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Abstract. We present CO 410 and 21 observations of the B (Ables 1971, Arp & Sandage 1985). These clusters have been
dwarf starburst galaxy NGC 1569 with the IRAM interferometehe subject of recent HST (O’Connell et @l. 1994; De Marchi
on Plateau de Bure. We find the CO emission is not spatially &-al.[1997) and ground based studies (Prada ét-all 1994; Ho
sociated with the two super star clusters in the galaxy, but rati&Filippenkol1996; Gonzalez Delgado etal. 18997), and are be-
is found in the vicinity of an HIl region. With the resolutionlieved to be similar to young globular clusters. Age estimates for
of our data, we can resolve the CO emission into five distinitte SSCs range from 3 to 10 Myr depending upon assumptions
giant molecular clouds, four are detected at both transitions.dhout the star formation history.
the 10 transition the sizes and linewidths are similar to those Greggio et al.[(1998) have determined from HST WFPC2
of GMCs in the Milky Way Galaxy and other nearby systeménages that NGC 1569 has experienced a global burst of star for-
with diameters ranging from 40 to 50 pc and linewidths from mation 100 Myr in duration that has ended as recently as 5 Myr
4 to 9kms!. The (2-1)/(1-0) line ratios range from 0.684 ago. Vallenari & Bomans$ (1996) found evidence for alarge burst
0.30to 1.3 0.60 in the different clouds. The lower line ratioof star formation roughly 1x 108 yr ago in WFPC images, as
are similar to those seen in typical Galactic GMCs, while valuegll as several much older episodes. Itis clear that star formation
higher than unity are often seen in interacting or starburst galdsas had a dramatic effect upon the ISM in NGC 1569 through
ies. We use the virial theorem to derive the C@ddnversion stellar winds and supernovae. Israel & van Driel (1990) have
factor for three of the clouds, and we adopt an average valudadind a hole in the HI distribution centered on SSC A, possibly
6.6+ 1.5 times the Galactic conversion factor for NGC 1569 iblown out by the stars in the clusteratémission extends from
general. We discuss the role of the molecular gas in NGC 158% disk out to the halo in filamentary structures (Hodge 1974;
and its relationship to the hot component of the ISM. Finallyaller[1991; Hunter et al. 1993; Tomita et/al. 1994; Devost et
we compare our observations with blue compact dwarf galaxiels1997). The dynamical age of the extended, diffuaeeihis-
which have been mapped in CO. sion is consistent with some age determinations of the SSCs
(Heckman et al. 1995). X-ray studies (Heckman ef al. 1995;
Key words: ISM: molecules — galaxies: individual: NGC 156Pella Ceca et al. 1996) have found extended emission spatially
— galaxies: ISM — galaxies: starburst — radio lines: galaxies associated with the & together these paint a picture of a hot
gaseous phase blowing out of the galaxy, powered by the SSCs.
The cool phase of the ISM in NGC 1569 has been observed
1. Introduction by Israel & van Driel [I99D), Stil & Israe[(1998) and Wilcots
] et al. (in preparation) in HI with interferometers. Hunter et al.
NGC 1569 (Arp 210, VII Zw 16, UGC3056) is a nearby dwarf1ggg) have combined FIR data from the Kuiper Airborne Ob-
galaxy hosting several interesting phenomena related to its S&fivatory and IRAS to study the dust. They find an unusually
burst, and with an observational history going back to 17§§gh dust temperature, for a dwarf irregular galaxy, 34K, and
(see Israel 1988 for a history of the early observations). Asdgripyte this to the influence of the recent star formation burst.
common among dwarf galaxies, it has a low metallicity (12 &0 emission has been observed in NGC 1569 by Young et al.
log(O/H) = 8.19+ 0.02; Kobulnicky & Skillmar 1997). At a (1982), Greve et all (1996) and Taylor et al. (1998). Mapping
distance of only 2.2+ 0.6 Mpc (Israe] 1988), it is the closestyith the IRAM 30-m telescope, Greve et al. found CO emission
known example of a dwarf starburst galaxy, and so observatiofisyr the SSCs, but not directly at their locations. Instead the CO
of itare essential in interpreting observations of similar objeqi$spatially associated with a prominent Hl region. The spatial
at greater distances (e.g. the small blue galaxies found in Hago|ution of the 30-m telescope is2at 115 GHz (equivalent
Hubble Deep Fields). _ to 235 pc) and 11at 230 GHz (equivalent to 120 pc), so it was
What has perhaps drawn the greatest attention to NGC 1569 possible to resolve individual molecular clouds. Because of
is the presence of two super star clusters (SSCs), labeled A g0d an extremely high value of the CO-ta-Honversion rate,
Send offprint requests 1€.L. Taylor ~ 20 times the Galactic value was derived. Such a high value
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Fig. 1.Channel maps showirlgCO 1—0 emission in NGC 1569 near Fig. 2. Channel maps showingCO 2—1 emission in NGC 1569 near
SSC A and B. The contours are in units of -2, 2, 4, asdBherec SSC A and B. The contours are in units of -2, 2, 4, andwhereo is

is the rms noise in a channel map, equal to 7.5 mJy béavery the rms noise in a channel map, equal to 6.6 mJy beaivelocities
second channel is shown. Velocities agg;y. are L srg.

is unlikely, and Greve et al. attributed it to non-standard congi#3 x 2”0 at 230 GHz. At the adopted distance of 2.2 Mpc,
tions in the molecular gas due to the proximity of the super Stfese spatial resolutions correspond to 45p40 pc and 25 pc
clusters. x 20 pc, respectively The velocity resolutions are 1.6 krhat

