examined the line profiles at various locations in the
galaxy and found that they were (to zeroth order) symmetric
and single peaked. In the very high column density regions,
The GMRT observations of GR8 were conducted from double Gaussian afud a gauss-hermite fit does provide a
16-18 November 2002. The setup for the observations is giveomewhat better description of the data, but even in these re-
in Table 1. Absolute flux calibration was done using scans gions, the mean velocity produced by the moment method
the standard calibrators 3C48 and 3C286, one of which wagrees within the errors with the peak velocity of the pro-
observed at the start and end of each observing run. Phasefial-Since we are interested here mainly in the systematic ve-
ibration was done using 125219 which was observed oncdocities, moment maps provide an adequate description of the
every 30 min. Bandpass calibration was done in the standdata. Moment maps (i.e. maps of the total integrated flux (mo-
way using 3C286. ment 0), the flux weighted velocity (moment 1) and the flux

The data were reduced using standard tasks in classic AlR@ighted velocity dispersion (moment 2)) were made from the
For each run, bad visibility points were edited out, after whiallata cubes using the AIPS task MOMNT. To obtain the mo-
the data were calibrated. Calibrated data for all runs were coment maps, lines of sight with a low signal to noise ratio were
bined using DBCON. The GMRT does not do online dopplaxcluded by applying a cufbat the 3r level, ( being the rms
tracking — any required doppler shifts have to be applied dureise level in a line free channel), after smoothing in veloc-
ing the diline analysis. However since thefdirential doppler ity (using boxcar smoothing three channels wide) and position

2. Observations
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Table 1. Parameters of the GMRT observations. 0.40 - r-- e
Parameters Value L
RA (1950) 1256"10.5 -
Declination (1950) +14°2917 0.30 =
Central velocity (heliocentric)  215.0 km's
Date of observations 148 Nov. 2002 i
Time on source 16 hrs L
Total bandwidth 1.0 MHz (211 knT}) = 0.20
Number of channels 128 = -
Channel separation 1.65 km's 3 i
FWHM of synthesized beam 41 39’, 25’ x 25", . i
4’ x3 0.10
RMS noise per channel 2.0 mJy, 1.6 mJy, L
1.0 mJy L
(using a Gaussian witRWHM ~ 2 times that of the synthe- 0.00 |--
sized beam). Maps of the velocity field and the velocity dis- r
persion were also made in GIPSY using single Gaussian fits N T T T

|
to the individual profiles. The velocities produced by MOMNT 180 200 220 240 260
in AIPS are in reasonable agreement with those obtained us- Heliocentric Velocity (km sec!)

ing a single Gaussian fit. However the AIPS moment 2 mafy 1. The integrated spectrum for GR8 obtained from thé %8”
systematically underestimates the velocity dispersion (as @ata cube. The channel separation.851km s?. Integration of the
tained from Gaussian fitting) particularly near the edges whey@file gives a flux integral of 9 Jy km s* and an HI mass 0§10.3x
the signal to noise ratio is low. This can be understood as the & M,. The dashed line shows a Gaussian fit to the profile.

fect of the thresholding algorithm used by the MOMNT task to
identify the regions with signal. From the Gaussian fitting we

find that the velocity dispersiom is ~9.0 km s, and shows

only slight variation across the galaxy. This valuesadnd the

lack of substantial variation ef across the galaxy is typical of 141500
dwarf galaxies (e.g. Lake et al. 1990; Skillman et al. 1988a).

14 30

3. Results and discussion
00

3.1. HI distribution

The global HI emission profile of GR8, obtained front’49
38" data cube, is shown in Fig. 1. A Gaussian fit to the profi
gives a central velocity (heliocentric) of 2472 km s*. The
integrated flux is ® + 0.9 Jy km s®. These are in good agree-3
ment with the values of 2141 km st and 878 Jykm st ob- 4 1230
tained from single dish observations (Huchtmeier et al. 2000).

The good agreement between the GMRT flux and the single 00 |-
dish flux shows that no flux was missed because of the missing

short spacings in the interferometric observation. The velocity 1130 n i - e

1330

00

CLINATIORD(J2000)

width at the 50% level4Vsg) is 26+ 1 km s, which again i
is in good agreement with th&Vsg value of 27 km st deter- 00 ‘ 5 ‘
mined from the single dish observations. The HI mass obtained 1258 46 44
from the integrated profile (taking the distance to the galaxy to

be 2.2 Mpc) is 18 + 1.0 x 10° M, and theMy,/Lg ratio is

found to be~1.0 in solar units.

