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ABSTRACT

We report the results of our second survey for Galactic H,CO maser emission toward young stellar objects. Using
the GBT and the VLA in the A configuration we observed 58 star-forming regions and discovered the fifth H,CO 6 cm
maser region in the Galaxy (G23.71—0.20). We have discussed the detection toward G23.71—0.20 in a previous
paper. Here we present all the other results from our survey, including detection of H,CO absorption features toward
48 sources, detection of the H110« recombination line toward 29 sources, detection (including tentative detections)
of the carbon recombination line C110« toward 14 sources, subarcsecond angular resolution images of 6 cm continuum
emission toward five sources, and observations of the H,CO masers in IRAS 18566+0408 and NGC 7538. In the
case of NGC 7538, we detected the two main H,CO maser components, and our observations confirm variability of the
blueshifted component recently reported by Hoffman et al. The variability of both maser components in NGC 7538
could be caused by a shock wave that reached the redshifted component approximately 14 yr before reaching the
blueshifted component. If that were the case, we would expect to detect an increase in the flux density rate of change of
the blueshifted component sometime after the year 2009. Our data also support the use of H,CO/H110« observations
as a tool to resolve the kinematic distance ambiguity of massive star-forming regions in the Galaxy.

Subject headings: H 1 regions — ISM: clouds — ISM: molecules — radio lines: ISM — stars: formation

1. INTRODUCTION

Formaldehyde (H,CO) was discovered in the interstellar me-
dium by Snyder et al. (1969) via observations of the 6 cm H,CO
K-doublet transition. The H,CO 6 cm line is commonly detected
in absorption toward molecular clouds in the Galaxy (e.g., Downes
et al. 1980; Young et al. 2004), whereas H,CO 6 cm emission is
a far less common phenomenon. The H,CO 6 cm line has been de-
tected as thermal emission only toward the Orion BN-KL Nebula
(Zuckerman et al. 1975; see also discussion in Araya et al. 2006b),
confirmed as megamaser emission toward three extragalactic ob-
jects (Araya et al. 2004a), and, before this survey, found as maser
emission toward four Galactic regions: NGC 7538, Sgr B2,
G29.96—0.02, and IRAS 18566+0408 (Downes & Wilson 1974;
Whiteoak & Gardner 1983; Pratap et al. 1994; Araya et al. 2005b,
respectively).

H,CO 6 cm masers seem to exclusively pinpoint very young
regions of massive star formation (e.g., Araya et al. 2006a), and
their rarity may be the consequence of short-lived physical con-
ditions close to young massive stellar objects. However, the phys-
ical conditions and pumping mechanism that lead to H,CO 6 cm
masers are uncertain (e.g., Hoffman et al. 2003). A larger sample
of H,CO maser regions is necessary to constrain theoretical mod-
els for H,CO maser emission and to assess whether HyCO 6 cm
masers are only found close to massive young stellar objects (within
a few thousand AU), or whether they can be found at larger dis-
tances as Class I CH;0OH masers (e.g., Kurtz et al. 2004).
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In this paper we report the results of the most extensive sur-
vey specifically focused on the search for H,CO 6 cm Galactic
masers. The observations were conducted with the Green Bank
Telescope and the Very Large Array. This work is the continuation
of our Arecibo survey for H,CO emission toward young stellar
objects (Araya et al. 2004b, hereafter Paper ). The main result
of the present work is the detection of H,CO maser emission in
G23.71-0.20, previously reported by Araya et al. (2006a). Here
we report the details of the survey that led to the detection of
H,CO maser emission in G23.71—0.20. This paper has the goal of
making available to the community a data set of H,CO 6 cm ab-
sorption and radio recombination lines (RRLs). The data reported
in this work should prove useful for future studies of the regions
included in our survey and for statistical studies of molecular
clouds and H 1 regions in the Galaxy.

2. OBSERVATIONS

We observed 58 Galactic star-forming regions to search for
H,CO 6 cm emission; 48 sources were observed with the Green
Bank Telescope (GBT), and 10 were observed with the Very Large
Array (VLA)” in the A configuration. In Table 1 we list the ob-
served sources. The selection criteria, details of the observations,
and data reduction procedure are discussed below.

2.1. GBT Observations

Primarily (as in the case of our Arecibo survey, Paper I)
we selected sources without strong centimeter radio continuum
(<100 mJy)® in order to avoid as much as possible H,CO 6 cm

7 The 100 m Green Bank Telescope (GBT ) and the Very Large Array (VLA)
are operated by the National Radio Astronomy Observatory (NRAO), a facility
of the National Science Foundation operated under cooperative agreement by
Associated Universities, Inc.

8 We prefer not to report the radio continuum flux densities from the literature
because no uniform database was used for the source selection; i.e., the measure-
ments are of a very heterogeneous nature, with differences in technique and aper-
ture from source to source.



TABLE 1
OBSERVED SOURCES

Distance
Source «(2000.0) 6(2000.0) (kpe) References?® Galactic/IRAS Name Comments”®

IRAS 00338+6312............. 00 36 47.5 +63 29 02 0.9 1,6 G121.30+0.66 GBT run 1
Mol 3. 00 44 57.6 +55 47 18 7.7 2 IRAS 00420+5530 GBT run 1
NGC 281 .. 00 52 25.2 +56 33 53 35 1,7 IRAS 00494+5617 GBT run 1
W3 IRSS oo 02 25 40.8 +62 05 53 2.3 8 G133.72+1.22 GBT run 1, five-point scan
IRAS 02395+6244............. 02 43 29.1 +62 56 59 9.1 1,9 G135.28+2.80 GBT run 1
IRAS 02461+6147 .. 02 50 09.2 +61 59 58 2.4 1, 10 G136.38+2.27 GBT run 1
IRAS 02541+6208.. 02 58 13.2 +62 20 29 2.4 1, 10 G137.07+3.00 GBT run 1
AFGL 490............ 03 27 38.8 +58 47 00 0.9 1, 10 IRAS 03236+5836 GBT run 1

05 01 39.7 +47 07 23 2.5 2 IRAS 04579+4703 GBT run 1

0517 133 +39 22 14 10.8 2 IRAS 05137+3919 GBT run 1

0539 13.0 +35 45 49 1.8 3,25 G173.48+2.43 GBT run 1

05 40 24.4 +23 50 54 1.2 2 IRAS 05373+2349 GBT run 1

05 58 13.9 +16 32 00 2.0 11 IRAS 05553+1631 GBT run 1

06 03 53.6 +30 14 44 5.3 1, 12 G180.87+4.09 GBT run 1

06 41 09.8 +09 29 32 0.8 13 G203.32+2.06 GBT run 1

07 00 51.0 —08 56 29 4.5 2 IRAS 06584—0852 GBT run 1
IRAS 07299—1651 ............ 07 32 09.8 —16 58 13 1.4 14 G232.62+1.00 GBT run 1
G5.63+0.24 .o 17 57 333 —23 5822 24 IRAS 17545-2357 GBT run 2
G5.89—0.39..cccciinnen 18 00 30.9 —24 04 17 2.6 22,26 IRAS 17574—-2403 GBT run 2
G10.46+0.03 . 18 08 35.5 —19 52 09 10.9 18 IRAS 18056—1952 GBT run 2, three-point scan
G10.31-0.15. 18 08 58.5 —20 05 24 15.0 18 IRAS 18060—2005 GBT run 2, three-point scan
G10.16—0.35. 18 09 24.4 —20 19 29 14.6 18 IRAS 18064—2020 GBT run 2, three-point scan
G10.96+0.02 ....c.cevvvnee 18 09 39.4 —19 26 27 14.0 18 IRAS 18067—1927 VLA, Visg =20 km s~!, C1
G13.13-0.15. e 18 14 41.3 —17 37 04 12.4 18 IRAS 18117—1738 VLA, Visg =40 km s~!, C1
IRAS 18151—-1208............. 18 17 57.1 —12 07 22 3.0 2,3 G18.34+1.77 GBT run 2
G14.68—0.50.......ccecvvuenee 18 19 04.2 —16 25 14 13.4 18 IRAS 18161—1626 GBT run 2, three-point scan
G19.36-0.02. 18 26 24.3 —12 03 47 12.0 18 IRAS 18236—1205 GBT run 2, three-point scan
G19.07-0.28. 18 26 47.0 —12 2632 4.7 18 IRAS 18239—-1228 VLA, Visg = 60 km s~!, C2
G19.62—-0.23. 18 27 38.0 —11 56 35 4.5 22 IRAS 18248—1158 GBT run 2
G20.08—0.14.....ccccoevveennee 18 28 10.4 —11 28 49 4.1 22 IRAS 18253—1130 GBT run 2
G23.43—021ceocinee 18 34 43.6 —08 32 25 6.0 18 IRAS 18319—-0834 VLA, Visg = 100 km s~!, C2
G23.71-0.20...ccccvrcenne 18 35 12.5 —08 17 47 10.6 18 TIRAS 18324—-0820 VLA, Visg = 80 km s™!, C2
G24.50—0.06. 18 36 11.0 —07 31 12 6.4 18 IRAS 18334—-0733 GBT run 2, five-point scan
G24.51-0.22. 18 36 46.8 —07 35 41 18 IRAS 18340—-0738 GBT run 2, three-point scan
G24.68—0.16. 18 36 51.8 —07 24 48 18 IRAS 18341-0727 VLA, Visg = 60 km s~!, C2
G28.20—0.05. 18 42 58.2 —04 14 05 9.1 18, 23 IRAS 18403—0417 GBT run 2, three-point scan
G28.6140.02 ..o 18 43 28.5 —03 50 19 18 IRAS 18408—-0353 VLA, Vigg =90 km s~!, C2
G28.86+0.06 .....coovvveneee 18 43 46.3 —-03 3529 7.4 18 IRAS 184110338 GBT run 2, three-point scan
G30.84—0.11..cceienee 18 48 01.3 —01 54 49 18 IRAS 18454—0158 VLA, Visg =90 km s™!, C2
IRAS 18470—-0044 18 49 36.7 —00 41 05 8.2 3 G32.11+0.09 GBT run 1
Mol 75 18 53 38.1 +01 50 27 3.9 2,19 IRAS 18511+0146 GBT run 2, three-point scan
IRAS 18521+0134.. 18 54 40.8 +01 38 02 19 G34.76+0.02 GBT run 2, three-point scan
IRAS 18566+0408.. 18 59 10.0 +04 12 16 6.7 4 G37.55+0.20 GBT runs 1 and 2
IRAS 1903540641 ............. 19 06 01.1 +06 46 35 24 21 G40.62—0.14 GBT run 2
IRAS 19095+0930............. 19 11 53.3 +09 35 46 32 21 G43.79—-0.13 GBT run 2
G43.18—0.52..ccciaen 19 12 10.2 +08 52 14 6.2 20 IRAS 19097+0847 VLA, Visg = 60 km s~!, C3
G49.21-0.35. e 19 23 02.5 +14 16 41 5.6 18 IRAS 19207+1410 VLA, Visg = 60 km s™!, C3
IRDC 1923+13 .....ceveeee. 19 23 02.7 +13 58 00 19 G48.93—-0.50 GBT run 2, three-point scan
IRAS 20126+4104............. 20 14 26.0 +41 13 32 1.7 15 G78.12+3.64 GBT run 1
MWC 349 20 32 45.5 +40 39 37 1.2 16 IRAS 20310+4029 GBT run 1
Mol 1361 2132315 +51 02 22 4.9 2 IRAS 21307+5049 GBT run 1
Mol 138....coiiiiiicieicaenes 2140 424 +58 16 10 0.8 2 IRAS 21391+5802 GBT run 1
Mol 145 .o 22 21225 +63 51 13 1.3 2 TIRAS 22198+6336 GBT run 1, five-point scan
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TABLE 1— Continued

Distance
Source «(2000.0) 6(2000.0) (kpe) References® Galactic/IRAS Name Comments®
2232243 +58 18 58 5.4 2 IRAS 22305+5803 GBT runs 1 and 2
2313454 +61 28 10 3.0 5 G111.54+0.78 GBT run 1
23 16 04.4 +60 01 41 3.5 1,17 G111.28—-0.67 GBT run 1
2316 09.3 +59 5523 4.8 3 G111.25-0.77 GBT runs 1 and 2
23 40 53.3 +61 10 19 6.9 2 IRAS 23385+6053 GBT run 1

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.