NGC 1569 presents an excellent opportunity to study the aft5 GHz and 3.3 kms! at 230 GHz.
fects of low metallicity and a starburst upon the molecular ISM. The data were reduced at IRAM with the CLIC and MAP-
The only similar environment which can be studied in such dP1NG packages of GILDAS, using the standard procedures_
tail is the molecular gas complex found near 30 Doradus fring the observations the atmospheric water vapor content
the LMC. We have imaged the CO emission using the IRAMaried, and was often high enough to influence the 230 GHz ob-
interferometer on Plateau de Bure, which provides spatial reggrvations. The phase calibration was accomplished accurately
lution sufficient to distinguish individual giant molecular cloudgyith the help of the stable phases at 115 GHz, but the amplitude
(GMCs). We examine the physical properties of the GMCs, dgglibration at 230 GHz is only accurate to 40%. The accuracy
rive the CO-to-H conversion rate, and discuss the role of thgf the 115 GHz amplitude calibration is 20%. After mapping
molecular ISM in NGC 1569 with respect to its star formatiofyas completed the data cubes were exported as FITS files to the
history. AIPS package for further analysis.

The 115 GHz data have an rms noise of 7.5 mJy/beam in a
single channel map, while for the 230 GHz data the rms noise
is 6.6 mJy/beam. The channel maps are presented in Figs. 1 and
The observations were carried out with the interferometer @n
Plateau de Bure in several sessions between 21 March and 14ach data cube was blanked at thd@vel and the resulting
April 1998. The'2CO 1—0 and 21 transitions were observedblanked data cubes were searched for CO emission. To distin-
simultaneously in a mosaic consisting of four positions sepgdish genuine emission from noise spikes, additional blank-
rated by 17, centered upon the peak in the CO emission dixg was done in which only emission present in at least three
tected by Greve et al. (1996). The D and C2 configurations wexansecutive channels was retained. The integrated CO emis-
used, yielding spatial resolutions df3x 39 at 115 GHz and sion over the entire map is 3.58 Jy km'sn the 10 line, and

2. Observations and data reduction
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NGC 1569: CO (1-0)
I I

5.94Jykms! in the 21 line. In comparison, Greve et al. o 51 20

(1996) integrated the emission over the innef a82their map,
obtaining 12.5Jykms' (1.98K kms1) and 22.1Jy km's! Q
(2.10Kkms!) for the 10 line and 2+1 line, respectively. 15 5

Our field of view is larger than this, so if we restrict our-

selves to the same inner//22we obtain 2.76 Jykms and
5.79Jykms'. At 115 GHz, we detect 22% of the flux from 1o~ 7
Greve etal., and at 230 GHz we detec26%. This discrepancy
is most likely due to the incomplete coverage of theplane
at the shortest baselines. To check that insufficient sensitivity
was not the reason, we assumed that the entifer@gion in %
our 10 map, excluding only the areas covered by the GMC@, 00l A
was filled with emission 3 channels wide at the®2|&vel, i.e.
just below our sensitivity defined above. If this were true, then
the total emission should be 3.82 Jy kmt sand we would have 5055}
recovered only 72% of this. But even this most extreme scenario
still falls short of the 12.5 Jy knts' seen by Greve et al. Thus
we conclude that the discrepancy is due to the missing short 50~
spacings. This lack of short spacings means that our observa-
tions do not detect diffuse gas which is distributed over large ‘ ‘ ‘ ‘ ‘

. . 04 30 49 48 47 46 45
scale lengths, but only the dense gas which has accumulated into RIGHT ASCENSION (J2000)

giant molecular clouds. Our results will therefore only be app -_ig. 3. Integrated CO intensity map of tHCO 150 in NGC 1569.

cable to the structures we see, and not to the global distributigll, -ontours represent 10, 20, 40 and 80% of the peak integrated

of CO in NGC 1569. flux intensity, equal to 1.6 Jy knts. The positions of the two SSCs
are labeled A and B. The ellipse indicates the size and shape of the
synthesized beam.

N (32000)

05— —

3. Results
NGC 1569: CO (2-1)

3.1. Cloud diameters, line widths and line ratios ! ! !

64 51 20— O T

The zeroth moment maps, showing the velocity-integrated emis-
sion, are given in Figs. 3 and 4. Fig. 5 shows the line profiles for
the clouds in both CO-%0 and 2+1 emission. Although the 15— 7
CO emission from some giant molecular clouds overlaps spa-
tially, the velocity information shows that several distinct clouds .
may be distinguished, especially in the»2 data, which have g @
a higher spatial resolution. Four clouds are identified in eagh 4
data cube, although clouds 1 and 2 from theRare merged
together by the low spatial resolution in the>D transition.
Cloud 5 from the -0 data falls outside the area covered in the A A
2—1 map and thus is not seen. The observed properties of the 00—~ ® —
GMCs are given in Table 1, including the diameter measured at
the contour encircling 90% of the flux (used for determining the
virial masses), the diameter measured at the half maximum con-2%[®e 2 % n
tour (used for comparing with the size-linewidth relation), the
FWHM velocity width, the central velocity, and the integrated 5| 1 _
intensity.
One guestion to consider is how these GMCs in NGC 1569 ‘ ‘ ‘ ‘ ‘
compare with those from the Milky Way Galaxy, and from other 0430 49 48 45
nearby galaxies. Both in the Milky Way and other galaxies,
GMCs are observed to follow a size-linewidth relation of thEig. 4. Integrated CO intensity map of tHéCO 21 in NGC 1569.
formv o< D® wherev is the linewidth,D the diameter, and ~ The contours represent 10, 20, 40 and 80% of the peak integrated
0.5 (e.g. Larsof 1981, Solomon et/al, 1987, Wilson & Scovilféx intensity, equal to 1.8 JyknTs. The positions of the two SSCs
1990). Fig. 6 plots our clouds in the size-linewidth plane aloge Iabgled A and B. The ellipse indicates the size and shape of the
with clouds observed in M 31 (Vogel et al._1987; Wilson nthesized beam.
Rudolph 1998), M 33 (Wilson & Scoville 1990), SMC (Rubio
etal[1993), IC10 (Wilson 1995) and NGC 6822 (Wilson 1994).
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Table 1. Observed properties of GMCs in NGC 1569

