Poster contribution to IAU Symposium 170, CO: Twenty-five Years of Millimeter-waveSpectroscopy, 29 May Ð 29 June 1995, Tucson, ArizonaMultitransition Observations of Molecular Clouds inthe Far Outer GalaxySeth W. Digel (NASA/Goddard Space Flight Center, Hughes STX), Eug�ne J . de Geus (California Institute of Technology), Christian Henkel (Max-Planck-Institut fˇr Radioastronomie), Susanne Hˇttemeister, Patrick Thaddeus (Centerfor Astrophysics)Millimeter-wave observations of three molecular clouds in the far outerGalaxy, all with apparent Galactocentric distances R >~ 20 kpc, are presented,along with a preliminary analysis of their properties. These clouds are amongthe farthest from the Galactic center of any known, and although they are nearor beyond the edge of the star-forming disk, one has been found to contain anH II region. The observations of lines of CO, 13CO, and CS presented hereindicate that the dense clumps in this cloud are distinctly different from those inthe others.INTRODUCTIONIn this poster we present observations of three molecular clouds that are near orpossibly beyond the outermost extent of on-going star formation in the Milky Way. Theclouds were discovered in a survey of CO emission toward peaks of N(H I) at largedistances (Digel, de Geus, and Thaddeus 1994; DDT); all have kinematic Galactocentricdistances R >~ 20 kpc. Here we present the original CO observations of clouds 1, 2, and 4of DDT with the CfA 1.2 m and follow-up observations in CO and other molecules withthe NRAO 12 m and the IRAM 30 m telescopes.Because the clouds have such great Galactocentric distances (TableÊ1) and were notselected for study because of possible associations with star-forming regions, they mightnot be expected to have any on-going star formation. The edge of the star-forming disk ofthe Milky Way is generally agreed to lie within the range R = 14Ð17 kpc (DDT, Brand &Wouterloot 1994; BW, and references therein). It is therefore noteworthy that an opticalH ÊII region, excited by an early B star, was found by de Geus et al. (1993) to beassociated with cloud 2. We present here a preliminary investigation of the manifestationsof this difference between cloud 2 and clouds 1 and 4 in the millimeter-wave observations.Brand & Wouterloot (BW; Brand & Wouterloot 1995) recently published a study ofseveral other molecular clouds in the far outer Galaxy. The primary distinction between theclouds under consideration here and those mapped by BW is that the latter all contain aluminous (L > 2000 LÙ) embedded star-forming region. The BW clouds were in factdiscovered through CO observations toward selected bright IRAS point sources(Wouterloot & Brand 1989). Clouds like the two presented here without apparent massive star formation are absent from the BW sample, which is also necessarily limited to theregion within the star-forming disk of the Milky Way.OBSERVATIONS & ANALYSISCO maps of the three clouds from CfA, NRAO, and IRAM observations arepresented in Figure 1. The figure also indicates any positionally-associated IRAS sourcesfrom the Point Source Catalog and the Faint Source Catalog (IRAS ExplanatorySupplement 1988; IRAS FSS Explanatory Supplement 1992). Only cloud 2 has anyassociated sources. The optical H II region discovered by de Geus et al. (1993) iscoincident with the IRAS point source near (+3’, +2’) in the map of cloud 2 (Fig. 1b).All of the clouds are clumpy at the resolution of even the IRAM observations.Prominent clumps are indicated with letters in the NRAO and IRAM maps and Figure 2shows spectra of these clumps obtained with the NRAO telescope in other transitions. Theproperties of the clumps. including the intensities of the lines, are presented in Tables 2 &3. The brightest clumps have velocity widths of 2Ð3 km s-1 and sizes of several parsecs.The clumps in cloud 2 are seen in the maps, figures, and tables to be qualitativelydifferent from those of clouds 1 and 4. Cloud 2 is the only one detected in CS, whichindicates the presence of dense, ~105 cm-3, gas. The clumps in cloud 2 are warmer andmore massive than those of the other clouds.The relative magnitudes of the virial and CO masses of the clumps (Table 3) areconsistent with cloud 2 being warmer than clouds 1 and 4, i.e., cloud 2 is brighter in COper unit virial mass. Owing to the uncertainty of the N(H2)/WCO ratio at such greatGalactocentric distances, the absolute masses of the clumps can be determined onlyapproximately.Smartt, Dufton, & Rolleston (1995) recently undertook a spectroscopic study of thestar exciting the H II region in cloud 2 and found its velocity to be consistent with that ofthe cloud, but its distance much less than the kinematic distance, corresponding to R = 15Ð19 kpc. Even at the closer distance the clumps of cloud 2 would be more massive than theothers, although on-going star formation would be less remarkable.CONCLUSIONSHigh resolution maps of the some of most distant molecular clouds known in theouter Galaxy indicate qualitative differences between the star-forming and non-star-formingclouds there. Only cloud 2 apparently contains embedded IRAS sources and is supportingon-going massive star formation. Although not likely to be as remote as its kinematicdistance indicates, the clumps in this cloud are certainly warmer and more massive thantheir counterparts in the other clouds.ReferencesBrand, J., & Wouterloot, J. G. A. 1994, A&AS, 103, 503Ñ. 1995, A&A, in pressde Geus, E. J., Vogel, S., Digel, S. W., & Gruendl, R. A. 1993, ApJ, 413, L97Digel, S., de Geus, E., & Thaddeus, P. 1994, ApJ, 422, 92