# References for position and distance.

° GBT observations.—We list the observation date (run 1: 2004 October; run 2: 2005 July) and whether a five- or three-point scan was obtained. The H,CO spectra of
the central pointing position of the three-point scans were previously obtained by our group (Araya et al. 2004b; Sewito et al. 2004) and were not reobserved as part of this
work. VLA observations.—We list the central bandpass velocity and the secondary (phase) calibrator (C1: J1820—254, C2: J1832—105, C3: J1922+155).

¢ LDN 1204 A dark nebula; SIMBAD (http://simbad.u-strasbr.fr).

REererReNcEs.— (1) Palagi et al. 1993; (2) Molinari et al. 1996; (3) Sridharan et al. 2002; (4) Araya et al. 2005b; (5) Hoffiman et al. 2003; (6) Fiebig et al. 1996; (7) Henning
etal. 1994; (8) Claussen etal. 1994; (9) Rudolph et al. 1996; (10) Lada & Lada2003; (11) Shepherd etal. 2004; (12) Vallée 1987; (13) Schreyeretal. 1997; (14) Henning et al.
1992; (15) Cesaroni et al. 1997; (16) Tafoya et al. 2004; (17) Israel 1980; (18) Sewilo et al. 2004 or based on Sewito et al. 2004 data; (19) Araya et al. 2004b; (20) tentative
distance based on Watson et al. 2003 data; (21) Araya et al. 2005a; (22) Wood & Churchwell 1989; (23) Kurtz et al. 1994; (24) Codella et al. 1995; (25) Beuther et al. 2002;

(26) Kim & Koo 2001.

absorption that could mask emission lines. However, in this sur-
vey we also extended our selection criteria to include (1) (radio-)
bright star-forming regions to look for strong (~1 Jy) masers (in this
group we included sources that have been observed before in the
H,CO 6 cm line to look for maser flares; e.g., see Mehringer et al.
1995) and (2) sources whose H,CO 6 cm single-dish spectra from
Paper I or Sewilo et al. (2004) were consistent with H,CO 6 cm
emission blended with absorption and that were not observed
with the VLA in this work (see § 2.2). For the sources in group 2,
we obtained H,CO spectra at two positions, one telescope beam
north and south from the positions observed in Paper I and Sewito
et al. (2004), to check whether the complex absorption profiles
were extended (which would indicate that the asymmetries in the
absorption lines are not due to H,CO maser emission) or local-
ized (which would be consistent with H,CO maser emission at
the central position). In addition, we obtained five-point cross scans
toward three of the sources in our sample (W3 IRS5, G24.50—0.06,
and Mol 145).

We also observed the H,CO 6 cm maser sources IRAS 18566+
0408 (Araya et al. 2005b) and NGC 7538 (e.g., Hoffman et al.
2003) to monitor the variability of the formaldehyde emission in
the regions. In addition, we included the source MWC 349, which
possibly is a young BJe] star that shows ionized gas distributed
perpendicular to a dust disk (e.g., Danchi et al. 2001).

The observations were conducted in two epochs, 2004 October
and 2005 July, with the GBT C-band receiver located at the
Gregorian focus. We observed the Jx,x. = 111—1¢ transition
of formaldehyde (vy = 4829.6594 MHz,° H,CO 6 c¢m line) and
the radio recombination line H110« (vy = 4874.157 MHz) si-
multaneously, with a bandwidth per subcorrelator of 12.5 MHz
(~770 km s—!) and 16,384 channels (initial channel width of
0.76 kHz, 0.05 km s~'). Both linear polarization signals were
recorded. The lines Hel 10« (vy = 4876.143 MHz) and C110«
(vo = 4876.589 MHz)'® were also observed simultaneously given
that their rest frequencies are within the 12.5 MHz bandpass of the
H110« subcorrelator. The goal of observing the hydrogen, helium,
and carbon recombination lines (HRRLs, HeRRLs, and CRRLs,
respectively) was to simultaneously obtain the LSR velocity of

° This value is the weighted average frequency of the ¥ = 2—2 and F = 0—1
hyperfine components given in Tucker et al. (1970).

1% The radio recombination line rest frequencies are from Gordon & Sorochenko
(2002).

the ionized and photodissociation regions to compare with the
LSR velocity of any new H,CO maser detected.

The observation procedure was ON-OFF ! with 5 minutes spent
on both ON and OFF (reference) positions per scan. The reference
position was chosen to match the azimuth-elevation path tracked
by the telescope during the corresponding 5 minute ON-source
observation. The system temperature was ~24 K in the 2004
October run and ~28 K during the 2005 July run. Periodically
(approximately 3 times per night), we observed 3C 48, 3C 147,
and NGC 7027 (in the 2004 October run) and 3C 48 and 3C 286
(in the 2005 July run) in continuum mode to obtain pointing cor-
rections and to measure the telescope beamwidth. We derived fo-
cus corrections from 3C 48 and 3C 147 observations in the 2004
October run and from 3C 48 and 3C 286 in the 2005 July run.
The pointing corrections were always smaller than 0.6’; we mea-
sured a telescope beamwidth of 2.5’. After pointing and focus cor-
rections were applied, the calibrator sources were observed in the
same spectral line mode as the program sources to determine the
telescope gain (see below).

We obtained the antenna temperature spectra using the routine
d.calib in AIPS++.'? The scans were inspected to check for
consistency and RFI, and to flag corrupted data. We also inspected
the OFF-source spectra to check for line contamination at the
reference position that could mimic emission features. Then the
spectra were exported to CLASS ' for subsequent calibration and
analysis.

The 2004 October data were calibrated using a gain of
1.90 K Jy’l, which was obtained from observations of 3C 48,
3C 147,and NGC 7027, assuming a flux density of S, = 5.47 Jy
for 3C 48, S, =7.94 Jy for 3C 147, and S, = 5.37 Jy for
NGC 7027. The 1 o dispersion of the telescope gain measurements
derived from the 3C 48, 3C 147, and NGC 7027 observations is
~6% of the average gain value. We calibrated the 2005 July spec-
tra using a telescope gain value of 1.95 K Jy~! obtained from ob-
servations of 3C 48 and 3C 286. Based on the telescope gain
dispersion obtained from the 3C 48 and 3C 286 measurements,
we estimate a 1 o confidence level of ~7% in the calibration of the

' A noise-diode signal was injected into the system every 1 s for antenna tem-
perature calibration.

12" AIPS++ is a software package of the National Radio Astronomy Obser-
vatory (NRAO).

13" CLASS is part of the GILDAS software package developed by the Institut
de Radio Astronomie Millimétrique (IRAM).



H,CO 6 cm LiNE PARAMETERS FROM GBT OBSERVATIONS

TABLE 2

SHzCO VLSR Width fSV dv
Source (mJy) (km s1) (km s71) (mJy km s~ Notes®
IRAS 0033846312 —446(5) —17.37(0.01) 2.44(0.02) —1158(9) 1
Mol 3. —72(4) —51.19(0.03) 2.17(0.08) —167(5) I,A H
NGC 281 ... —104(6) —30.8(0.1) 4.0(0.1) —446(11) 1
W3 IRSS .o —4440(68) —40.3(0.1) 11.1(0.1) —15273(755) 2, M, V, W
—831(68) —21.0(0.1) 2.7(0.1) —855(183) 2, M,V
W3 IRS5 N —720(26) —40.2(0.1) 9.7(0.1) —2496(252) 2,A,V, W
—107(26) —21.2(0.1) 0.87(0.1) —98(9) 2,A
W3 IRSS S..ccoovin —449(26) —38.6(0.1) 6.3(0.1) —1200(164) 2,A,V
—107(26) —21.5(0.1) 1.95(0.1) —223(13) 2,
W3 IRSS E ..o —489(23) —40.2(0.1) 7.0(0.1) —1534(161) 2,A,V
—99(23) —21.06(0.03) 0.60(0.08) —63(6) 2,A
W3 IRSS W —904(27) —39.7(0.1) 17.2(0.1) —5499(464) 2, M, V, W
IRAS 02395+6244.......... (5) I,N
IRAS 0246146147 ......... (5) I,N
IRAS 02541+6208.......... —30(5) —51.9(0.1) 2.1(0.3) —68(8) 1
AFGL 490........... —237(4) —12.75(0.01) 2.84(0.03) —719(6) I, A
Mol 7. —51(3) —17.4(0.4) 5.7(0.8) —139(18) LV
—24(3) —6.8(0.1) 1.7(0.2) —43(3) I,A,H
—41(3) —25.45(0.06) 2.3(0.2) —102(5) 1
—228(5) —16.96(0.02) 3.92(0.05) —953(10) I, A
—347(4) 2.40(0.01) 2.52(0.02) —929(6) 1
-32(2) 5.75(0.09) 2.8(0.2) —95(6) 1,0,M
—88(5) —7.36(0.06) 4.3(0.1) —406(11) I,A
—401(5) 6.8(0.4) 16.5(0.8) —1928(87) LV, W
-97(3) 40.49(0.02) 2.12(0.05) —218(4) 1,O
IRAS 07299—-1651 ........ —93(5) 16.89(0.04) 2.4(0.1) —240(7) 1
G5.63+0.23 ..o —293(4) 8.7(0.4) 21.3(0.8) —1942(85) LV,W
G5.89-0.39....cccviiinne —236(6) 18.94(0.02) 5.15(0.06) —1296(13) 1, 3G
—227(6) 10.19(0.03) 4.25(0.07) —1029(25) 1, 3G
—102(6) 1.6(0.1) 10.9(0.4) —1182(33) 1, 3G
G10.46+0.03 N .............. —128(7) 66.70(0.09) 5.6(0.2) —754(24) 3,A
=31(7) 154.7(0.2) 2.5(0.5) —84(16) 3,A
—19(7) 24.4(0.4) 4.6(0.7) —91(15) 3,A
—19(6) 6.5(0.4) 3.8(0.7) —75(14) 3,A
G10.46+0.03 .................. —238(10) 68.9(0.1) 8.3(0.1) —2110(30) 3
—124(10) 25.8(0.1) 2.3(0.2) —310(20) 3
—2909) 155.5(0.3) 3.5(0.6) —110(20) 3
—34(6) 9.4(0.2) 2.3(0.7) —80(20) 3,2G
—29(6) 7.4(0.2) 1.3(0.3) —40(20) 3,2G
—68(7) 34.6(0.1) 1.8(0.2) —130(10) 3,4G
—44(7) 30.1(0.1) 1.0(0.2) —47(6) 3,4G
—40(7) 32.0(0.1) 1.5(0.3) —60(10) 3,4G
—32(7) 33.0(0.1) 0.4(0.1) —13(5) 3,4G
G10.46+0.03 S............... —113(7) 68.5(0.1) 8.5(0.4) —1028(35) 3,A
—40(7) 25.8(0.3) 3.3(0.6) —140(22) 3
—39(7) —10.4(0.3) 4.5(0.7) —187(25) 3
=27(7) 33.7(0.5) 4.1(1.1) —116(24) 3
G10.31-0.15 N ............. —251(8) 11.09(0.04) 4.1(0.1) —1101(21) 3
—120(8) 23.4(0.1) 6.8(0.3) —871(33) 3,2G
—51(8) 28.9(0.1) 2.0(0.3) —112(20) 3,2G
—95(8) 39.6(0.1) 3.5(0.3) —351(30) 3,2G
—93(8) 44.5(0.2) 4.3(0.3) —422(32) 3,2G
G10.31-0.15.................. —480(40) 11.1(0.1) 5.3(0.1) —2700(30) 3,2G
—120(40) 3.9(0.1) 4.1(0.2) —520(30) 3,2G
—298(23) 22.3(0.1) 6.2(0.3) —1980(80) 3,2G
—130(23) 28.3(0.2) 3.5(0.4) —480(60) 3,2G
—428(49) 38.4(0.1) 1.8(0.1) —820(40) 3
—50(15) 47.3(0.4) 7.8(0.8) —420(40) 3
G10.31-0.15 S.............. —209(6) 12.41(0.04) 4.4(0.2) —974(42) 3,4G
—37(6) 5.5(0.4) 5.2(0.9) —204(34) 3,4G
—73(6) 20.1(0.2) 4.1(0.8) —316(26) 3, 4G
—69(6) 27.0(0.2) 4.5(0.4) —327(36) 3,4G
—114(6) 38.07(0.08) 3.1(0.2) —369(20) 3