GMC  a(2000)  §(2000) Dyo Diwhm  Viwhm  Veenter S(CO)
(pc) (pc)  (kms') (kms') (Iykms')
1—0
142  043046.1 +645055 11057 70x 44  24.1 _75.7 2.12
3 043046.6 +645058 7257 61x 35 8.8 —79.3 0.86
4 043047.9 +645108 7545 55x 33 3.9 -85.0 0.19
5 043047.2 +645114 8%¥56 55x 37 5.7 —92.1 0.41
2—1
1 0430458 +645054 4%34 31x24  11.3 —68.7 1.98
2 043046.1 +645055 4738 37x28  13.1 —69.1 2.28
3 0430467 +645059 4926 36x21  11.4 —79.9 0.83
4 043047.8 +645108 2821 24x 16 4.9 -84.9 0.23

Note:The estimated errors on the various properties in the €O tlata are: diametef 24 x 21 pc, Vrwhm £ 1.3km S Veenter £1.3kms 1,
I(CO) & 20%. For the CO 2+1 data the estimated errors are: diametel3 x 11 pC, Vrwnm & 3.2KM S, Veenter £ 3.2kms ™, 1(CO) £
40%.
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Fig. 5. Line profiles for GMCs 1, 2, 3, 4 and 5. Clouds 1 and 2 are

blended together in th#CO 1—0 data because of the lower spatiaFig. 6. The diameter-line width relationship for GMCs in galaxies of

resolution. Cloud 5 is only shown in tH&CO 1—0 transition because the Local Group. The clouds of different galaxies are distinguished by

it lies outside the area imaged at 230 GHz. different symbols, and the line shows a best fit relationship to the M33
GMCs derived by Wilson & Scoville (1990).

The line shows afit to the points from M 33 by Wilson & Scovillelable 2. CO (2—1)/(1—0) line ratios
(1990) of the form» = 1.2D%5. Our clouds clearly fall within

the range spanned by the clouds from other galaxies. GMC  2-1/1-0

The CO (2-1)/(1—0) line ratio,ry1, is given in Table 2. 1+2 1.314+0.60
Greve et al.[(1996) determined the line ratios for the innér 23 0.64+ 0.30
of their single dish map, obtaining 14 0.2. This value lies 4 0.79+ 0.36

between the extremes that we have determined for the individ-

ual GMCs, although our error bars are large enough to include

their value. If we integrate only the emission corresponding % It IS likely tha_t th? value of Greve et.al. is dominated by the
the same region as Greve et al., we obtain a line ratio of 1_fgmbmed contribution of these two objects, and that the lower

larger than their value, but consistent, given our errors. Howe érP,e ratios we obtain for GMCs 3 and 4 are correct.
GMCs 1+2 contain most of the emission at both frequencies,
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3.2. The CO-H conversion factor Table 3. CO-H, conversion factors and cloud masses

Under the assumption that the clouds we observe are in vifig| o/ g My Mo
equilibrium, we may use the virial theorem to calculate the mass 9 10° M 10° Nf@
within the clouds. Since the mass of GMCs is dominated hy

. . + 10.9+ 3.8
molecular hydrogen, comparing the mass thus obtained fr%m 72136 48+18 35413
the observed CO flux density will give the conversion factgy 50135 087L044 0.64L0.32
between CO and H For this calculation to apply, the cloudss 67435 21+085 1.5+ 063

mustbe resolved both spatially and in velocity, otherwise upper

limits on the molecular mass ofthe GMCs are obtained, resulting

in lower limits on the conversion factor. Fig. 5 shows that thfdudes the helium correction. The CGridonversion factor is

velocity resolution is sufficient, although we will not be abléhen obtained from

to use the CO 40 data for clouds 1 and 2 because they are Myt

blended together at the lower spatial resolution. At a distance Q= QGal M, 3)

of 2.2 Mpc, the spatial resolution at 115 GHz dfs4x 379 i

corresponds to 48.Q 41.6 pc, while the resolution at 230 GHz Table_3 lists the values_ fae/agan gnd My for the threg

of 23 x 20 is equal to 24.5 21.3 pc. clouds Wlth adequate spatial r_esolut|on to measure the diame-
An important question is whether or not the assumption "S- Also included are the estimated masses:offer clouds

virialization is justified. From Fig. 6 we conclude that the clouds ™2 this is obtained using the average conversion factor de-

are similar to GMCs known in the Galaxy and other neartiF'ioed below, for clouds 3, 4 and 5 this is simply the virial

systems, so if those clouds are virialized, we may reasona%ss reduced by afa.cto.r pf 1.36 for the heI|um_ contrlb_uuon.