Figure 2 shows the integrated HI emission from GR8 glg. 2. The digitized Palomar Sky Survey image of GR8 (greyscales)
25" x 25" resolution, overlayed on the digitized sky survewith the GMRT 28 x25” resolution integrated HI emission map (con-
(DSS) image. The HlI distribution is clumpy and shows threeurs) overlayed. The contour levels are 0.005, 0.076, 0.146, 0.217,
major clumps. This is highlighted in Fig. 3 which shows the ir3.288, 0.359, 0.429, 0.500, 0.571, 0.642 and 0.6@Bmikm s*
tegrated HI emission at high resolution® x 3.0”). The faint
extended HI gas seen in the low resolution image is resolved
out in this image. One may suspect that thudie Hl emission resolution map) is not real but is the result of beam smearing.
(particularly that seen in between the three clumps in the I check for this possibility, the individual channel maps in

42 40 38 36 34 32
RIGHT ASCENSION (J2000)
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respectively (De Vaucouleurs & Moss 1983). We return to this
issue in Sect. 3.3.

14 14 00

3.2. HI kinematics
1345

The velocity field derived from the 25x 25" resolution data
cube is shown in Fig. 4. This velocity field is in reason-
able agreement (albeit of better quality) with that obtained by
Carignan et al. (1990). The velocity field shows closed con-
tours and is, to zeroth order, consistent with a velocity field
that would be produced by a rotating disk with an approxi-
mately north south kinematical major axis. This would make
the kinematical major axis roughly perpendicular to the major
axis obtained from ellipse fitting to the HI disk. The kinemat-
ical major axis is also substantially misaligned with the major

30

15

00

12 45

DECLINATION (J2000)

30

15— - axis obtained by ellipse fitting to the optical isophotes. In addi-
tion to this misalignment, the kinematical center of the velocity
oo ~| fieldis offset (to the north, as can be seen by comparing Figs. 4
9 \ \ \ \ ‘ ‘ ‘ ‘ ‘ and 2) from the center (as determined by ellipse fitting) of the
12 58 44 43 42 41 40 39 38 37 36 35 .
RIGHT ASCENSION (J2000) HI disk.

Fig. 3. Integrated HI emission at”4x 3" resolution, (grey scales  Apart from the misalignments mentioned above, the veloc-
and contours). The contour levels are 0.002, 0.016, 0.030, 0.044 #ydfield of GR8 also shows clear departures from what would
0.058 JyBm km s1. The locations of the Hll regions identified bybe expected from an axisymmetric rotating disk. The most im-
Hodge et al. (1989) are indicated by crosses. portant departure is that the isovelocity contours in the outer
regions of the galaxy show large scale kinks. In addition, the

the 28’ x 25" data cube were inspected. In the channel maalselocny fleld_ shows several asymmetries. The most prominent
o ) asymmetry is between the northern and southern half of the

the peak of the diuse emission in the central region of the . : .
alaxy occurs at a fierent heliocentric velocity than peak Ve_galaxy. The closed isovelocity contours in the southern half
9 are more elongated than those in the northern half. Further, the

locities of nearby HI clumps, contrary to what one would exs . .
. ) . .kinks noted above are much more prominentin the western part
pect from beam smearing. As a further confirmation of this

, ) . of the disk than in the eastern half. Since our velocity field is
the clean components from the’2% 25” resolution data cube - X
) . . better sampled compared to the velocity fields derived by Lo
were convolved with a smaller restoring beam of 20107,

t0 generate a new data cube. Théiudie emission is visible et al. (1993) and Carignan et al. (1990) these kinematical pecu-

. Co liarities are more clearly seen. In particular, tHeset between
in the channel maps in this cube, contrary to what would haye : : . S .
. ) - . the morphological and kinematical center, which is apparentin
been expected in case thefdse emission was entirely due AN . I . .
our velocity field is not seen in velocity fields derived earlier.

to beam smearing (in which case the clean components WOIL—jurther, because of the lower sensitivity, the kinks in the isove-

have been restricted to the three clumps). .