IRAS Explanatory Supplement, 1988, ed. C. A. Beichman, G. Neugebauer, H. J . Habing, P. E. Clegg, & T. J. Chester (Washington, DC: US GPO)IRAS FSS Explanatory Supplement, 1992, ed. M. Moshir et al., JPL D-10015 8/92(Pasadena: JPL)Smartt, S. J., Dufton, P. L., & Rolleston, W. R. J. 1995, A&A, letters in pressWouterloot, J. G. A., & Brand, J. 1989, A&AS, 80, 149TABLE 1 - LOCATIONS AND DISTANCES OF CLOUDSNameMap Reference PositionVLSRR1 D(l, b)(1950 a, d)(km s-1)(kpc)(kpc)Cloud 1131â12, 1â432:01:11.1, 62:53:20-1022216Cloud 2137.75, -1.002:44:44.8, 58:15:00-1022821Cloud 4145.38, -0.093:35:55.4, 55:06:40-7019111Kinematic, derived on the assumption of a flat rotation curve with RÙ = 8.5 kpc and VÙ =220 km s-1.TABLE 2 - OBSERVED PROPERTIES OF CLUMPSClumpOffsetDV (FWHM)TR1(K)TR1(K)TR1(K)TR1(K)Name(Da, Dd)(km s-1)CO(1Ð0)CO(2Ð1)13CO(1Ð0)CS(2Ð1)1a+2¾5, -2¾52.24.53.01.2< 0.031b-4.0, +7.02.74.73.40.9< 0.032a+1.5, +2.01.9106.32.30.172b+1.0, +1.02.68.45.41.00.142c-0.5, -4.02.18.0ÑÑ0.274a+1.5, +3.01.04.62.91.0< 0.031Radiation temperatures are TR* corrected for source coupling efficiency (J. Howe, privatecommunication).TABLE 3 - DERIVED PROPERTIES OF CLUMPSClumpr1MCO2Mvir3Name(pc)(103 MÙ)(103 MÙ)1a4.31.54.81b3.41.56.02a4.35.13.62b6.17.1102c4.35.94.84a3.51.00.81Radius of half-peak intensity contour in NRAO or IRAM CO map, corrected for beam size.2CO luminosity-inferred mass, on the assumption that N(H2)/WCO = 2 x 1020 cm-2 (K km s-1)-1.3Mass of a uniform, spherical cloud in virial equilibrium.

Figure 1. CO maps derived from the CfA, NRAO, and IRAM observations of the threeclouds. The velocity ranges of integration include all emission. The resolution andsampling of the observations, as well as the contour intervals, are indicated. The barscorrespond to 50 pc at the kinematic distances of the clouds (Table 1). The clumps in Table2 are labeled. IRAS sources in the Point Source Catalog and the Faint Source Catalogpositionally associated with any of the clouds are indicated by filled triangles in the NRAOand IRAM maps. (a) Cloud 1; (b) Cloud 2; (c) Cloud 4.