TABLE 2— Continued

SHZCO VLSR Width fS‘, dv
Source (mly) (km s~ (km s~ (mJy km s~ Notes*
G10.16—0.35 N ...oooooece.nnn. —2280(14) 11.80(0.08) 6.7(0.2) —16213(461) 1, 2G
—466(14) 2.9(0.5) 8.0(1.0) —3970(474) 1, 2G
—334(14) 25.87(0.08) 1.9(0.2) —683(65) 1, 3G
—214(14) 30.8(0.2) 3.1(0.4) —716(74) 1, 3G
—130(14) 28.0(0.2) 1.5(0.5) —204(78) 1,3G
—149(14) 36.7(0.2) 3.3(0.4) —529(56) 1, A
G10.16—0.35.ccccrerrerr. —765(97) 36.2(0.1) 1.8(0.2) —1460(100) 1
—658(97) 26.5(0.1) 3.8(0.3) —2660(150) 1
—641(97) 31.4(0.1) 2.2(0.2) —1490(120) 1
—2623(190) 9.0(0.3) 7.1(0.6) —19860(1960) 1, 3G
—2262(190) 1.1(0.2) 6.4(0.4) —15450(1170) 1, 3G
—1406(190) 16.2(0.4) 6.8(0.7) —10240(1500) 1, 3G
G10.16—0.35 S.ooovooe. —334(10) 9.7(0.2) 5.2(0.7) —1826(320) 1,3G
—237(10) 16.0(0.4) 5.6(0.8) —1403(226) 1, 3G
—127(10) 1.3(0.7) 9.1(1.6) —1223(202) 1, 3G
—152(10) 26.55(0.07) 2.4(0.2) —387(23) 1, 2G
—39(10) 30.9(0.3) 3.4(0.5) —142(5) 1, 2G
—63(10) 36.3(0.2) 2.1(0.4) —139(22) 1
IRAS 18151-1208............ —75(4) 32.26(0.05) 3.3(0.1) —237(7) 1,0
G14.68—0.50 N ................ —125(5) 27.76(0.05) 3.6(0.1) —478(15) 3
—30(5) 60.4(0.2) 1.6(0.3) —51(10) 3
—20(5) 18.9(0.4) 3.2(0.9) —67(15) 3
G14.68—0.50........ccceuuenee. —97(4) 27.7(0.1) 4.0(0.1) —420(10) 3
—45(4) 19.3(0.1) 4.0(0.3) —190(10) 3
-25(4) 38.0(0.1) 1.7(0.3) —50(10) 3
-21(4) 60.0(0.1) 1.3(0.3) —30(10) 3
-21(4) 44.5(0.1) 0.7(0.3) —20(10) 3
—13(4) 71.7(0.2) 1.1(0.5) —20(10) 3
G14.68—-0.50 S.................. —90(6) 18.41(0.09) 3.9(0.2) —372(18) 3
—55(6) 28.8(0.1) 2.9(0.4) —171(18) 3,2G
—34(6) 25.4(0.2) 1.9(0.4) —69(14) 3,2G
—28(6) 60.1(0.2) 1.4(0.4) —43(11) 3
G19.36—0.02 N ................ -317(9) 26.67(0.02) 3.41(0.06) —1150(16) I, A
—3509) —24.38(0.07) 0.6(0.3) —21(6) 1
—28(9) 68.0(0.3) 4.2(0.7) —124(17) 1
G19.36—-0.02......cocorvenee —380(6) 26.9(0.1) 3.2(0.1) —1300(10) 1, 2G
—67(6) 23.1(0.1) 1.8(0.2) —130(10) 1, 2G
—32(5) 67.9(0.2) 2.9(0.5) —100(10) 1
—19(5) 39.6(0.2) 3.2(0.6) —70(10) 1
—19(5) 71.6(0.3) 1.6(0.8) —30(10) 1, 3G
—24(3) 117.0(0.1) 1.8(0.4) —50(10) 1, 3G
—~12(3) 120.6(0.5) 4.5(1.0) —60(10) 1, 3G
G19.36—-0.02 S —209(10) 26.45(0.03) 2.28(0.07) —506(14) I, A
G19.62—0.23....cocoenee —1043(8) 44.62(0.01) 6.18(0.03) —6854(27) 1, 2G
—267(8) 51.73(0.03) 2.80(0.09) —796(21) 1, 2G
—96(8) 71.7(0.1) 4.3(0.4) —443(33) 1, 2G
—46(8) 64.89(0.08) 4.2(0.8) —207(34) 1, 2G
—82(8) 99.9(0.1) 3.000.2) —263(18) LA
—42(8) 119.2(0.2) 2.4(0.5) —110(16) I, A
=31(8) 6.9(0.1) 0.9(0.3) —29(6)
G20.08—0.14........coooeennee —419(4) 43.26(0.01) 4.77(0.03) —2127(12) 1
—284(4) 57.15(0.02) 2.95(0.04) —891(13) 1, 2G
—50(4) 61.53(0.06) 4.1(0.4) —220(16) 1,2G,M
—40(4) 119.00(0.06) 1.8(0.1) —75(5) 1
—18(4) 6.54(0.08) 1.2(0.2) —23.6(3) 1
G24.50—0.06........ccreenenee. —249(7) 48.78(0.03) 2.94(0.07) —778(16) 3, 3G
—56(7) 44.1(0.1) 2.6(0.3) —154(14) 3,3G
—46(7) 53.3(0.2) 2.6(0.4) —127(15) 3,3G
—157(7) 110.36(0.08) 4.8(0.2) —806(29) 3, W
—74(7) 5.7(0.1) 2.7(0.3) —211(16) 3,A
—65(7) 83.7(0.1) 2.5(0.3) —169(16) 3
G24.50—0.06 N .......ccc.e —130(6) 49.29(0.07) 3.6(0.2) —490(20) 3, 2G
—39(6) 44.5(0.2) 3.2(0.4) —135(17) 3,2G
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TABLE 2— Continued

SH;CO VLSR Wldth fS,, dU
Source (mly) (km s (km s71) (mJy km s~ Notes®
G24.50—0.06 S v —89(6) 48.6(0.2) 42(0.5) —398(36) 3,2G, W
~59(6) 44.1(0.2) 3.2(0.4) ~199(32) 3,2G
—64(6) 5.54(0.09) 1.8(0.3) —123(15) 3
—44(6) 109.3(0.3) 6.7(0.7) _315(26) 3
~31(6) 84.8(0.2) 2.0(0.6) —65(15) 3
G24.50—0.06 E.....oovvvvvrvenn —137(7) 43.99(0.08) 2.7(0.2) —393(22) 3,2G
—136(7) 49.24(0.08) 2.9(0.2) —426(24) 3,2G
—54(7) 95.1(0.2) 3.4(0.4) ~195(20) 3
—22(7) 7.3(0.3) 3.1(0.6) ~71(13) 3A
G24.50—0.06 W roooorooorr. —186(7) 109.74(0.07) 5.9(0.2) —1169(29) 3,AW
—178(7) 48.97(0.06) 2.8(0.2) —530(29) 3,2G, W
—88(7) 45.4(0.1) 23(0.3) ~210(24) 3,2G
—65(7) 5.7(0.1) 23(0.3) —162(15) 3
—40(7) 87.8(0.2) 2.5(0.6) ~10821) 3, A
G24.51=022 N oo —81(6) 100.1(0.1) 3.8(0.3) —332(20) 3, A
—78(6) 45.7(0.1) 3.7(0.3) —310021) 3,2G
—71(6) 41.7(0.1) 2.7(0.2) —201(18) 3,2G
—46(6) 51.9(0.2) 1.9(0.4) ~91(32) 3,2G
—46(6) 54.4(0.3) 2.6(0.9) —128(38) 3,2G
—24(6) 7.3(0.1) 1.6(0.3) —41(6) 3
G24.51—0.22...ccieeeeeeenn —156(12) 45.2(0.1) 3.7(0.2) —610(30) 3, 3G
~117(12) 41.5(0.1) 2.1(0.1) —260(10) 3,3G
—47(12) 433(0.1) 0.7(0.2) —40(20) 3,3G
—62(5) 54.8(0.1) 2.1(0.3) —140(20) 3,2G
—58(5) 52.6(0.1) 1.7(0.2) ~100(30) 3,2G
—48(9) 99.9(0.2) 4.8(0.5) —250(20) 3
G24.51-0.22 S —130(7) 44.81(0.07) 4.1(0.2) —568(18) 3,A
—96(7) 57.9(0.2) 5.6(0.4) —578(34) 3,2G
—52(7) 53.9(0.1) 2.1(0.3) —114(25) 3,2G
~30(7) 96.8(0.3) 23(0.7) —7121) 3,2G
—26(7) 99.8(0.4) 2.5(1.0) —67(24) 3,2G
G28.20—0.05 N oo —88(9) 96.4(0.2) 2.1(0.5) —194(26) 1,2G
—40(9) 96.4(0.9) 7.9(2.4) —331(86) 1,2G
—87(9) 76.5(0.2) 43(0.4) —397(40) 1,2G
~31(9) 81.2(0.5) 3.4(1.2) —111(40) 1,2G
~26(9) 108.3(0.3) 2.5(0.6) —69(15) LA
G28.20—0.05....ceeveieeeeeenn —351(16) 97.1(0.1) 4.4(0.1) —1640(30) 1, 2G
—118(16) 90.9(0.1) 4.6(0.3) —560(30) 1,2G
—207(16) 77.8(0.1) 41(0.1) —910(20) 1
—80(13) 105.8(0.1) 3.2(0.4) —270(20) 1
—21(6) 45.8(0.3) 6.3(1.0) —140(20) 1
G28.20—0.05 S oo —96(9) 97.38(0.09) 3.0002) —306(36) 1, 3G
~38(9) 103.6(0.4) 7.5(1.8) —304(58) 1, 3G
—24(9) 110.4(0.4) 3.0(0.7) —76(25) 1, 3G
—76(9) 77.3(0.1) 3.2(0.2) —260(16) 1, M
G28.8610.06 N oo —124(9) 81.60(0.06) 2.7(0.1) —356(15) 1A
~60(9) 94.4(0.2) 2.8(0.4) ~178(19) 1, 2G
—66(9) 98.7(0.1) 3.0(0.3) —212(20) 1,2G
~59(9) 52.7(0.1) 2.8(0.3) ~173(16) 1
~3009) 69.8(0.2) 2.1(0.4) —65(13) 1, A
G28.86+0.06 oo —305(14) 100.3(0.1) 3.60.1) —1180(20) 1
~169(5) 80.5(0.1) 3.000.1) —550(10) 1
~95(10) 52.4(0.1) 2.6(0.2) ~260(20) 1
—50(14) 94.2(0.1) 23(0.3) —120(10) 1
—24(5) 72.0(0.1) 22(0.3) —60(10) 1
G28.8610.06 oo —224(9) 100.29(0.03) 3.20(0.08) —762(16) 1A
~103(9) 80.30(0.07) 2.9(0.2) ~317(15) 1, A
—90(9) 49.0(0.1) 42(0.2) —401(18) 1, A
IRAS 18470—0044............. ~1213) 95.94(0.02) 3.13(0.05) —403(5) LA W
~193) 9.17(0.08) 1.7(0.2) -35@3) 1
Mol 75 N oo —133(6) 57.55(0.07) 2.7(0.2) —386(28) 3,2G
~100(6) 53.6(0.1) 41(0.3) —439(30) 3,2G
—25(6) 90.2(0.2) 3.6(0.6) ~99(14) N
—22(6) 80.5(0.2) 0.9(0.3) —21(7) 3
MO 75 —75(1) 58.0(0.8) 18.9(1.5) —356(17) 3L,M,V
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TABLE 2— Continued