- . . locity contours seen towards the edges of the galaxy are not
As can be seen in Fig. 2, each HI clump is associate : . S92

Seen that clearly in the earlier velocity fields.

with a clump of optical emission. However, for each clump, ) ) )
Following Carignan et al. (1990) we could try to fit GR8's

the peak optical emission is generallffset from the peak of e _ ; i
the HI emission. The H image of Hodge et al. (1989) showselocity field to that expected from a rotating disk. In such a fit

that the optical clumps also emit copious amounts ofand ©N€ can antipipate (based on the plosed isovelocity cont(_)urs)
are hence regions of ongoing star formation. In addition to tfféft the rotation curve would be falling and (based on the kinks
bright clumps, difuse optical emission is also seen in Fig. 21 the isovelocity curves on the eastern and western edges of
The optical emission has a much higher ellipticity than tHhe disk) that either the rotation curve would need to rise again

HI emission and the position angles of the optical and HI miwards the edge of the disk, or the edges of the disk would
jor axis can also be seen to beffdient. Quantitatively, el- need to be warped. We discuss rotation and other models for

lipse fitting to the outermost contours of the”4Q 38" and producing the observed velocity field in more detail in the next

25" x 25" resolution HI moment maps (which are less distortetf Ction-

by the presence of the HI clumps in the inner regions) gives a

position angle of 7& 5 degrees and an inclination (assuming 3 piscussion

the intrinsic shape of the HI disk to be circular) of 28 de-

grees. The values obtained from the twdfetient resolution As described in the last two sections, the morphology and kine-
maps agree to within the error bars. On the other hand, thesatics of GR8 are somewhat peculiar. If the HI gas and the
values are considerablyftkrent from those obtained from el-stars in GR8 are both in disks, then the stellar disk would have
lipse fitting to the optical isophotes, which yields a positioto be both more inclined and have dfdient position angle
angle of 38.4 degrees and an inclination of 57.7 degrebsin the gas disk. It is more likely that the star formation in
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= 220 222, rotation, we show in Fig. 5B the model velocity field that corre-
. ] ) | : : — sponds to the rotation curve of Carignan et al. (1990). The disk
141500 | Kinematical major axis has been taken to be intrinsically elliptical (with an axis ratio of

2:1), so that despite having an inclination of §the inclination
angle derived from the velocity field by Carignan et al. 1990)
the projected model HI disk matches the fairly circular appear-
ance of the observed HI disk. Essentially, the foreshortening
_| along the kinematical minor axis idfeet by the inherent el-
lipticity of the disk. As expected, although the model produces
-{ closed isovelocity contours along the apparent morphological
HI minor axis, the asymmetries seen in the closed contours be-
tween northern and southern half of the galaxy, the kinks in
the isovelocity contours towards the edges of the disk, as well
as the @fset between the kinematical and morphological cen-
ter are not reproduced. As discussed in Sect. 3.2, kinks in the

14 30 —

00 —

13 30 —

00 —

DECLINATION (J2000)

1230 —

00 |

1130 ¢

Optical major axis outer isovelocity contours can be produced by requiring the ro-
00| | | | | | | tation curve to rise again, or by requiring the outer parts of the
bk M GHTASCENSION wzeeny o disk to be extremely warped. Quantitatively, to reproduce the