assume that ours are as well. That GMCs in the Milky Way are The values for the individual clouds are consistent with each

virialized has often been the subject of vigorous debate. One IFf8€": given the rather large error bars. The scatter between the

of reasoning that argues for virialized clouds has been the tiqﬁ{uesﬂ’ is 0.6, smaller than the individual errors, and smaller

correlation between virial masses;M, and CO luminosities, 112N the 20% accuracy of the calibration of the CO flux. Com-
Lo, where Lo, is taken as an indicator of the mass of COt?lnmg these two. contrlbutlc_)ns, we adopt 1.5 as the error for the
and hence ki, present in a given cloud (Solomon etal. 1987)':}verageconver3|on factor in NGC 1569 instead of using the
However, Maloney (1990) has argued that this M-Lc, cor- Statistical scatter of Fhe t'hree value§, thysy,,; = 6.6+ 1.5. .
relation is simply a result of the observed size-linewidth relatigff€ can compare this with conversion factors calculated with
and would exist whether or not the GMCs were in virial equilitin® Same method by Wilson (1995) for other dwarf galaxies of
rium. Inthe end, the fact that conversion factors derived with tHig2!y the same metallicity as NGC 1569. NGC 6822, with 12 +
method generally agree with those derived from independ QQ(O/H) =8.20, has/agq < 2.24 0.8, while IC10, with 12 +
methods, at least at the high mass end of the GMC distributi'&ﬁ(O/H) =~ 8'16, hasy/age =2.7+ 0.5, T.hus NGC_ 1569 ha; a
(> 105 Mg), suggests that the assumption of virialization iglgher conversion rate than dwarf galaxies of similar metallicity
reasonable (Combés 1991). Both sensitivity and spatial resdfy-2 factor of 2 to 3. _

tion limit our observations to these largest, most massive GMCs, !Srael [1997) has used far infrared data from IRAS to de-

so we will use the viral masses to derive the €O conversion termine the conversion factor in several magellanic irregular
factor galaxies, including NGC 1569. He obtaiagag,; = 70 + 35

The virial mass contained in a cloud is given by fqr NG(; 1569, negrlyften }imes our value. At Iea;t two pos;ibil-
ities exist to explain this discrepancy. Our value is only valid for
vawhm D/2 those GMCs in which we detect CO emission, while there may
kms—1 pc = © @) exist regions containing molecular material, but no CO. Thus
Israel’s value may be an average over the whole galaxy, includ-
wherev?, . is the velocity width andD the diameter of the ing areas where there is no CO emission. Alternately, one or
cloud (MacLaren et al. 1988). For the diameter, we use theyre of the assumptions used by Israel in his determination of
average of the major and minor axes, measured at the coni@igconversion factor may not be valid. For example, his method
containing 90% of the flux (Ey), and for the velocity width, assumes a constant dust-to-gas ratio everywhere in the galaxy,
we use the linewidths in the-20 line. The factor of 190 is which may not be the case. Too little is currently known about
appropriate for a spherical distribution with density proportionghe distribution of cool dust in dwarf galaxies.
to 1/r. The molecular mass in a given cloud of integrated CO  ysing our derived conversion factor, the total mass ofrH
10 flux densitySco [Jy kms '] is: the five detected GMCs is (16:54.1) x 10° M, compared
Sco to 1.1x 10® M, in HI (Reake$ 1980). The mass of a typical
Ty —— Mg (2) single HI clump that can be identified in the map of Israel &
pe Jykms van Driel (1990) is of ordet0°® M, i.e. similar to the mass of
whered is the distance to the cloud (Wilson & Scoville 1990)the GMCs we find. For comparison, we can use the absolute
This formula uses a Galactic conversion factor af,; = magnitude (My = —16.9; Tully| 1988) and an assumed stellar
2.3 x 10?°cm—2 (Kkms~1)~! (Strong et al[_1988) and in- mass-to-light ratio of 1 to estimate the total stellar mass to be

My =190

2

Mo = 1.23 x 10*
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(2—1)/(1-0) line intensity ratio

~ 10° M. This mass-to-light ratio may be an underestimate, . e
X(C0)=2 10 °, grad v=1.0 km s pc

because NGC 1569 has had a recent burst of star formation, but
we see that the stellar mass is much larger than the contributio’® |
made by the molecular or atomic ISM. -

Greve et al. (1996) have not found any CO emission in other |
regions in NGC 1569, but even if there was some they missedj50 -
it is unlikely to account for much more than what is already i
seen. We conclude that the molecular gas contributes a small
fraction by mass to the ISM in NGC 1568lowever, it should — ;40 [
be noted that the conversion factor we derive should only be
applied in a strict sense to the GMCs. The diffuse emission
not detected by our interferometric observations may have a
different conversion factor, since it will have a different (lower)
density, and possibly a different temperature.

We can obtain an order of magnitude estimate of the density
of this diffuse gas. Greve et al. argued that the total molecular ©
mass they detected is of the ordex 20° M, for an assumed 1Og<n(H5 [em™®])
conversion ratio of- 4 times the Galactic value. This should o _ .
give a lower limit to the density, because for diffuse gas sdijd: /- Results of an LVG model With*COfH, = 2 x 107° and a
shielding of CO is less efficient and CO will be more easil\{/eIOCIty gradient of 1Lkms” pc.
dissociated. Thus a given mass of Will have a higher conver-
sion factor. The interferometer detects 22% of theQlfound rameters into the models we have2CO/H, abundance ra-
by Greve et al., leaving a mass of 1610° M, undetected. tio of 2 x 10~5 and velocity gradients of 0.2, 0.4, 1.0 and
For a spherical volume of 120 pc radius (Greve et al.), this c@;0kms ! pc—!. The abundance ratio is simply the standard

responds to an average density~0f.0 molecules cm?. assumption scaled by 0.2, as the metallicity of NGC 1569 is
approximately 20% solar.
4. Discussion Because we do not have a third line, such480 1-0,