SHZC() VLSR Width fSV dv
Source (mJy) (km s71) (km s1) (mJy km s~ Notes®
Mol 75 S —200(7) 58.42(0.05) 2.1(0.1) —456(20) 3
—154(7) 53.14(0.07) 2.6(0.2) —420(23) 3,2G
—68(7) 49.5(0.1) 1.6(0.3) —117(19) 3,2G
IRAS 1852140134 N.............. —39(5) 27.9(0.3) 2.0(0.5) —81(21) 3,0
—29(5) 48.5(0.6) 3.8(1.5) —115(36) 3,2G
—26(5) 44.2(0.6) 2.7(1.1) —74(32) 3,2G
—25(5) 78.6(0.2) 1.6(0.4) —42(9)
IRAS 18521+0134.................. —10(1) 28.4(0.3) 2.0(0.5) —22.1(6) 3,0
-37(1) 43.3(0.8) 12.9(1.5) —160(14) 3,V
—43(1) 77.0(0.8) 12.9(1.5) —198(14) 3,V
—16(1) 90.5(0.4) 1.9(1.2) —33(9) 3
IRAS 18521+0134 S .............. —158(5) 90.53(0.04) 2.4(0.1) —406(15) 3
—81(5) 78.1(0.8) 19.7(1.5) —587(95) 3, M,V
—66(5) 43.4(0.1) 3.5(0.3) —249(16) 3
—27(5) 36.1(0.2) 2.1(0.5) —62(12) 3,0
IRAS 18566+0408.................. —299(3) 85.46(0.01) 4.63(0.04) —1473(9) 1I,A,W
-30(3) 18.7(0.1) 1.6(0.2) —52(7) 1
-29(3) 21.22(0.09) 1.1(0.3) —36(6) 1
—15(3) 5.3(0.4) 3.8(0.8) —29(12) LV
—11(3) 11.4(0.4) 2.6(0.8) —21(7) LV
MaSET ... 24(3) 79.8(0.1) 1.0(0.3) 26(4) 1
IRAS 19035+0641 .........cc..... —106(4) 32.95(0.05) 5.3(0.1) —593(12) 1,A, O
—28(4) 19.2(0.1) 2.2(0.3) —64(7) 1
—11(4) 43.7(0.4) 2.2(0.6) —26(8) 1T
IRAS 19095+0930.................. —57(4) 42.6(0.2) 3.5(0.3) —212(19) 1, 2G
—28(4) 46.1(0.3) 2.9(0.5) —88(19) 1, 2G
—36(4) 59.9(0.4) 6.1(0.8) —89(24) 1, VH
IRDC 1923+13 N....ccevrenee —173(7) 57.72(0.05) 2.6(0.1) —478(18) 3
IRDC 1923+13 ...cccoviiiinne —4(1) 6.7(0.1) 1.0(0.7) —4.3(1.2) 3
—12(1) 50.2(0.8) 6.1(1.5) —32.2(4.9) 3,V
-9(1) 57.56(0.09) 2.6(0.2) —25.2(1.7) 3
IRDC 1923+13 S....cceiae —31(8) 56.8(0.8) 12.9(1.5) —194(101) 3,V
IRAS 20126+4104.................. —23(5) —3.7(0.3) 3.3(0.6) —83(14) 1,O
3) I,N
Mol 136....ccviciiiciicnne —-12(3) —46.9(0.2) 3.1(0.6) —40(6) 1
Mol 138....coiiiiiiiciiiiie —104(2) 0.68(0.02) 2.90(0.04) —321(4) I, A
Mol 145....ccoiiiiicicnnne —130(2) —11.27(0.02) 2.00(0.04) —278(8) 1, 2G
—45(2) —8.61(0.08) 2.6(0.2) —126(8) 1, 2G
Mol 145 N .o —124(10) —10.73(0.07) 2.0(0.2) —259(20) 1, 2G
—52(10) —8.6(0.1) 1.3(0.4) —73(19) 1, 2G
—42(10) —2.78(0.07) 0.5(0.2) —22(4) 1
Mol 145 S —88(8) —11.22(0.05) 1.7(0.2) —158(11) 1
—40(8) —7.7(0.1) 1.6(0.4) —66(11) 1
Mol 145 E..coovvviiiiiccces —33(8) —11.1(0.1) 2.2(0.4) =77(12) 1
—23(8) —7.1(0.2) 1.9(0.6) —47(11) 1
Mol 145 W .o —97(8) —11.34(0.04) 2.1(0.1) —21509) 1, 2G
—36(8) —8.61(0.08) 0.9(0.2) —36(7) 1, 2G
Mol 148......ciiiiiiiccinee —72(2) —52.73(0.01) 2.48(0.03) —189(2) 1,0
NGC 7538 —218(14) —55.95(0.05) 6.7(0.1) —1544(27) 2,3G,M
MaSET ..o 444(14) —60.12(0.01) 0.84(0.02) 398(9) 2,3G
1310(14) —57.91(0.01) 0.94(0.01) 1315(10) 2, 3G
SI57 o —64(4) —43.09(0.05) 3.4(0.1) —226(8) 1
IRAS 23139+5939.....cccecveuee -31(2) —44.02(0.05) 2.66(0.11) —88(3) 1
Mol 160.......ccoeiiiiiiine —117(3) —47.7(0.4) 11.0(0.8) —372(35) LLV,W

Nortes.— Spectrum rms is reported as Sy, co error. Other uncertainties shown in parentheses are 1 o statistical errors from the
fit. The line parameters of the central position of the three-point scans were obtained by Sewito et al. (2004) or Araya et al. (2004b)
and are reported here for completeness. In the case of the Sewilo et al. (2004) data, instead of the rms we list the reported error
in the flux density measurement. (1) Spectrum smoothed to a channel width of 6.1 kHz (0.38 km s~ 1). (2) Spectrum smoothed to
a channel width of 0.76 kHz (0.05 km s™'). (3) Spectrum smoothed to a channel width of 12.2 kHz (0.76 km s~!). (O) H,CO
absorption at reference position. (V') Zero power full width (ZPFW ) of an asymmetric or multiple peak line is presented. The flux
density and Vg values are from the channel with deepest absorption. The reported 7 sg and ZPFW errors are one channel width
and 2 times the channel width, respectively. As upper limit of the [, dv error we report 1 o x ZPFW in parentheses. (A) Asym-
metric line fitted with a single Gaussian profile. (M) Multipeak line. (2G, 3G, 4G) Multipeak line fitted with two, three, or four
Gaussian profiles, respectively. (N) No detection. (H) Hyperfine structure detected or possibly detected. (W) Red or blue wing.
(T) Tentative detection.

? Unless indicated otherwise, the line parameters were obtained by Gaussian fits to the line profiles. We report the FWHM
as line width.
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TABLE 3
RRL ParRAMETERS FROM GBT OBSERVATIONS