observed kinks, the inclination angle is required to change by
an amount sflicient to cause the observed velocity at the edges
to increase by a factor 6f2 compared to the unwarped model.
Such extreme warps can, in principle, lead to multiply peaked
line profiles. However, because of the low signal to noise ratio
GR8 has occurred preferentially in a non axisymmetric synowards the edges, we cannot reliably distinguish between sin-
metric region in the center of the galaxy. In the extreme casggie peaked and multiply peaked line profiles in these regions.
the stars would have a more bar like distribution than the gasAAmore serious concern in modeling the velocity field of GR8
central stellar bar could®ect the gas dynamics, however sinces a rotating disk is the observed misalignment between the
the stellar mass is probably not dynamically dominant (frorinematical and HI major axes. As noted above, this requires
the observed — V color of 0.38 for GR8 and the low metal-the HI disk to be inherently elongated with an axis ratio of at
licity models of Bell & de Jong (2001), the the stellar mass igast 2:1. Such a highly non circular disk would be very un-
~5x 1P Mo, i.e. a factor of 2 less than the HI mass) thiieet usual. Further, the inner regions of the galaxy (i.e. the distance
may not be important. at which the rotation curve of Carignan et al. 1990 peaks) will
Apart from having a peculiar morphology, the kinematicsomplete one rotation ir80 Myr, while the rotation period at
of GR8 is also unusual. The kinematical and HI major axtee edge of the disk is1 Gyr. Hence, this dierential rotation
of this galaxy are perpendicular to each other, the kinematil wind up any elongation in the disk on a timescale that is
ical center is ffset from the morphological center and thehort compared to the age of the galaxy.
observed velocity field is systematically asymmetric. GR8 is Alternatively, as first proposed by Lo et al. (1993), the ob-
not the only dwarf galaxy which shows misalignment betweeserved velocity field of GR8 could also be the result of radial
kinematical and morphological axes, such misalignments hawetions in the gas i.e. expansion or contraction. Since the sign
also been seen in, for e.g. Sextans A (Skillman et al. 1988ajthe inclination of the galaxy is unknown, it is not possible to
NGC 625 (@té et al. 2000) and DDO 26 (Hunter & Wilcotsdistinguish between inward and outward radial motions. Large
2002). However, the misalignment ani-oentered kinematics scale bulk radial gas flows, althoughfitiult to understand
does imply that GR8 cannot be modeled as a pure axisymmeinithe context of normal spiral galaxies, could nonetheless be
rotating disk (for which all axis and centers would be alignedplausible in small galaxies like GR8. In models of dwarf galaxy
Although, Carignan et al. (1990) had noted some of these prdbrmation and evolution, energy injected into the ISM from
lems, they had nonetheless, modeled the kinematics of GR&#telar winds and supernova explosions could drive significant
an axisymmetric rotating disk. Their derived rotation curve hakpansive motions in the gas. In fact, in such models, dwarf
a maximum amplitude o8 km s1, and fell sharply with in- galaxies below a critical halo circular velocity 100 km s
creasing galacto-centric distance. are expected to lose a significant fraction of their ISM from the
Our attempts to derive a rotation curve from our velocitfjrst burst of star formation (e.g. Dekel & Silk 1986; Efstathiou
field were not successful. The errors in the estimated parari®00). Expulsion of the ISM because of the energy input from
ters were large, as were the residuals between the model angernovae is also postulated as a possible mechanism for pro-
the observed velocity field. Our failure to find a good fit (aducing dwarf elliptical galaxies from gas rich progenitors (e.qg.
opposed to Carignan et al. 1990, who were able to fit a rofdiralda-Escude & Rees 1997). Observationally, outflows of
tion curve) is probably related to our better sampling of thenized material have been seen in star bursting dwarf galaxies
velocity field, which, as noted above, makes the misalignmeif¢sg. Marlowe et al. 1995). Of course, these models deal with
and asymmetries in the velocity field more striking. To providihe expulsion of hot supernovae heated gas, where as, in this
a feel for the velocity field that would be produced by circulanstance we are dealing with cold neutral gas. Fdfigently

Fig. 4. The HI velocity field of GR8 at 25 x 25" arcsec resolution.
The contours are in steps of 1 kmtsand range from 210.0 kntsto
225.0 km st
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Fig.5. A) The 28" x 25” resolution moment 1 map. The contour levels go from 210 to 225 ®rnssteps of 1 km 5. B) The velocity field
obtained using the rotation curve of Carignan et al. (1990). Note that we have further assumed that the HI disk is intrinsically elliptical, with
axis ratio of 2:1. See the text for more details. The contours levels in this and succeeding panels are from 213 to2i2Eskeps of 1 km =,

C) The model velocity field with only expansion motion in the gas. The expansion velocity used to obtain the model is givenki [seee|

also the discussion in the teX?) The model velocity field with both expansion and rotation motions in the gas. The expansion is the same :
in panelC). The assumed rotation curve is linear and rises to a maximum of 6 kat ¢he edge of the galaxi) The model velocity field

with rotational and asymmetric expansion motions. The rotational velocity is the same as used ) paowkever the expansion curve (while
similar in form to that in panel€) andD) has been scaled (in galacto-centric distance but not amplitBji&xpansion curve used to obtain

the model velocity field. See the text for more details.