the kinetic temperature,J,, and the density, i, are degenerate
and a large number of solutions may give the same line ratios by
Line ratios are often used as indicators of the physical contliading off temperature versus density. Fig. 7 shows the result of
tions in the molecular ISM. We will compare théCO 2—1 one LVG model, where the velocity gradientis 1.0 km gc~!.
/ 1—0 line ratios we present in Table 2 with those found fdfor this set of parameters, we see that the gas with the high line
molecular gas in various environments. Sakamoto et al. (1994d)io will have a narrow set of acceptable values for kinetic
have derived this line ratio for the GMCs Orion A and B, obtairtemperature~{ 150 K), and densities (logy) ~ 3.5). For the
ing 0.77 and 0.66 respectively, similar to our values for GMQsw line ratio gas, a wide range of acceptable values exists.
3and 4. Thornley & Wilsor (1994) have obtained a line ratio of The physical conditions in the molecular gas determine the
0.67+ 0.19, averaged over several GMCs in M33. Line ratioslue of the CO—HK conversion factor. Because the;D line is
significantly higher than unity are often considered indicatiwagptically thick under the conditions found in GMCs, the empir-
of warm, optically thin gas and have been observed in intécal relationship that permits it to be used as a tracerofrtdss
acting galaxies, or in galaxies with nuclear starbursts (Brained&pends on a very clumpy molecular medium with a low filling
Combe$ 1992; Aalto et al. 1995). For the starburst system M 8&¢tor, where the clumps do not shadow one another. If this is
Wild et al. (1992) find a line ratio of 1.3 0.3. In NGC 1569 not the case in NGC 1569 and there is substantial shadowing,
the GMCs with the highest line ratios (GMCs 1+2) are not sighen this would reduce the derivad,,;, which would, in turn,
nificantly nearer to either the SSCs or the closest HIl regionsiitcrease the conversion factor.
projected separation than the other clouds, so it is unlikely that Alternately, if the GMCs are in a stronger UV radiation
warming due to star formation is responsible. More likely thigeld than those in either IC 10 or NGC 6822, the CO emission
line ratios reflect a contrast in the densities of the GMCs. could be reduced due to increased photo-dissociation of the
Because we have data only in th&CO 1—0 and 2+1 CO molecule relative to those two galaxies. This would also
transitions, we cannot provide tight constraints on the physiéatrease the conversion factor. This explanation is consistent
conditions in the CO emitting gas. Generally a line known to hwith the different natures of these three galaxies. NGC 1569
optically thin is necessary for this, such @0 1—0. Given is a BCD which has had a major burst of star formation in the
the low emission in the lines of the much more comm#@O, recent past, which resulted in the two SSCs. The presence of
obtaining'3CO detections is difficult in dwarf galaxies. HIl regions also indicates that some star formation is currently
However, we can run a series of large velocity gradieptoceeding. Both IC 10 and NGC 6822 are far more quiescent
(LVG) models and see what ranges of parameter space are ¢tban NGC 1569, although a high concentration of Wolf-Rayet
sistent with our observed-20/1—0 line ratios. As input pa- stars in IC 10 does indicate a recent star formation episode

4.1. The physical conditions of the molecular gas
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NGC1569: WFPC2 F555W + CO (1-0)

in that system (Massey & Armandroff 1999).the increased 151 20 —

photoionizationis the correct explanation, then we would expec
to see enhanced emission in the far infrared and submillimeter
lines of Cl and [CII] compared to NGC 6822 and IC 10/e

will discuss what constraints upon the physical conditions in
the GMCs are imposed by the observed line ratios in the next
section.

15

10—

05

DECLINATION

4.2. The relationship between the super star clusters
and the GMCs

00

For comparison of the CO emission to the optical component *°°°
of NGC 1569, we obtained an HST WFPC2 image from the
data archive of the Space Telescope European Coordinating Fa-
cility. Fig. 8 shows the CO 40 contours superposed on this
image. The F555W filter used corresponds approximately to
the V band. Two circles show the positions of the SSCs, and
crosses show the positions of Hll regions identified by Waller %4395 0 9 eBascenaon *
(1991). SSC A is near the galaxy center, and about 115 pc e‘%‘
i

50—

st .
. g.8.The contours of?CO 1—0 from Fig. 3 superposed over an HST
of the nearest GMC, number 3. SSC B lies about 53 pc sou FPC2 image of NGC 1569 taken through the F555W filter. The two

east of SSC A. N_O 'molecular gas is directly associated w cles show the positions of SSCs A and B, and the crosses indicate
these clusters. This is to be expected, as these clusters repreggpbsitions of Hll regions from Waller (1991).

very strong star formation episodes approximately 15 Myr ago.
Energy input into the ISM from the by-products of star forma- NGC1569: H-alpha + CO(1-0)

tion (stellar winds and supernovae) may have disrupted the natedsi 20 | ‘ ‘ -
clouds responsible for the formation of the SSCs. Indeed, the

HI hole, the extended & emission, and the hot X-ray gas all 151 —
attest to the influence the SSCs have had upon the ISM.

An Hllregion does fall partially within the contours of GMC 101 -
3, although it is impossible to tell from our data if the two arg
physically associated. In more massive disk galaxies, the sc:%tle 05— + —

heights of the cold ISM and the young stellar populations &ge
small enough that a spatial overlap such as is seen here wauld oo
be sufficient to assume an association between the molec@lar
gas and the HIl region. However, due to their shallower gra\?l- 5055 SSCB
tational potentials, dwarf galaxies often have thicker disks than Q
do spirals (e.g. Holmberg I, Puche et[al. 1092). Still, even if 5o~ -
NGC 1569 has an HI scale height ©f600 pc like Ho Il, the +

height of the molecular gas must necessarily be smaller. Unless 45 @f 7
they are in a non-equilibrium state kinematically, the ensemble : ‘ ‘ ‘ ‘ | ‘

of GMCs must lie in the plane of the galaxy. The velocity dis- 043051 50 49 48 47 46 45
persion between the clouds (along our line of sight, of course) RIGHT ASCENSION (72000)

is ~ 7kms™!, compared to a globals,., of 72kms! for  Fig.9.The contours of>CO 10 from Fig. 3 superposed over amH
the HI (Reakes 1980). The scale height will be approximateipage from Devost et al. 1997

proportional to the velocity dispersion (Kellman 1972), which

implies a scale height of 60 pc for the molecular material.