S,, VLSR Width fS,, dv
Source (mly) (km s~ 1) (km s~ 1) (mJy km s~ 1) Notes®
IRAS 00338+6312.............. 2) I,N
MOl 3o ) LN
NGC 281 oo 32(2) ~26.8(0.7) 22.7(1.7) 778(48) H110a, 1
W3 TRSS oo 1692(18) —40.97(0.06) 29.5(0.2) 53154(225) H110a, 1
172(18) —40.1(0.6) 27.8(1.8) 5085(160) Hell0a, 1
142(18) —40.6(0.5) 10.5(1.4) 1581(111) Cl10a, 1
W3 IRSS N 338(6) —41.1(0.1) 28.6(0.3) 10300(91) H110q, 1
33(6) —39.6(1.0) 25.6(2.9) 898(79) Hell0a, 1
32(6) —40.1(0.6) 7.8(2.0) 264(53) Cl10a, 1
W3 TRS5 oo 322(5) —41.58(0.09) 25.6(0.2) 8791(64) H110a, 1
26(5) —42.0(1.5) 29.6(7.0) 828(129) Hell0a, 1
18(5) —433(1.6) 13.2(3.3) 255(80) Cl10a, 1
W3 IRS5 E oo 195(5) —41.6(02) 27.3(0.4) 5679(69) Hl10a, 1, W
21(5) —41.7(12) 21.53.1) 472(54) Hell0a, 1
19(5) —40.9(0.8) 7.6(1.9) 150(33) Cl10a, 1
W3 TRSS W oo 300(5) —44.62(0.09) 28.5(0.2) 9092(54) H110a, 1
25(5) —49.8(0.9) 12.2(2.4) 330(53) Hell0a, 1
46(5) —42.4(0.4) 8.8(1.0) 431(41) Cl10a, 1
TRAS 02395+6244... ?2) I,N
IRAS 02461+6147 ... 2) I,N
IRAS 02541+6208 Q) I,N
AFGL 490 ) LN
MOl 7. 1) I,N
MOl 8. ) I,N
IRAS 05358+3543 .. @) LN
Mol 12.... ) LN
G192.16—03.82. (0.8) o LN
S241 oo 8(2) —6.1(1.2) 12.8(3.4) 11121 H110a, 1
NGC 2264—IRS1 ..o @) . LN
MOl 28 oo ) I,N
IRAS 07299—1651.............. 6.3(1.8) 14.6(1.6) 15.6(3.8) 105(20) H110q, 1
5.0(1.8) 14.1(1.6) 12.8(3.9) 68(17) Cl100%, 1
G5.63+0.23 i 1,0
G5.89—0.39 oo 187(2) 9.49(0.09) 23.7(0.2) 4714(34) H110a, 1
10(2) 8.6(1.8) 17.8(3.5) 195(44) Hell0q, 1
G10.46+0.03 N....cocovenennee 14(3) 65.1(1.4) 23.4(2.6) 360(40) H110q, 1, O, A
G10.4610.03 oo 81(6) 70.2(0.3) 21.9(0.7) 1890(50) H1100, 3
G10.4610.03 S oo £203) 72.3(0.4) 19.7(1.0) 876(37) HI10a, 1, A
G10.31=0.15 N oo 11103) 12.6(0.2) 29.0(0.6) 3435(60) H1100, 1
133) 11.5(1.6) 22.7(3.3) 315(44) Hell0a, 1
1303) 14.6(1.2) 12.53.1) 166(38) Cl110a, 1
G10.31-0.15.ciiieee 469(11) 9.4(0.1) 32.0(0.2) 15960(70) H110q, 3
35(11) 7.5(1.0) 36.1(2.4) 1338(77) Hell0aq, 3
G10.31=0.15 S oo 119(4) 5.6(0.2) 28.3(0.6) 3577(59) H110a, 1
10(4) 5.6(2.2) 25.1(7.4) 279(58) Hell0a, 1
7(4) 13.1(1.6) 6.13.1) 46(29) Cl10a, T, 1
G10.16=0.35 N oo 367(5) 14.3(0.1) 34.9(0.3) 13602(95) H110a, 1, W
14(5) 9.5(2.8) 42.0(5.4) 643(79) Hell0a, 1, B
G10.16—0.351 oo 1494(26) 12.50.1) 32.9(0.1) 52350(19) H110a, 3, W
79(18) 7.4(0.8) 362(2.1) 3046(142) Hell0a, 3
G10.16—0.35 S oo 177(4) 10.7(0.2) 36.5(0.5) 6867(79) H110a, 1, W
13(4) 8.3(2.3) 35.5(6.1) 499(69) HellOaq, 1
104) 1.8(1.6) 12.6(4.0) 128(44) Cl10a, T, 1
IRAS 18151—1208............. 33(3) 24.4(0.3) 26.4(0.6) 920(19) H110q, 3
103) 32.1(0.3) 2.8(1.0) 30(8) C110a, 3
G14.68—0.50 N oo 113) 11.9(1.9) 14.0(4.3) 157(43) H110a, 1, 2G
1203) 28.7(1.5) 10.9(2.9) 143(39) H110a, 1, 2G
5(3) 9.5(3.2) 16.6(6.9) 96(31) Cl10a, T, 1
G14.68—0.50.....orrrorro. 213) 27.5(0.5) 23.5(1.3) 510(20) H1100, 5
G14.68-0.50 S oo 143) 29.3(1.5) 27.2(3.2) 395(40) H110a, 1, A
G19.36—0.02 N ....ceuvenennee <5(1) e e e H110a, T, 4
G19.36-0.02..... 10(1) 51.1(0.8) 21.9(1.9) 220(20) H110a, 5, A
G19.36—-0.02 S <7(3) HI110a, T, 1
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TABLE 3 — Continued

S,, VLSR Width f S,, dv
Source (mJy) (km s~ (km s~ (mJy km s~ Notes®
G19.62—0.23.......ccoeveuee 264(3) 41.3(0.1) 31.2(0.3) 8745(39) H110a, 1, W
23(3) 44.3(0.6) 15.9(1.3) 386(36) HellOa, 1, 2G
11(3) 49.2(1.5) 21.5(3.9) 248(40) Cl10a, 1, 2G
G20.08—0.14.......ccocoen.... 49(2) 42.3(0.2) 28.8(0.5) 1508(22) H110¢, 1
4(2) 37.6(1.7) 16.4(4.0) 75(17) Hell0aq, 1
4(2) 42.6(1.7) 7.9(3.6) 32(12) Cl10q, 1
G24.50—-0.06................... 71(3) 114.3(3.0) 99.3(6.0) 2284(318) H110q, 1, V
G24.50—0.06 N .............. 38(3) 114.2(3.0) 75.6(6.0) 1294(205) H110c, 1, V, A, W
6(3) 115.7(2.1) 13.6(3.2) 80(22) HellOa, T, 1
G24.50—-0.06 S................ 193) 101.1(1.8) 43.1(3.3) 850(70) H110«, 1, M, 2G
17(3) 85.5(0.7) 8.1(1.7) 144(36) HI110¢q, 1, M, 2G
103) 105.7(1.6) 4.6(2.1) 50(15) Cll0a, T, 1
G24.50—0.06 E............... 32(3) 90.2(3.0) 71.7(6.0) 1264(209) H110q, 1, V
G24.50—0.06 W ............. 53(3) 117.6(3.0) 69.1(6.0) 1656(207) H110¢q, 1, V, W
G24.51-0.22 N ... 77(4) 93.0(0.3) 20.3(0.6) 1670(43) H110q, 1
35(4) 41.6(0.6) 17.6(1.3) 652(40) H110q, 1, A
G24.51-0.22.....ccccueveuee 126(8) 96.4(0.2) 23.0(0.4) 3090(40) H110q, 3, A
31(8) 44.3(0.6) 18.6(1.3) 600(40) H110q, 3, A
13(6) 93.8(1.0) 10.5(2.2) 146(26) HellOa, T, 3
G24.51-0.22 S.......ee. 70(3) 97.0(0.3) 20.6(0.8) 1543(46) HIll0q, 1, W
19(3) 46.5(1.0) 17.8(2.2) 362(40) H110q, 1, A
103) 95.7(1.1) 9.0(2.5) 92(22) HellOa, T, 1
(G28.20—0.05 N .............. 16(3) 77.0(0.9) 12.7(2.0) 215(32) H110q, 1, 2G
14(3) 98.6(1.2) 16.6(3.1) 242(35) H110q, 1, 2G
G28.20—0.05.......ccveunneee. 32(5) 100.3(0.7) 22.1(1.7) 750(50) H110q, 5, 2G
13(5) 77.0(1.3) 14.6(3.1) 200(50) H110q, 5, 2G
G28.20—-0.05 S............... 153) 93.8(1.5) 40.93.4) 669(49) H110q, 1, A
6(3) —103.2(4.5) 48.3(10.6) 294(55) H110¢, 1
(G28.86+0.06 N ............... 17(3) 102.2(3.0) 27.0(6.0) 264(86) H110e, 1, A, V
G28.86+0.06 ................... 31(5) 101.7(0.4) 23.0(1.0) 770(30) H110q, 3, A
(G28.86+0.06 S................ 29(3) 105.3(3.0) 57.0(6.0) 701(165) H110e, 1, A, V
IRAS 18470—0044......... 23(1) 93.4(0.2) 19.7(0.6) 479(12) H110¢, 1
5(1) 42.9(0.8) 11.2(2.2) 64(10) H110¢, 1
3) .. . . 1I,N
(0.5) 1, N
133) 58.0(1.2) 10.3(2.9) 145(30) H110q, 1, A
12(2) 50.8(1.1) 20.2(2.3) 253(27) H110q, 1, A, 2G
10(2) 86.3(1.3) 21.0(3.1) 226(29) H110q, 1, A, 2G
IRAS 18521+0134.......... 7.5(0.6) 86.2(0.4) 22.4(0.9) 179(6) H110q, 1, A, 2G
5.2(0.6) 54.0(0.5) 18.5(1.2) 102(6) H110q, 1, A, 2G
IRAS 18521+0134 S ...... 17(2) 63.2(3.0) 84.0(6.0) 517(168) H110c, 1, M, V, W
IRAS 18566+0408.......... 5.0(0.7) 45.6(1.7) 38.7(4.3) 204(19) H110¢, 2
3.5(0.7) 93.1(1.7) 17.7(3.6) 66(13) H110¢, 2
IRAS 19035+0641 .......... 2(1) 44.9(4.8) 42.5(9.0) 109(22) H110q, 1, T
6(1) 44.4(3.0) <6.00 Cll0a, 1, T, V
IRAS 19095+0930.......... 6(2) 46.3(1.4) 24.5(3.5) 166(20) H110q, 1, A
IRDC 1923+13 N............ 4403) 61.3(0.5) 25.1(1.2) 1187(47) H110q, 1, A
9(3) 63.5(1.3) 10.9(2.3) 102(23) HellOa, 1, T
IRDC 1923+13 ............... 7.5(0.5) 57.6(0.3) 25.0(0.9) 200(6) H110c, 1, W
IRDC 1923+13 S............ 42(3) 59.0(0.5) 24.4(1.0) 1088(41) H110q, 1, A
IRAS 20126+4104.......... 2) 1,N
MWC 349 .....cccevveen 1,0
Mol 136...c.ccceviieirine (1) 1,N
Mol 138 2.0(0.7) —20.3(4.4) 27.7(11.7) 59(22) H110q, 1, 2G
3.3(0.7) 5.2(2.1) 18.1(3.7) 65(19) H110q, 1, 2G
Mol 145....ccoviinniicnns (0.9) I,N
Mol 145 N .cooiiieee 3) 1I,N
Mol 145 S..ooeeiiieene 3) 1I,N
Mol 145 E.coovveee 3) 1,N
Mol 145 W e 3) I,N
Mol 148..... (0.5) 1I,N
NGC 7538 173(3) —59.6(0.2) 32.3(0.6) 5931(92) H110q, 1
14(3) —56.0(1.3) 33.0(5.1) 476(59) HellOa, 1
9(3) —59.7(2.0) 15.6(4.0) 149(43) Cl10q, 1
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TABLE 3 — Continued

S,, VLSR Width f S,, dv
Source (mly) (km s~ (km s~ (mJy km s71) Notes®
SI57 et 42(1) —47.6(0.3) 23.9(0.7) 1061(19) H110q, 1
14(1) —43.1(0.3) 5.2(0.7) 79(9) Cl10a, 1
IRAS 23139+5939......ooorrrvereerreenn. 8.4(0.8) —46.3(0.5) 19.3(1.3) 172(10) H110q, 1
3.8(0.8) —44.2(0.5) 3.6(1.1) 15(3) Cl10a, 1, T
MOl 160....cooceiiieiiinieccnreecene 7(2) —46.9(0.9) 20.4(2.3) 156(14) H110q, 3
12(2) —49.5(0.2) 2.9(0.5) 36(5) Cl10a, 3

Nortes.— Spectrum rms is reported as S, error. Other uncertainties shown in parentheses are 1 o statistical errors from the fit. The line
parameters of the central position of the three-point scans were obtained by Sewito et al. (2004) or Araya et al. (2004b) and are reported
here for completeness. In the case of the Sewito et al. (2004) data, instead of the rms we list the reported error in the flux density mea-
surement. (*) Possibly narrow (<3 km s~ ) feature superimposed on the carbon line. When the spectrum is smoothed to a channel width
of 0.375 km s~!, the line parameters of the C110« line are S, = 16.5 mJy, Visg = 17.6(0.1) km s~!, FWHM = 1.1(0.3) km s/,
/'S, dv=19(4) mJy km s~L. (1) Spectrum smoothed to a channel width of 48.8 kHz (3.0 km s~1). (2) Spectrum smoothed to a channel
width of 97.6 kHz (6.0 km s™!). (3) Spectrum smoothed to a channel width of 12.2 kHz (0.76 km s~!). (4) Spectrum smoothed to a channel
width of 195.3 kHz (12.0 kms~1). (5) Spectrum smoothed to a channel width of 24.4 kHz (1.5 kms™!). (O) Emission at reference position.
(V) Zero power width of an asymmetric or multiple peak line is presented. The reported flux density and ¥ g correspond to the channel
with greatest emission. (A) Asymmetric line fitted with a single Gaussian profile. (B) C110« line possibly blended with He110« line. (T)
Tentative detection. (M) Multipeak line. (2G) Multipeak line fitted with two Gaussian profiles. (N) No detection. (W) Red or blue wing.