small galaxies however, model calculations (Ferrara & Tolstoy In light of the above discussion, and the ongoing star for-
2000) suggest that the ISM could be “blown away” i.e. that theation in GRS, it may be reasonable to assume that there are
ambient medium could be swept out by the hot expanding darge scale radial flows in the galaxy. If we make this assump-
pernovae superbubbles. This is in contrast to the situationtiimn, then the line of sight velocity,ys is related to the circular
slightly larger galaxies where there is instead a “blow out” i.@elocity V: and the radial velocit¥ey, by the relation

the supernovae heated hot gas pierces the ambient disk mate-

rial and escapes into the intergalactic medium. Although a stfes = Vsys + (ViotCOS@) + VexpSin(@)) sin() )

uation where the entire ISM is expanding outwards has not yet . : T L
&erevsys is the systemic velocity, is the inclination angle,

been observed, expansion of the neutral ISM on smaller sca . . .

has been observed in a number of starbursting dwarf galax%@(.w s the azwputhal angle n the plqne of t.he ga}laq&yt(o .
Such expanding HI supershells have been seen in, for exam |8ng the recedlng halqu the !<|nemat|gal major aps). The sim-
Holmberg Il (Puche et al. 1992), IC 2574 (Walter & Brink €5t such model is one in which thgre is no rota‘qon_. F|gure 5C
1999) and Holmberg I (Ott et al. 2001). One should note hmﬁbows SUCh_ a fT‘Ode' for GRS. In this model_t_he inclination an-
ever, that while the observational evidence for expanding sh of the disk is taken to be 2@nd the position angle 350

in the ISM of these galaxies is reasonably good, the mech 1ese values were chosen to match the observed velocity field,

nism by which these shells have been created is less well es%rr)q ar?"tltr'] gotodtr?greetme;l;[ W'tht the Va|UeSS exfesctle.d fr:)rr: hthte
lished. Stewart & Walter (2000) find that the giant supershell Ipse fitting to the outer HI contours (see Sect. 3.1; note tha

IC 2574 is probably driven by energy input from supernova'g' the case of radial motion, the velocity gradient is maximum

while Rhode et al. (1999), despite deep optical imaging, do r?c; ng the morphological minor axis and not the morphologi-

find the star clusters that would be expected to be presenﬁ majgr aIX|s). tTheb?xparésflon |str:aker|1 to_tb?_ clzntersd otntr:he
this scenario, at the centers of the HI holes in Holmberg 1. Inematica’ center obtained from the velocity field, and not Ine