With such a low scale height, itis likely that GMC 3 and the Hil| . . 3 . .
2ar this cluster is- 200 cnt 2, assuming a spherical geometry.

region are physically close to each other. The spatial relatidif: _ .
ship between this HIl region and the molecular clouds is simil ternberg(1998) has argued that the density of mol‘ecular gasin
cloud from which the SSCs formed wasl 0° cm~3, three

to what is seen in the molecular gas south of 30 Doradus in 3 ¢ tude hiaher th h infer. T h
LMC (Johansson et al. 1998), where an HiIl region lies alor‘f’d ers of magnitude higher than what we infer. To recover suc

the edge of the molecular gas, partially overlapping. a high density through clumping of the_molecular ISM would
Prada et al. 1994 have identified a star cluster in this regig?gu're an unreasonab_ly large volume filling factor.0.001.

of Ha emission and suggested that it might be a SSC in tl%e nof[e _that 200 cm IS only a f‘?‘Ctor of 30 larger than our

process of forming. Based upon our observations, we now ¢ Her limit for the density of the diffuse molecular gas.

sider this to be unlikely. The average gas density in the region

SSCA

T
U
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4.3. The hot and cold phases of the ISM HI distributions (e.g. Sag DIG, Young & Lb 1907; GRS,
Carignan et al. 1990), and near such clumps is the natural

NGC 1569 s often cited as a case of a dwarf galaxy experiencing place to expect molecular gas.

a blowout of the ISM due to the effects of a star formation
burst. Hx emission has been found to form a halo of emission . . . .
around the galaxy, with shell structures discernable (Hunter etal, OPtion 1 is unlikely, for the reasons stated above. Option
1993; Devost et al. 1997). The radial velocities of as much as> 'S More likely, given the relative geometry of the SSCs and

200 km ! relative to the systemic velocity suggest expandirfge GMCs. An interesting morphological note is the rm
superbubbles, and X-ray data find hot {10 gas in the interior identified by_WaIIer (1991). This featu_re extends about 640 pc
of these bubbles (Heckman et/al. 1995, Della Ceca gt al] 10d69™M the main part of NGC 1569 and it connects to the galaxy
The mass of the hot X-ray gas is 12L0F f4 M, where fis the very close to the position of the GMCs and cluster C. A simi-
filling factor of the gas. It is reasonable to expect that the viole|j'y Shaped feature occurs in HI, sitting just to the exterior of the
process of heating the gas and driving it in an outflow would® feature. Waller interprets these as the interface between out-

leave some kind of observable signature upon the remainfifying hotgas and the cool neutral material. The GMCs would
cold ISM. then be positioned at the part of this interface region with the

The HI hole centered on SSC A discovered by Israel gighest gas density. This coincidence makes us favor option 2,

van Driel (T990) could be an example of this. They argue t|ﬁ|zgllfhough the evidence is certainly not conclusive. Further CO

the data are consistent with a picture in which the formatigipservations of otherwise similar dwarfs which lack SSCs will
of the hole began about 19r ago, driven by the expansionhelp us to understand this issue. We discuss high resolution CO

of supernova remnants. The angular size they measure for Shgervations of other BCDs in Sect. 4.4.

. "noo . If we assume a star formation efficiency (SFE), defined as
holg IS~ 10'. , With the result that the QMCS we have mage%e fraction of gas mass converted into stars, we can estimate the
lie just outside the hole. The expandingvHbubbles have a

dynamical age of. 107 yr (Heckman et all 1995), similar to amount of gas required in the burst that created the SSCs. Sage

. : . —etal. [1992) have calculategbbal SFEs for a number of BCDs
the age of the HI hole. This provides a limit to the duratloussgFg Hv, CO and HI observations. These SFEs are calculated

of the starburst that_ create_d SSC A. Based upon the shap% he star formation rate (fromo-bbservations) per gas mass
the non-thermal radio continuum spectrum, Israel & de Bruyn

. . i.e. the inverse of the gas consumption timescale. To arrive
((aln?js(:g gggﬁtigﬁ;dytrh:;;hiﬁia RLT%'%lgirj;élgi%j;%# our definition of SFE, we must multiply by a burst duration,
X ’ . “Which ill tak 1 .N hat implicit in thi
duration of about 5¢< 10°. There are three possible scenarloi}; we will take to be 5¢ 10° yr. Note that implicit in this
f
t

di tion betw the hot and cold oh the further assumption that the current star formation rate is
Irgﬁﬂar INg & connection between the hot and cold phases o same as the average star formation rate during the burst. We

will take an average over several BCDs, with the assumption

1. The GMCs are a direct result of the expansion of the hdleat since they will be at different stages in the development of
in the HI driven by the hot gas. A shell of accumulatetheir star formation episodes, the result will be approximately an
material along the edge of the hole might form moleculaverage SFE for the duration of a typical burst. Averaging SFEs
clouds. Indeed, an expanding shell of CO emission has bdenthe galaxies which most resemble NGC 1569 (which we
detected around the giant HIl region 30 Doradus by Cohédefine as having an HI mass within a factor of 2 of NGC 1569),
et al. [(1988). But in the case of NGC 1569, the GMCs dee obtain 1.9%. If the burst duration is longer than we have
not form a shell-like distribution around the HI hole, nor dassumed, then the SFE will increase, because a larger fraction
the kinematics of the CO emission indicate an expanding the gas mass will have been converted to stars using the
shell, so this scenario is not very likely. average star formation rate. For a duration-af0® yr, the SFE