# Unless indicated otherwise, the line parameters were obtained by Gaussian fits to the line profiles. We report the FWHM as line width.

2005 July data. The spectra were averaged and smoothed to the
final channel widths reported in the footnotes of Tables 2 and 3.
Line parameters were measured after subtraction of a linear base-
line. In Tables 2 and 3 we report the rms and line parameters of the
H,CO and RRL observations, respectively.

2.2. VLA Observations

Using the VLA in the A configuration, we conducted obser-
vations of the Jx,x. = 111—119 HoCO line on 2005 January 10.
We selected 10 sources whose single-dish spectra from previous
Arecibo and GBT observations (Watson et al. 2003; Sewito et al.
2004) were consistent with H,CO emission blended with absorp-
tion. The goal of the VLA observations was to filter out extended
absorption to investigate whether the complex single-dish absorp-
tion profiles were due, in part, to blended H,CO emission. The
pointing positions, central bandpass velocities, and secondary cali-
brators used for the VLA observations are reported in Table 1. The
VLA correlator was used in the 2IF AD mode, with a bandwidth
of 1.56 MHz (97.0 km s ") and 256 channels per IF (channel width
of 0.38 km s~!, 6.1 kHz). We observed 3C 286 as flux density

calibrator and assumed a flux density of 7.52 Jy. In addition, we
observed 3C 48 to check the quality of the flux density calibration.

The calibration and imaging was done using the NRAO pack-
age AIPS following standard spectral line reduction procedures.
We measured flux densities of 1.27, 0.74, and 0.67 Jy for the
phase calibrators J1832—105, J1820—254, and J1922+155, respec-
tively. Using 3C 286 as flux density calibrator, we determined a flux
density of 5.63 Jy for 3C 48, which is within 3% of the expected
value of 5.47 Jy.

We produced H,CO spectral cubes for all sources in our sam-
ple. In addition, we constructed u-v continuum data sets excluding
the band edges and the channels with H,CO detection to image the
6 cm continuum in the regions. Table 4 contains the parameters of
the continuum images, and in Table 5 we list the parameters of the
H,CO 6 cm lines detected with the VLA.

3. RESULTS

In Figures 1-5 we show the results of our GBT observations,
and the images and spectra from the VLA observations are shown
in Figures 6—8. The most important result of this survey is the

TABLE 4
VLA 6 cm CoNTINUUM IMAGES

ms Oyn> PA. L, pek S, Size®
Source (mJy beam™") (arcsec, deg) (mJy beam™") Qpeak (12000.0)° Bpeak (J2000.0)* (mlJy) (arcsec, pc)  Notes

G10.96+0.02...........c........ 0.7 0.79 x 0.42, —11 38.0 18 09 39.33[2] —19 26 28.2[3] 212(6) 3.1,02
G13.13-0.15. . 0.8 0.66 x 0.36, —16 E
G19.07-0.28......cccceuuneee 0.6 0.67 x 0.41, —06 15,5 18 26 48.88[2] —12 26 23.9[3] 124(4) 2.7, 0.06

0.6 0.67 x 0.41, —06 6.2 18 26 48.65[2] —12 26 28.6[3] 300(9) 6.0, 0.1
G23.46—0.20° ....coeveenn. 0.4 0.67 x 0.42, +21 7.8 18 34 44913[1]  —08 31 07.36[2] 11(1) 0.36, 0.01 G
G23.71-0.20 0.3 0.63 x 0.41, +01 <1.7 N
G24.68—-0.16. 0.5 0.60 x 0.39, =31 <23 N
G28.61+0.02. 0.7 0.60 x 0.41, +09 10.7 18 43 28.39[2] —03 50 19.7[2] 226(7) 44,7
G30.84—0.11. 0.6 0.43 x 0.37, —09 E
G43.18—0.52 0.4 0.60 x 0.43, +45 2.7 19 12 08.73[2] +08 52 08.7[3] 253(8) 58,02
G49.21-0.35...cccccn 0.9 0.47 x 0.36, +66 E

Nortes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. (G) Fit with a 2D Gaussian.

(N) Nondetection. (E) Extended continuum region could not be imaged.

* For aesthetic reasons the uncertainties are shown in brackets and should be read as, e.g., xx.xx[y] = xx.xx £ 0.0y.
® For extended sources, the reported size is the geometrical average of the brightness distribution major and minor axes measured from the 3 o contour level. We
report the geometrical average of the deconvolved size for Gaussian sources.
¢ (G23.46—0.20 lies within the VLA primary beam of the G23.43—0.21 observations.
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TABLE 5
H>CO 6 cm LINE PARAMETERS FROM VLA OBSERVATIONS

ms I,,ypea_ka VLSR FWHM Size®
Source (mJy beam™!) (mJy beam™!) Qpeak (JZOOO.O)b 6peak(J2000.0)b (km s (km s (arcsec, pc) Notes
G10.96+0.02.......ccooveuenee 5 —26 18 09 39.35[2] —19 26 28.0[3] 20.4(0.4) 2.3(0.4) 1.5, 0.1 A
G13.13-0.15.ccociinee 12 F
G19.07—0.28....coveeenne 7 -35 18 26 48.89[2] —12 26 24.2[3] 65.7(0.4) 3.0(0.4) 1.4, 0.03 A
G23.43—0.21 ..o 6 <30 N
G23.71—0.20....cccveenee 5 60 18 35 12.366[1] —08 17 39.34[2] 79.2(0.4) 0.8(0.4) <0.4, <0.02 E
G24.68—0.16.......cccccounu.e. 6 <30 N
G28.61+0.02....ccveveeee 10 <50 N
G30.84—0.11..ccocvcvieee 8 <40 N
G43.18—0.52..ccieene 4 —15 19 12 08.53[2] +08 52 08.3[3] 58.5(0.4) 0.8(0.4) 2.0, 0.06 A
G49.21-0.35. i 12 <60 .. N

Nortes.—Synthesized beams (6syy,) are given in Table 4. Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes,
and arcseconds. (F) Absorption in the field could not be reliably imaged. (E) Emission. (N) Nondetection. (A) Extended absorption.

%5 o upper limits listed for nondetections.

® For aesthetic reasons the uncertainties are shown in brackets and should be read as, e.g., xx.xx[y] = xx.xx £ 0.0y.
¢ For extended sources, the reported size is the geometrical average of the brightness distribution major and minor axes measured from the 3 o contour level. We

report a deconvolved size limit for unresolved sources.

detection of a new H,CO 6 cm maser region (G23.71—-0.20;
Fig. 6). An extensive discussion of this detection (together with
additional VLA data) is presented by Araya et al. (2006a); thus,
no further discussion of the detection is presented here.

We detected H,CO 6 cm absorption lines toward 48 of the
58 sources observed. Of these 48 regions, 45 were detected with
the GBT (see Table 2 and Figs. 1, 3, 4, and 5), and three were
detected with the VLA (Table 5; Fig. 7). H,CO 6 cm absorption
was detected in all pointing positions of the three- and five-point
scans shown in Figures 3 and 4. By comparing the line profile of
the central position with the adjacent pointing positions, we find
no evidence for H,CO 6 cm emission in the 14 sources shown in
Figures 3 and 4. Thus, we conclude that the multipeak H,CO line
profiles at the central positions are likely due to the superposition
of different H,CO absorption features and not due to the super-
position of emission and absorption lines.

H,CO emission from the known H,CO maser regions NGC 7538
and IRAS 18566+0408 was detected with the GBT (see Fig. 5).
Based in part on the GBT observations of IRAS 18566+0408
reported in this work, we found a rapid flarelike variability of the
H,CO maser in IRAS 18566+0408, which is discussed by Araya
et al. (2007). A discussion of the variability of the NGC 7538
H,CO maser is given in § 4.1.

Including tentative detections, we found hydrogen radio recom-
bination line emission (H110«) toward 29 sources ( Table 3; Figs. 2,
3,4, and 5) and Hel10a and C110« lines toward 10 and 14 sources,
respectively. Finally, 6 cm continuum emission was detected and
imaged with the VLA toward five sources (Table 4; Figs. 7 and
8). We did not obtain a reliable measurement of the 6 cm radio
continuum from our GBT observations.

4. DISCUSSION
4.1. Variability of the Maser in NGC 7538 IRSI

We detected the two main H,CO 6 cm maser velocity compo-
nents in NGC 7538 (Fig. 5). In Figure 9 we show the updated light
curve of the two H,CO maser components, which (following
Hoffman et al. 2003) are referred to as components I and II. Our
observations confirm the variability of component II reported by
Hoffman et al. (2003). Our data also suggest that the flux density
rate of change of component I is slowing over time.

Using the GBT flux density measurement, and the 2002 and
1996 flux density values of component II (Hoffman et al. 2003),

we find that the flux density rate of change of component II has
been ~30 mly yr~!. This value is particularly interesting because
the rate of change of component I between 1983 and 1995 was
also ~30 mJy yr~! (see Fig. 9). Thus, it might be possible that the
mechanism (an isolated long-term perturbation) that caused the
variability of component I is the same mechanism that is causing
the variability of component II, which would explain the similar
variation rates. We speculate that the delay in the variability on-
set of the two components (approximately 14 yr) could be the time
required by the perturbation to travel from component I to com-
ponent II. If this were the case, we would expect an increase in the
rate of change of the component IT maser from ~30 mJy yr~' to
more than ~70 mJy yr~! some time after 2009, just as component I
showed an increase in the variability rate after 1995 (see Fig. 9).

Assuming that the time lag in the variability onset of the two
components is caused by a perturbation that triggered the variabil-
ity of component I in 1982 and that required 14 yr to reach com-
ponent II, and assuming a distance between components I and II
of 240 AU (Hoffman et al. 2003), then a disturbance due to a
change in the radiation field could be ruled out because the dis-
tance difference between the two components and an external
source of radiation is of the order of a few light-days. That is, if
the variability had been triggered by a change in the radiation
field, both components would have shown the same variability
within a few days. On the other hand, the variability could have
been caused by a supersonic front. For instance, assuming a dis-
tance between the two components of 240 AU (Hoffman et al.
2003), then a shock wave with a velocity of » ~ 80 km s~! could
have reached component II 14 yr after reaching component 1.

To test the hypothesis that the variability of the two maser
components in NGC 7538 has a common origin, we recommend a
long-term monitoring program of the H,CO masers in NGC 7538.
The goal of such monitoring observations would be to check
whether component Il shows an increase in the variability rate
after 2009 similar to the increase in the variability rate of compo-
nent I after 1995.