morphological center. Since radial motions are probably driven
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by energy from star formation, it is not necessary for the egossible that one could findfiéirent forms for the expansion
pansion center to be coincident with the geometric center arid rotation curves which also provide adequate fits to the ob-
the HI disk. The expansio¥ey, is assumed to be azimuthallyserved velocity field. Strictly speaking, a more robust method
symmetric, and its variation with galacto-centric distance is a®uld have been to determine a least squares fit to the observed
shown in Fig. 5F. The rise in the expansion velocity till the rarelocity field, allowing for both expansion and rotation. This
dius R1 produces the parallel isovelocity contours in the centegdproach has however not been attempted in this paper.
regions of the galaxy, the fall after R1 produces the closed con- Figure 5E shows that the observed velocity field of GR8
tours. The rise in the expansion curve, from radius R2 onwardsan be quite well matched by a combination of rotational and
produces the kinks seen in the eastern and western edges oéipansion motions. Assuming that this interpretation is correct,
velocity field. This particular form of expansion was chosen b#ie natural question that arises is, what drives the expansion of
cause it provides a good match to the observed velocity fietde gas? Energy input from star formation is the obvious sus-
While it is possible that detailed gas dynamic modeling miglpect. For an expansion velocity o0 km st and an HI mass
be able to reproduce this curve, we have not attempted any soth 10’ M,, the corresponding kinetic energy+4.0°? erg. If
modeling in this paper. we assume that the kinetic energy imparted to the ISM by one
While a pure expansion model does produce the closed cenpernova explosion is10°! erg (e.g. Reynolds 1988), this im-
tours along the morphological minor axis, it does not produgdies that kinetic energy required for the expansion motion is
the asymmetries in the velocity field noted in Sect. 3.2. Theguivalent to the energy output©10 supernovae. It is plausi-
next most natural model to try is hence one in which therelide that this number of supernovae have occurred in GR8 in the
also some rotation. A velocity field with the sag, as be- recent past. The lack of detection of radio continuum sources
fore, but with non zerd/o; is shown in Fig. 5D. The rotation (corresponding to the supernovae remnants) would then place a
curve has been assumed to be linear; it rises to a maximuniiwiit on the magnetic field in the galaxy. On the other hand, no
6 km st at the edge of the galaxy. A linearly rising rotatiorstar clusters are located at the center of expansion. However,
curve was chosen because this form of rotation curve is typieal can be seen from Fig. 3, the majority of the HII regions
of dwarf galaxies. Other types of rotation curves, i.e. a consta#sociated with the three HI clumps lie on the inner edges of
rotation curve, a Brandt curve and an exponential curve (white clumps (i.e. towards the center of the galaxy). In a study
are seldom observed for dwarf galaxies) were also tried. WhdéHII regions in dwarf galaxies Elmegreen & Hunter (2000)
a constant rotation curve gives a poor fit to the data, Brandt aiodnd that the HIl regions tend to have a higher pressure than
exponential curves do not provide a better fit to the observitek average pressure in the disk. They suggest that the HIl re-
velocity field than that provided by a linear curve. Since theg@ons could still be in pressure equilibrium if they preferen-
curves introduce many more free parameters in the model wittally lie in dense HI clumps, where the ambient pressure is
out improving the fit quality they were not explored furthehigher than the average over the disk. Of the sample of galax-
The rotation is assumed to be centered on the morphologies studied by ElImegreen & Hunter (2000) GR8 showed the
center of the galaxy. The inclination and position angle are tta¥gest pressure anomaly; the pressure in the HIl regions was
same as for the previous model. As can be seen, this does refoond to be at least a factor ef55 times larger than the av-
duce the asymmetry in the kinks in the isovelocity contours berage disk pressure. Since these HIl regions tend to lie at the
tween the eastern and western halves of the galaxy. Howeveniter edges of the HI clumps, this over pressure could possibly
still does not reproduce the asymmetries in the closed contouhdve the clumps outwards. It is interesting to note in this re-
A model which does reproduce most of the features of the alpard, that the star formation history of these clumps indicates
served velocity field is shown in Fig. 5E. This model is similathat they have been forming stars continuously over at least last
to that used to produce Fig. 5D, thdfdrence being that the 500 Myr, i.e. the clumps themselves are gravitationally bound
expansion curve is no longer assumed to be azimuthally sy(@ohm-Palmer et al. 1998). The measured expansion velocity
metric. The positions of R1 and R2 in the expansion curve (s€€l0 km s?) is also considerably smaller than the escape ve-
Fig. 5F) were allowed to be fierent at diferent azimuthal an- locity (which would be~30 km s?, if we assume that GR8 is
gles in the southern half of the galaxy. However, the maximudark matter dominated and has a dynamic mass to light ratio
amplitude of the expansion curve was taken to be the same-it0), which means that the neutral ISM is still bound. This is
all azimuthal directions. Theffect of this was to reproduce theconsistent with the models of dwarf galaxy evolution which in-
elongated closed contours in the southern half of the galagjude a clumpy ISM — in such models the cold clumpy material
This asymmetry between the kinematics in the northern addes not escape from the galaxy Andersen & Burkert (2000).
southern halves may be related to the corresponding asymme-So far we have been treating the radial motions as expan-
try in the distribution of HIl regions (see Fig. 3, and also thseion. Since the sign of the radial motion is unconstrained, we
discussion below). The match can obviously be improved Isjould also note that the velocity field could instead arise from
also allowing an azimuth angle dependent scaling of the amfall. In this case, gas is swirling inwards into the galaxy. The
plitude of the expansion curve, but in the absence of a physiedel would then be that GR8 is forming from the merger of
cally motivated prescription for the scaling factor, this woulthe three clumps, and that thefdse gas and stars are mate-
not add much to our understanding of the galaxy’s kinematicgl that have been tidally stripped from the clumps and which
It should be noted that it has not been shown that our chosea now settling down to form a disk. However, in this sce-
model provides a unique (or even “best” in some rigorous staario, it is unclear if one would obtain the observed velocity
tistical sense) fit to the observed kinematics of the galaxy. Itfield, which doesn’'t show any clear signature of tidal
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interaction. Another possible infall scenario is that the gas@té, S., Carignan, C, & Freeman, K. C. 2000, ApJ, 120, 3027
now falling back towards the center of the potential after a préourteau, S., & van den Bergh, S. 1999, AJ, 118, 337
vious expansion phase. Dekel, A., & Silk, J. 1986, ApJ, 303, 39
To conclude, we have presented deep, high velocity re& Vaucouleurs, G., & Moss, C. 1983, ApJ, 271, 123
lution (~1.6 km 51) GMRT HI 21 cm synthesis images forDohm-PaImer, R. C., Skillman, E. D., Gallagher, J., et al. 1998, ApJ,