-20’

-10’ 0’ 10’ -10’ 0’ 10’

Δδ

0.15 x 0.075 K km s_{-1} -8’-6’-4’-2’0’2’4’-6’

-4’-2’ 0’2’ 4’6’ 8’10’

2

2

2

2

2

2

2

2

2

2

2

2

2

2

2

4

2

6

2

4

6

8

2

2

2

4

2

2

2

2

4

2

2

4

2

4

4

2

4

2

6

8

4

8

10

4

12

4

14

4

6

8

12

6

2

1.5 x 1.5 K km s_{-1} A B 0’ 1’ 2’ 3’ -5’ -4’ -3’ -2’ -1’

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

4.5

1.5

1.5

1.5

7.5

1.5

1.5

7.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

4.5

4.5

1.5

1.5

1.5

4.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

7.5

1.5

1.5

1.5

1.5

1.5

4.5

10.5

1.5

1.5

13.5

1.5

16.5

1.5

1.5

1.5

1.5

1.5

1.5

4.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5 x 1.5 K km s_{-1} A

-10’ 0’ 10’ -20’ -10’ 0’ 10’

Δδ

0.30 x 0.15 K km s_{-1} -4’-2’0’2’4’6’8’ -6’-4’ -2’ 0’ 2’ 4’

3

3

9

3

3

3

3

3

3

3

3

3

3

9

3

15

3

3

3

3 x 3 K km s_{-1} AB C^{-2’0’2’4’}-4’_{-2’0’} 2’

4.5

13.5

4.5

4.5

13.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

13.5

4.5

4.5

4.5

4.5

4.5

22.5

4.5

4.5

4.5

4.5

13.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

4.5

13.5

13.5

13.5

4.5 x 4.5 K km s_{-1} AB C -30’

-20’

-10’ 0’ 10’ 20’ 30’ Δα -20-10 0 10 20

Δδ

0.15 x 0.075 K km s_{-1} -6’-4’-2’0’2’4’6’8’ Δα

-4-2 02 46

0.75

2.25

3.75

0.75

0.75

0.75

0.75

0.75

0.75

2.25

0.75

0.75

0.75

2.25

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

2.25

0.75

0.75

2.25

0.75

0.75

0.75

2.25

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

2.25

0.75

0.75

0.75

0.75

0.75

2.25

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

0.75

2.25

2.25

2.25

0.75

0.75

0.75

0.75

2.25

2.25

2.25

2.25

0.75

0.75

2.25

0.75 x 0.75 K km s_{-1} A Figure 1

CfA 1.2 m NRAO 12 m IRAM 30 m (a) (b)

(c)

the clumps indicated in 1and Table1318whereavailable, are shown on the same intensity scales. (a) Cloud 1; (b) Cloud 2; (c) Cloud 4.

02 46 -115 -110 -105 -100 -95 -90 01 23 4

-115 -110 -105 -100 -95 -90

0.00.5

1.01.5

-115 -110 -105 -100 -95 -90

-0.050.00

0.050.10

0.150.20

-115 -110 -105 -100 -95 -90

-0.050.00

0.050.10

-115 -110 -105 -100 -95 -90 VLSR (km s-1)

-0.050.00

0.050.10

T R

* (K)

-115 -110 -105 -100 -95 -90

0

2

4

6

-115 -110 -105 -100 -95 -90

0

1

2

3

4

-115 -110 -105 -100 -95 -90

0.0

0.5

1.0

1.5

-115 -110 -105 -100 -95 -90

-0.05

0.00

0.05

0.10

0.15

0.20

-115 -110 -105 -100 -95 -90

-0.05

0.00

0.05

0.10

-110 -105 -100 -95 -90

-0.05

0.00

0.05

0.10

A B

Cloud 1 CO (1-0) CO (2-1) 13CO (1-0) CS (2-1) CS (3-2) C18O (1-0)

0

2

4

6

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

-110 -105 -100 -95 -90

A B C

Cloud 2

-80 -75 -70 -65 -60

-80 -75 -70 -65 -60

-80 -75 -70 -65 -60

-80 -75 -70 -65 -60

-80 -75 -70 -65 -60

-80 -75 -70 -65 -60

A Cloud 4

Figure 2