4.2. Extended Molecular Gas and Radio Recombination
Line Emission

As mentioned in § 3, the three- and five-point scans shown in
Figures 3 and 4 were obtained to determine whether the com-
plex H,CO absorption profiles are consistent with H,CO maser
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Fic. 1.—H,CO 6 cm spectra obtained with the GBT (beam size ~2.5"). We mark with a plus sign artifacts due to absorption in reference position. The spectra shown
here are from single-pointing observations. Multiple-pointing spectra are shown in Figs. 3 and 4.
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Fic. 2.—Radio recombination lines detected with the GBT (beam size ~2.5"). The lines are H110« transitions unless otherwise indicated. The velocity scale is set
with respect to the H110q« transition. The He110 and C110« lines are blueshifted from the H110« line by 122.166 and 149.560 km s~!, respectively (e.g., Rohlfs &
Wilson 2000). We do not include the multipointing RRL detections that are shown in Figs. 3 and 4, nor the lines detected toward IRAS 18566+0408 and NGC 7538
shown in Fig. 5.
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FiG. 3.—Three-point H,CO and H110« scans toward H,CO 6 cm emission candidates (sources in group 2 as defined in § 2.1). The reference positions of the central
spectra are given in Table 1. The central position spectra of Mol 75, IRAS 18521+0134, and IRDC 1923+13 were obtained with the Arecibo Telescope (Paper I). All
other central position spectra were obtained with the GBT by Sewilo et al. (2004). The top (north) and bottom (south) spectra were obtained with the GBT (beam size
~2.5") at offset positions of +2.5" and —2.5’ from the central position ( Table 1). For clarity, in some cases we rescale the data to highlight line profiles (¢hin line). We
mark spurious features with a plus sign.

166



H,CO G19.36—-0.02 H110a H,CO G24.51-0.22 H110a

. T T e e e o a o o o LM
of Dl 10T T T3 . T T T T T T T T T
-100 | 3 5F 3 100 | 3
: ] g ] -50 F 3 i ]
-200 | 3 0 :IJ_LJ_IJ_xw—’J_xJ_E A 1 soL ]
300 : 3 : ] -100 [ 3 [ ]
- e 31 -5F 5 F ] : :

F ] F ] F ] 0
I T BN P I B B =150 oy o AP TN TN TR T
o F ey ) B - FHHHHHHHHHHHHHHHHHHHH
o ] o ] 0 . 1
—~ F - L - ~ - e -
2 -100 | 4 sE 3 2 b 1 100 3
S ] F : € -50F 3 .
~— 2OO- - o: -l ~ 50: ] ]
< : ] < : ] 50 3
? 300} ] 1 Y -0k 3 ]
-300 |- 1 -sf = : ] J

F ] F ] F ] 0
I T I P I B B -850, ¥ 0y o WA T TR A
0 H o P - HAHHHHHHHHHHHHHHHHHH
F ] [ ] 0 F ]
-100 F 3 5F = r 1 100 | 3
b ] F ] -50 | 3 [ ]
—200 2 3 0k & C ] 50:_ He110a? _:
300 | ] : -100 F 3 S ]
-300 | 1 -5 3 : ] L ]

F ] ] F ] 0
I I I P B B B -850yt T PRV P T

10 20 30 40 0 50 100 20 40 60 80 100 -50 0 50 100 150
-1 -1
Visg (km s™) Visr (km s™)

H,CO G28.20-0.05 H110a H,CO G28.86+0.06 H110a

0 T T I T o o [RE T T e
‘ : - o Whii
=100

20 -100

L L I B B B

“Lh’-.[LﬂMLWMH\M I

TT T T T T T T T T T T

™

—200

Do laaaaly

10 —-200

i UARAN RARAE RERR RA

-300 0

[T T
I N
| | |

-300

T

e
T M= =

T
hn

30
20

-100

mdy)

-100

(mdy)

< —-200 10

03’ —200

S

T T T
rwwil ERRRY RNRTE N1

-300

[T T T T
| A W

-300

G L L I B L L R L

AR RRRRE FERRE FRESS 8 FENES SENRE ANERE FRANT J| FERWE FNE T FT ey hw

tt—————— S = -
L E ‘ ' A 0

: ) 3 5 5

Ty 20 3 ~100 ]

—200 Z_ 10 ; ‘l -:: —200 i j

B 3 0 e | r ]

300 0 E (Lﬂ"l L{' MLLM‘L{H mﬁé g ]

Y A -300

Pl PRI CPEPEE S I L

T

PERFII B E R

1

Pl PR R B |

T

80 100 0 50 100 150 40 60 80 100 120 50 100 150
-1 -1
Visg (km s™) Visg (km s )

Fic. 3— Continued

167



H,CO Mol 75 H110« H,co IRAS 18521+0134 H110a

0 : 3 0
C 10 = C
—-50 F r ]
E : = -50 -
-100 E : 3 ]
-150 B E ; —100 E
_200:_“::}::::}::::}_: ::::}::::I: —130 =
] 0k .
e : ]
E g —50¢ E
€ S ]
3 v —100 f 3
A ::::}::::IE _150-_::':' i } =
of 3 ] 0 Ry :
-50 F 3 ] 5 ]
- ] 3 -50F *t -
-100 F 3 - ]
_1505_ _E —100:— —:
2008 T 1 =150 b o B A R I TR
50 60 70 0 50 100 20 40 60 80 100 0 50 100 150
-1 -1
Visr (km s™7) Visg (km s™)

H,CO IRDC 1923+13 H110«

-50 F

-100 [

-150 F

> sof 7
£ : ;
~ —100 F §
93] - J

-150 F

-50 F

-100 F

-150 F

Fic. 3— Continued

168



T —— 7 ——
4 I — = —
T
' ~ W3 IRS5 1T st 3 W3 IRS5
F > 4 F b o
<> Ll ] H,CO = gt 3 H110a
F A L &
T 2 1L 1
=
3 L o 11 T T )
© 1.5F E E E|
< L 11l ]
- ok-2f AL F E E 4
172}
s + 4 tosk 3 £ 3 4
o -4
5 1-f [N - A
[ L —45 -40 -35 o MRS T 0] -45 -a0 -35 Es -200 =100 0 —-200 =100 O 4
[=) ™~ -1 155 4 -1

-2 F = Visg (km s7)  J F—====C Visr (km ™) |

- N . N
L, N -2F 4 i e SR 1 ]
! \ ’ \
L q bl ]
i ) . 1 \|osF E
\ | -4 F B 1t i ]
-\\ / L L L -\\ / [ s et 7*]\7‘*-'

—4 N L -45 -40 -35 =\ L -200 =100 © -
[T SUE | AU SR I | TIPSR | I TS R |
T T

4 I — = —
T T T T T
r . ° G24.50-0.067 [ = eof 1G24.50-0.067
F by 4 F ) o
= ok E H,CO E wf 3 H110«
L . 1t ]
—~ o B ok 3
g 2f 1t .
E L 41 [ 4
S \ T T TR e
F oo 1t ]
& || soF ]
ﬁ 0 =01 | L 4oF i
g | 11l 20 ]
o |-o2 | 1l o |
[¢] L 1 1
8 I o 50 100, ! j ' Jo 50 100 1t 0 0 50 100 150 B
‘Yf“‘““\ r"‘“’v%r‘\ # -1 £ E -1
—R2 F === Visg (km s7) ) === 60 Visr (km s77)
- N . N
-//’ M\ foa F 3 g -//’ S| E g
\ \
L [ q bl V| 20F 1 ]
't 1-0.2 F 4 : } w
n ’ 1n /|0 h
\ , | . . \ , L

—4 N S 0 50 100 -1\ e 0 50 100 150 -
[T | R RS | [P | I TS B |
T T

4 - 4 kL -
~_~ ]
5 2 — -
g
3)
= 4 4
©
= i ]
-

o 0 = -
12}
A
= ] ]
o
8

F -15 -10 -5 R B
A 4 -1

-2 F Vig (km s™) —
.

L, i ]
/

H 4 o
I

J | i i
‘\\ /) L L 1 N / L L 1

-4 - N L -15 -10 -5 TN /. -50 0 50 =
S | T S NN SR R | [ SRS | NI S RS |
4 2 0 -2 -4 4 2 0 -2 -4

set (arcmin set (arcmin
RA Offset RA Offset

Fic. 4—Cross scans toward W3 IRS 5, G24.50—0.06, and Mol 145 obtained with the GBT (beam size ~2.5"). The H,CO and the H110« spectra are shown in the left
and right columns, respectively. In the case of the W3 IRS5 offset pointings, we show rescaled spectra to highlight the line profiles (thin lines).

169



170 ARAYA ET AL. Vol. 170
IRAS 18566+0408 NGC 7538

C T T T T I T T {"I'L] l T T T T ] T T I-I"'I' l' I' 'I 'l T T T T l T T I-

0 WWWI : f000 ) 7S, HoCO A

] < ' 1 1000 fF_ f 1 3

~100 ¢ . [ 500 F ]

L 20 F . C . ]

o 1 s00fF °F .

—200 10§ ] i ]

— E O - i ]
> r k i 0

E -300 . r ]

g4 ] st :

5 ; ; 100 :— —:

] 50 | R

0 r ]

o ]

=S T [T T WO TR N SO TR N S N R N

—200 —-100 0

Visr (km S_l)

Fic. 5.—H,CO and H110« spectra obtained with the GBT (beam size ~2.5") toward the known H,CO 6 ¢cm maser regions IRAS 18566+0408 and NGC 7538.

emission blended with absorption or whether they more likely
arise from superposition of different absorption features. Al-
though we did not find new candidates for H,CO maser emission,
these observations enable a study of the spatial distribution of mo-
lecular gas (traced by H,CO absorption) and continuum emission
(traced by the H110« line). Given the distances to the sources
(Table 1) and the GBT beamwidth (~2.5), the physical sizes
of the three- and five-point scans shown in Figures 3 and 4 are
between ~6 and ~30 pc (the size scale of most of the maps is
~20 pc). In general, a given H,CO absorption feature is detected
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Fi6. 6.—VLA detection (A, ~ 0.5"; Table 4) of H,CO 6 cm maser emission
toward G23.71—0.20 (see Araya et al. 2006a for a discussion of this detection).

toward at least two nearby pointing positions, which shows that
H,CO traces structures larger than ~6 pc. Similarly, H110« emis-
sion is more extended than the GBT beam in all the sources for
which the H110« line was detected at the central position of the
three- and five-point scans.

To consistently address the presence of spatial gradients in the
ionized gas, we selected the five sources whose H110« line pro-
files are well fit by a single Gaussian, i.e., W3 IRS5, G10.31—
0.15,G10.16—0.35, G24.51—0.22, and IRDC 1923+13. From
these sources we find monotonic H110« velocity gradients in three
of the sources (G10.31—0.15, G10.16—0.35, and G24.51—0.22);
i.e., the H110« peak velocity increases or decreases along the
north-south direction. For three sources (W3 IRS5, G10.31—-0.15,
and G24.51—0.22) the maximum H110c« FWHM is at the central
position and also corresponds to the maximum in H110c emission.
W3 IRS5 and G10.31—0.15 also show a maximum in the H,CO
line width (Table 2) toward the central position with respect to the
values from the north (2.5") and south (—2.5") pointing offsets.
The large line width of the H110« and H,CO lines at the central
positions suggests that the massive star formation process at the
central positions is injecting energy into the surrounding medium,
which has significantly increased the turbulence of the ionized
and molecular gas (see Araya et al. 2006b for a low-mass star
formation analogy).