; ; : 116, 1227
the faint Mg ~ —121) dwarf irregular galaxy GR8. We find Efstathiou, G. 2000, MNRAS, 317, 697

that though the HI d|str|but|on_ in t_he galaxy is very cIu_mpyElmegreen, B. G., & Hunter, D. A. 2000, ApJ, 540, 814
there is nonetheless substantigtase gas. The velocity field o100 A & Tolstoy, E. 2000, MNRAS, 313, 291

of the galaxy is not chaotic, but shows a systematic large scalgjge, . w. 1967, ApJ, 148, 719

pattern. We are unable to fit this pattern with either pure rotgodge, P., Lee, M. G., & Kennicutt, R. 1989, PASP, 101, 640

tion or pure expansion. From an inspection of the velocity fieldbessel, J. G., & Danielson, D. E. 1983, ApJ, 271, 65

however, the following qualitative remarks can be made. If thiduchtmeier, W. K., Karachentseyv, I. D., Karachentseva, V. E., & Ehle,
patternis treated as arising because of rotation, then (i) the rota-M. 2000, A&A, 141, 469

tion curve would have to be sharply falling, and the disk wouldunter, D. A., & Wilcot, E. M. 2002, AJ, 123, 2449

have to be extremely warped at the outer edges and (i) the didig&ter S., & van Moorsel, G. A. 1995, AJ, 110, 2037

has to inherently elliptical, with an axis rati2. Such a disk Ot J- Walter, F., Brinks, E., etal. 2001, AJ, 122, 3070

would get quickly wound up due to iérential rotation. For Kunth. D., &Ostlin, G. 2000, A&ARY, 10, 1

these reasons we regard it unlikely that GR8’s velocity field Irake’ G., Schommer, R. A., & van Gorkom, J. H. 1990, AJ, 99, 547
9 y YTEIA IS k. v, sargent, W. L. W., & Young, K. 1993, ApJ, 106, 507

d_ue to pure rotation. A more Iikgly model is one in yvhich thﬁ/larlowe, A. T., Heckman, T. M., Wyse, R. F. G., & Schommer, R.
kinematics of GR8 can be described as a combination of radial 1995 apJ, 438, 563

and circular motions. Such a model provides a reasonablefitaida-Escude, J., & Rees, M. J. 1997, ApJ, 478, 57

to the observed velocity field. In this interpretation, in case tiegiche, D., Westpfahl, D. Brinks, E., & Roy, J. R. 1992, AJ, 103, 1841
radial motions are outwards, then they could be driven by tReaves, G. 1956, AJ, 61, 69

star formation in GR8; a previous study (Elmegreen & Hunt&eynolds, S. 1988, Galactic and Extragalactic Radio Astronomy, ed.
2000) has shown that the pressure in the HIl regions in this G. Verschuur, & K. Kellerman (New York: Springer-Verlag), 463
galaxy is at least 55 times greater than the average pressur@hfde, K. L., Salzer, J. J., Westpfahl, D. J., & Radice, L. A. 1999, AJ,
the disk. The measured expansion velocity is considerably less 118, 323 ) o _

than the estimated escape velocity, so even in this interpré?gpen’ M. P. 1999, Synthesis Imaging in Radio Astronomy Il, ASP

. . ) . . Conf. Ser., 180, 229
tion the cold gas is still bound to the galaxy. Finally, the radi illman, E. D., Terlevich, R., Teuben, P. J., & van Woerden, H. 1988,

motions could also be interpreted as infall, in which case G A&A. 108, 33

is either in the process of formation, or the ISM is falling backyiiman, E. D., Melnick, J., Terlevich, R., & Moles, M. 1988, A&A.,
after a previous phase of expansion. 196, 31
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