2. Instead of originating in a swept up shell, the GMCs mawill approach 100%, much higher than is expected. However,
have collapsed from pre-existing high density material diseirst durations much longer thanxs10° yr conflict with the
to the shock of the outflow. The HI maps of Israel & van Driedlynamical age of the HI hole (Heckman et[al. 1995) and the
do show that the peak of the HI column density is west of thigne for the end of the star formation burst (Israel & de Bruyn
SSCs. The lack of molecular gas elsewhere in the vicin[i088).
of the SSCs (Greve et al. 1996) would be explained if the The SFE derived above compares well with the values of
HI elsewhere did not have a high enough density for GM@s4% and 1.9% determined by counting individual stars in the
to collapse even with the catalyst of a passing shock. In tlggnt HIl regions NGC 595 and NGC 604 in M33 by Wilson
case, the GMC formation and subsequent star formati@iMatthews (1995). Of course these two are individual giant
would be a prime example of star formation being triggerddll regions, and thus their SFEs are not global values, as come
by an earlier, nearby star formation event. from Sage et al. But the similarity in the SFEs between the

3. There is no relationship. The GMCs could predate the sta different environment obtained using two different methods
formation burst of about 15 Myr ago that created the SSGaiggests that the values are reasonable.
Molecular clouds will tend to form where the gas density De Marchi et al.[(1997) have estimated the mass of SSC
is high. A number of dwarf irregular galaxies without largé\ at 2.8 x 10° M, so a SFE of 1.9% yields an original gas
star formation bursts are known to have irregular, clumpyass (H + HI) of 1.5 x 10" M. Wilson & Matthews[(1995)
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find the ratio of molecular to atomic hydrogen in NGC 59&bout 1000 pc< 700 pc in size, near the center of the galaxy.
and NGC 604 to be approximately 1:1, so this would imply ahhis emission shows structure on scales&00 pc, which was
original My, of 7.5 x 10° M, for the gas that formed SSCapproximately the resolution limit of those observations. One
A. This is larger than the 1.% 10° Mg, found in the current feature which is well resolved has a virial mass-o10’ M@,
GMCs. Of course there is significant diffuse emission that wasger than what we have seen in NGC 1569. Clouds of this
not detected in our interferometer observations. In the censize are rare in surveys of Galactic GMCs (e.g. Sodroski[1991;
pointing of Greve et all (1996) this amounts to nearly a fact&anders et al. 1935), so perhaps these features in NGC 4214 are
of 4.5, so we can estimate a lower limit on the total tdass simply collections of unresolved smaller clouds. When observed
in our field to be 7.7 10°. This is similar to the estimate for with a large enough beam, the GMCs we see in NGC 1569 do
the gas that created SSC A. Thus there is sufficient gas presgpear as a single large cloud of diametet50—-200 pc (Greve
now to explain the SSCs, but distributed over an ar&200 pc et al. (1996).

in diameter. This extended distribution of the gas may explain Becker et al. find a 21/1—0 line ratio of 0.4+ 0.1 for

why we see current star formation as typical HIl regions, bGC 4214. Their data have relatively low spatial resolutiorf (13
not as newly born SSCs. in 12C0O 2—1) and NGC 4214 is more than twice as far away
as NGC 1569. Therefore their line ratio represents not a value
for an individual cloud, but an average over multiple clouds
belonging to a molecular cloud complex. In addition, they used a
4.4.1. dlrrs single-dishtelescope, so they do not have the problem of missing

Several of the irregular galaxies in the Local Group have bef(l,ux due to a lack of short spacings. It would be interesting to

observed with high spatial resolution in CO, including the LMEBtaln interferometric CO observations of NGC 4214 in order to

4.4, Comparision with other galaxies

and SMC (each observed with SEST), and IC 10 and NGC 68 %rive line ratios on smalle.r physical scales than was 'poss.ible
A or Becker et al. and see if any dense clouds with high line
(both observed at OVRO). When individual molecular clouds. S ;
o ) : : . ratios are present, such as we find in the case of GMC 1+2 in
are resolved, they follow a size-linewidth relationship very SiNNGe 1569
ilar to that of Milky Way GMCs. The clouds seen in these '
more nearby galaxies tend to be somewhat smaller that those in
NGC 1569, e.g~ 30 pc diameter inthe LMC and SMC (JohansNGC 5253: Turner et al.[(1997) have mapped NGC 5253 with
son et al[ 1998; Rubio et al. 1993). It is likely that higher re§&VRO at resolution of 190< 90 pc (for the distance of 4.1
olution observations would separate the NGC 1569 clouds irtpc). Individual GMCs thus are not resolved in this galaxy.
smaller units, as it is known that molecular clouds are clumgyhe CO distribution is only marginally resolved at best, and is
and have a low volume filling factor. The number of clumps comveakly detected. Turner et al. recover approximately one half
tained in any arbitrary structure is not as important as whettbe flux detected by single-dish observations (e.g. Taylor et al.
or not that structure is gravitationally bound, and in virial equit998). The CO emission is found near the optical center of the
librium. galaxy, but directly above it. It also lies perpendicular to the
optical major axis, and along a dust lane. Turner et al. suggest
thatthe CO may have been ccreted onto NGC 5253 from another
system.
Except for a few cases, the history of observing CO in BCDs is

largely one of non-detections (e.g. Young et al. 1986, Israellq‘enize 2-10: At a distance of approximately 9 Mpc, He 2—10