4.3. H,CO Absorption as a Tool to Resolve
Distance Ambiguities

Recently Araya et al. (2002), Watson et al. (2003), and Sewito
et al. (2004) used H110« and H,CO 6 c¢cm observations to deter-
mine kinematic distances to massive star-forming regions in the
inner Galaxy. To decide between the near and far kinematic
distances, they compared H,CO absorption features with H110«
emission. If absorption was detected at velocities between the
H110« velocity and the tangent point velocity, then the source
was assigned a far kinematic distance. If no absorption was found
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Fig. 7.—Three sources with HyCO absorption (insets) and 6 cm continuum
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6 cm radio continuum toward G43.18—0.52 was heavily resolved. G43.18—0.52
was classified as a core halo ultracompact H 1 region by Wood & Churchwell
(1989).

between the H110« velocity and the tangent point velocity, then
the near distance was preferred (for more details see Sewito et al.
2004). The essence of the method is the assumption that all
H,CO absorption features that are not associated with the mas-
sive star-forming regions (i.e., those H,CO features for which
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Fic. 8.—Images of the 6 cm radio continuum detected with the VLA (O ~
0.5"") toward G23.46—0.20 and G28.61+0.02. We did not detect H,CO ab-
sorption toward these sources. The synthesized beam is shown in the lower left
corner, and its size is given in Table 4.

Vet® — p % > 10 km s~1)'* are molecular clouds in the

foreground of the H m region that are observed in absorption against
the radio continuum. The validity of this assumption is unclear
given that the H,CO 6 cm line can be detected in absorption against
the cosmic microwave radiation (CMB) and, for sources located
near the Galactic center, against the diffuse Galactic background.
That is, H,CO absorption features could come from background
instead of foreground clouds with respect to the H 1 region. As
such, this method appears not to be a conclusive test of the near-
far ambiguity.

The three- and five-point scans obtained with the GBT allow
us to test the hypothesis that the nonassociated H,CO features are

1% The choice of 10 km s~ is dictated by the velocity dispersion within giant
molecular clouds, which is typically less than ~10 km s~! (Sanders et al. 1985;
Larson 1981).
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Fic. 9.—Light curve of the H,CO 6 cm masers in NGC 7538. The filled sym-
bols are the GBT measurements reported in this work.

indeed foreground clouds observed in absorption against the H
region radio continuum. For this analysis we study the subsample
of sources that were only observed with the GBT (i.e., excluding
the sources whose central position spectra were obtained with
Arecibo) and that have a single H110« emission line detected at
the central position. As Figures 3 and 4 show, for these sources
the maximum of the H110« line emission is always found at the
central position, but H110« emission is also detected in the nearby
pointing positions.

If the nonassociated H,CO features are indeed caused by ab-
sorption against the radio continuum of the H 1 region, then the
strongest absorption would be expected toward the central posi-
tion (where the radio continuum is greatest) in comparison with
the absorption detected in nearby offsets (where the radio contin-
uum is weaker). On the other hand, if the nonassociated H,CO fea-
tures trace background clouds seen in absorption against the CMB
and/or against the diffuse Galactic background, then the peak ab-
sorption should be independent of the pointing position; i.e., the
absorption does not have to be stronger toward the central position.

To test whether the nonassociated H,CO features are caused
by absorption against the radio continuum from the H 1 region,
we selected all nonassociated H,CO absorption features that were
detected toward the central position and toward at least one offset
position. For each nonassociated H,CO absorption feature we ob-
tained the ratio between the flux density at the offset position and
the flux density at the central position. Figure 10 shows the his-
togram of such flux density ratios. We found that approximately
80%'? of the nonassociated absorption features detected at offset
positions show smaller flux density than that of the correspond-
ing H,CO feature at the central position.

This result concurs with the assumption used by Araya et al.
(2002), Watson et al. (2003), and Sewito et al. (2004) that the
nonassociated H,CO features are due to absorption against the ra-
dio continuum of the H 1 regions. Thus, our observations support
the use of H,CO absorption as a tool to distinguish near and far
kinematic distances.

The small number of nonassociated H,CO features that show
stronger absorption at offset positions with respect to the center
pointing (i.e., those located to the right of the dashed line in Fig-
ure 10, hereafter referred as outliers) do not invalidate our con-
clusion. Some of these features could be caused by absorption

15 80% is actually a lower limit because there are nonassociated H,CO features
detected toward the central position but not detected toward an offset position.

T

4

H2CO
v

S (N, S, E,or W) / S,,HZCO (central position)

Fic. 10.—Histogram of the Soffset/gcentral pointing ratio of H,CO absorption
features nonassociated with the massive star formation process as traced by the
H110« line (i.e., HyCO absorption features for which | V50 — pHL10| >
10 km s~ ). In the histogram we include only H,CO features that were detected
toward the central position and toward (at least) one offset position. Most of the
nonassociated H,CO features show less flux density at offset positions in com-
parison with the central position where the free-free emission is greater; i.e., most
of the nonassociated H,CO features lie to the left of the dashed line. This supports
the hypothesis that the nonassociated H,CO features are observed in absorption
against the radio continuum of the H 1 regions.

against CMB and/or other unrelated sources. However, some of
the outliers could still be foreground clouds observed in absorp-
tion against the H 11 region continuum because, as mentioned above,
we detected radio recombination line emission in all offset positions
for the sources used in this analysis; i.e., the radio continuum of the
H 1 regions is extended. Thus, some of the outliers may be caused
by absorption against the H 1 region radio continuum but show
greater absorption at an offset position only due to column den-
sity gradients.

4.4. Detection of C110a Lines

The C110« line was detected toward 14 sources (including
tentative detections; see Table 3 and Figs. 2, 3, and 4). The line
widths (FWHM ) range between 2.8 and 21.5 km s~ !, with a me-
dian of 9.2 km s~!. The greatest line width was detected toward
G19.62—0.23, and it is likely the superposition of the C110«
line with one or more radio recombination lines from heavier ele-
ments. The narrowest line was detected toward IRAS 18151—
1208. We find that in most cases, the narrow C110« lines
(FWHM < 6 km s~ 1) are found toward sources without a He110c
detection. As expected, the C110« lines are narrower than the
H110« lines because of the higher mass of the carbon atom and
the lower turbulence and temperature of the photodissociation
regions (PDRs) from which most of the CRRL emission orig-
inates (e.g., Natta et al. 1994; Onello & Phillips 1995; Garay et al.
1998; Quireza et al. 2006). The C110« line widths (Table 3)
reported in this work imply that turbulent motions in the gas must
be present because the PDR kinetic temperatures obtained by as-
suming that the C110a FWHM is completely thermal are signifi-
cantly greater than 1000 K for most sources.

In four of the sources with C110« emission (G10.31—-0.15,
G10.16—0.36, G14.68—0.50, and G24.50—0.06) we detected the
C110« line toward an offset position and not toward the central
position of the three- and five-point scans where the H110« line
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is strongest. If only single-pointing observations of these sources
had been conducted, then these sources would have been reported
as C110« nondetections. This result indicates that previous single-
pointing surveys of carbon radio recombination line emission to-
ward H n regions may have underestimated the number of CRRL
emitters and that the presence of stronger radio continuum (where
stronger stimulated emission would be expected ) is not necessarily
the dominant factor that determines the flux density of CRRLs in
high-mass star-forming regions.

We find that the velocity difference dispersion between C110«
lines and H,CO (the rms of V,co — Veciioa) 1s slightly smaller
than the velocity difference dispersion between C110cc and H110«
lines (the rms of V11100 — Vei10a), that is, 3 and 4.4 km s~! rms,
respectively (the typical error in the LSR velocity of the lines is
smaller than ~2 km s~'; see Tables 2 and 3). This suggests that
the CRRLs do not reflect the dynamics of the ionized gas but are
more closely associated with the molecular material. The asso-
ciation between CRRLs and molecular gas toward young stellar
objects has been noted before (e.g., Gomez et al. 1998), and in
particular for the case of molecular gas traced by H,CO (e.g.,
Roshi et al. 2006; Kantharia et al. 1998).

5. SUMMARY

We report the most extensive survey made to date exclusively
focused on the search for Galactic H,CO 6 cm maser emission.
We have observed 58 sources, 48 with the Green Bank Telescope
and 10 with the Very Large Array, mostly toward young regions
of massive star formation. In this survey we detected the fifth
H,CO maser region in the Galaxy (G23.71—0.20). A detailed dis-
cussion of this detection, in addition to further VLA observations,
is reported by Araya et al. (2006a).

We also observed the known H,CO 6 cm maser sources
IRAS 18566+0408 and NGC 7538 with the GBT to monitor the
variability of the H,CO masers in these regions. A discussion of
the variability of the H,CO maser in IRAS 18566+0408 (partially
based on the observations reported in this paper) is presented by
Araya et al. (2007). Our GBT observations of the maser in
NGC 7538 confirm the variability of the blueshifted component
(Hoffman et al. 2003). Based on the similar rate of change of the
two maser components in NGC 7538, the variability of the two
components may have the same origin. It is possible that the de-
lay of the variability onset of both maser components could be a
consequence of the distance difference between the components
and the region that triggered the variability. If this is the case, the
variability could not have been caused by a change in the radia-
tion field. It seems more likely that a shock front may be the
agent causing the variability of the two maser regions. Given that
the redshifted maser component showed an increase in the flux
density rate of change in 1996, we speculate that the blueshifted
component may also show an increase in the flux density rate of
change sometime after 2009. If such an increase is observed, then
a common origin of the variability of the two components would
be supported.

In this paper we also report line parameters of the H,CO ab-
sorption features detected with the GBT and VLA. We detected
H,CO absorption toward 45 sources with the GBT and toward

SEARCH FOR H,CO 6 cm GALACTIC EMISSION. IL 173

three sources with the VLA. We also detected 6 cm continuum
with the VLA toward five sources. Given the versatility of the GBT
correlator, we also simultaneously observed the H110c, Hel10q,
and C110« lines toward the 48 sources. We detected H110«: emis-
sion toward 29 sources, Hel10« toward 10 sources, and C110«
line toward 14 sources (including tentative detections). In addi-
tion, we obtained three- and five-point scans toward 14 sources.
We find that, in general, the H,CO and H110« line-emitting re-
gions are more extended than the GBT beam (~2.5").

We checked the validity of using simultaneous H110« and
H,CO 6 cm observations to resolve the distance ambiguity of mas-
sive star-forming regions (e.g., Araya et al. 2002; Sewito et al.
2004). For the sources with three- and five-point scans, and using
the H,CO 6 cm absorption features nonassociated with the mas-
sive star-forming regions (i.e., the H,CO absorption features such
that | Vi,co — Viiioa| >10 km s~1), we find that most of the ab-
sorption features are weaker at pointing positions offset from the
central position. Given that the maximum of radio continuum (as
traced by the H110« line) is found at the central position, the weaker
H,CO absorption detected around the central position suggests that
the H,CO features nonassociated with the massive star-forming
regions are observed in absorption against the radio continuum of
the H 1 regions. The premise that all H,CO features are detected in
absorption toward the radio continuum of the H 1 regions is the
hypothesis to resolve distance ambiguities as done by Araya et al.
(2002), Watson et al. (2003), and Sewito et al. (2004). Thus, our
results support the use of H110a and H,CO observations to re-
solve distance ambiguities.

We find that the C110c emission peak position frequently does
not coincide with the H110« emission peak, which suggests that
previous single-dish surveys for CRRLs may have underestimated
the number of regions with CRRL emission. The sources with
C110« detection reported in this work are good candidates for
future multitransition CRRL observations to study the properties
of photodissociated regions and to address the possibility of pres-
sure confinement as the solution of the lifetime problem of ultra-
compact H 1 regions (e.g., Roshi et al. 2005a, 2005b).
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