Burton 1986, Tacconi & Young 1987, Arnault et@l. 1988, Sa § too distant to resolve even molecular complexes, as was done
etal[ 1992, Israel et al. 1995, Taylor efal. 1998 and Gondhale

| 5 B BCDsh velv hiah star f NGC 4214. However, global line ratios have been obtained
etal[1998). Because s have comparatively high starformg; g, o et 4 (1994), who find a-21/1—0 line ratio of 0.97+

tIOI’: ratels, the IacE_othetecglons 'anOt Ilkelyl():aufselzd by a Ialck(9.16_ Because of the low spatial resolution of their observations
molecular gas, which has been a frequent, but false, conclusion y,q large distance of the galaxy, this likely represents an av-

n ”I]Ie :oast. InStlf.a.d.’ I |sfmore lg‘gg toge alttngusted to thfg%‘;gfage over different regions of the galaxy, with gas in different
erally low metallicities of most s (Searle argent hysical conditions. Indeed, Baas et al. explain this line ratio, as

leading tofa high CO-blck?nverzion factor. qi » erll asthe 3»2/2—1lineratio of 1.34+ 0.17, as resulting from
Even fewer BCDs have been mapped in transitions Q'two temperature model with a component of the CO emitting

molecular gas. These include NGC 4214 (Becker et al.|199 ?3(3 at a temperature af 10K, and another at 75 K. Because
NGC 5253 (Turner et &l. 1997), Henize 2-10 (Kobulnicky et ve only have data in two transitions, we cannot constrain so-

19_95' Baas et dl. 1994), Mrk 190 (Liet al: 1994) andllll Zw 10 histicated models, but we certainly cannot exclude such a two
(Li et al.[1993b). We shall discuss these in the remainder of t é?nperature model for the CO emission in NGC 1569
section to put our results on NGC 1569 into a larger perspective. The spatial distribution 02CO 10 emission in He.2—10

. NIGC 421?:8.%?:(8;? ala(zlji?) havizunéa(\;)pepl N(ﬁC;BZlI% described by Kobulnicky et al. (1995), who obtained interfer-
S'mL: taneous]}/ In the h and w:jeslo u_smgft €Y 5meter observations with OVRO. The peak of the CO emission
mtelescope of IRAM. They detected a large region o eMISSIQlyocated a few arcseconds from the regions of current star for-

4.4.2. BCDs
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mation, which is consistent with what we find in NGC 1569. Way Galaxy, and to those in other Local Group galaxies.
However, He 2—-10 has an unusually extended CO distribution, The 2-+1/1—0 line ratios of the GMCs in NGC 1569 range
with a spur of CO emitting gas extending southeast from the star from 0.644 0.30 to 1.3+ 0.60. The lower values are simi-
forming center of the galaxy. This feature is also reproduced in lar to what is typically seen in the Milky Way GMCs, while
the HI data. Kobulnicky et al. suggest that He 2—10 is a mod- the higher values are similar to what is observed in starburst
erately advanced merger between two dwarf galaxies. He 2—10galaxies.

has a hole in the HI distribution near the current star-formingd. The CO-H conversion factor is found to be 6461.5 times
regions, but unlike NGC 1569, this hole is filled by the bulk the Galactic value by applying the virial theorem to 3 of the
of the observed molecular gas, and there is no evidence for anGMCs detected in NGC 1569. This is approximately three
outflow of hot gas from the starburst region. times higher than is found for NGC 6822 and IC 10, two
dwarf irregular galaxies in the Local Group with nearly the
same metallicity as NGC 1569. This difference may due
to a stronger UV radiation field in NGC 1569 compared to
the dwarf irregulars. Sensitive observations of cooling lines

Mrk 190: This galaxy was observed with the OVRO interfer-
ometer in thé2CO 10 line by Li et al. (1994). Although the

CO emission is only marginally resolved (distance =17.0 Mpc), . :

Li et al. find evidence that the molecular gas is distributed in a I|I]fe tCI andhCItI, prect_eii' to be enhrﬁngefd "1 thde p_r(jes?;]]pe
ring centered on the galaxy center. They suggest that starbursts sttron,% g Colg;sésﬁoc'a |on,ti':1re cafled for d 0 ?C' € b 'S ¢
inthe central region of the galaxy have acted to clear gas outfrom matter. ; 1as recently experienced a strong burs
this area, in much the same way as is seen in NGC 1569. ThereOf star formation which formed the two super star clusters,

. . . : : d still has a number of Hll regions.
is, however, nadirect evidence for this process in Mrk 190, an . .

: : : - 3. The GMCs are observed to be just outside the edge of the HI
nlike NGC 1569. Li et al. (1993a) report single-dish observa- . . . .
unt ! ( ) rep ing'e-ct v hole surrounding SSC A. This hole is thought to be a region

tions in multiple transitions of CO for this galaxy. They obtain a
2—1/1—0line ratio of 0.93+ 0.25, which is roughly consistent swept clear of cold gas by the observed outfiow of hot X-ray
. emitting gas. Itis possible that shocks from this process may

with the line ratios for NGC 1569. have contributed to the formation of the GMCs, although our
data do not place any constraints on this scenario.

II1Zw 102: Despiteits relatively high optical luminosity (M=

-19.2), this galaxy is often included in studies of dwarf galaxiésknowledgementsie thank H. Wiesemeyer (IRAM) for his assis-

(e.g. Thuan & Martif 1981). Li et dl. 1998b obtain€@€O 10 tance with the data reduction, and D. Devost for providing us with his

maps with OVRO, and also single dish spectra in thel2and Ha imagg of NGC 1569. We also thank D. Bomans for intgresting

10 transitions with the IRAM 30-m telescope. The distanc@versations about NGC 1569, and L. Greggio for a detailed dis-

to Il Zw 102 s large (23.5 Mpc), so structures like GMCs Couléussmn of its star formation hlstory. This work has been supported
. . . y the Deutsche Forschungsgemeinschaft under the framework of the

nOF beresolvedinthe Qbse_rv:’_:ltlons. They founedl21—0line Graduiertenkolleg “The Magellanic System and Other Dwarf Galax-

ratio of 0.664- 0.12, quite similar to what we found for GMCs 3.4

and 4 although, given the large errors on our line ratios, the value

for GMC 1+2 is also consistent. This line ratio for Il Zw 102 is
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