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New Interstellar Laboratories in the Molecular Ring†

Olivia H. Wilkins∗‡ and Geoffrey A. Blake

Much of what is known about chemistry in star-forming regions comes from observations of nearby
(d < 500 pc) low-mass protostars. For chemistry in high-mass star-forming regions, several more
distant (d ∼ 2−8 kpc), exceptionally bright molecular sources have also been the subjects of repeated
observations but with concomitantly poorer linear spatial resolution. Facilities such as ALMA and
JWST, however, now provide the means for observing distant sources at dramatically higher spatial
resolution and sensitivity. We used the modest resolving power of the Atacama Compact Array, a
dedicated subset of ALMA antennas, to carry out a pilot survey of 11 giant molecular clouds selected
from the Bolocam Galactic Plane Survey [Battisti & Heyer, Astrophys. J., 2014, 780, 173] within the
so-called molecular ring between about 4 and 8 kpc from the galactic center. Within our observed
sample, molecular emission regions—most of which correspond to at least one (candidate) young
stellar object—exhibit a range of chemical complexity and diversity. Furthermore, nine target giant
molecular clouds contain well-fit methanol emission, giving us a first look at the spatial chemical
variability within the objects at relatively high (compared to past observations) resolutions of ∼5′′.
This work lays the foundation for future high angular resolution studies of gas-phase chemistry with
the full ALMA.

1 Introduction

Much of what is known about chemistry in star-forming regions
comes from observations of nearby low-mass protostars, which
have been found to host a wide range of molecules.1–4 Such ob-
servations have shown that low-mass stars form in the coldest
(T ∼ 10 K) and densest (n ∼ 104 cm−3) cores. Orion KL, the clos-
est massive star-forming region to the solar system at a distance
of ∼400 pc, is often considered the archetype of high-mass star-
formation,5 and several more distant, exceptionally bright molec-
ular sources such as Sgr B2(N) (d ∼ 8 kpc), W33A (d ∼ 4 kpc),
and W3(H2O) (d ∼ 2 kpc) have also been the subjects of repeated
observations6–8 but with concomitantly poorer linear spatial res-
olution.

The so-called molecular ring, which falls at radii of ∼4-8 kpc
from the galactic center, has been mostly absent from astrochemi-
cal observations thus far despite containing the bulk of molecular
matter in the Milky Way. Specifically, the surface density of giant
H II regions along the galactic equator is highest between 4 and 8
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kpc and peaks at ∼6 kpc.9 Within this region of the galaxy, an es-
timated 85% of the gas is molecular.10 This suggests that much of
our understanding of interstellar chemistry neglects the regions of
the Milky Way where most of the molecular chemistry proceeds.
Thus, observations of such regions are imperative to answer ques-
tions about whether and how chemistry varies at different galactic
radii. Moreover, including molecular-ring laboratories in the cur-
rent astrochemical sample will push the field toward larger, and
thus more statistically meaningful, sample sizes.

We present the pilot results of an unbiased molecular line sur-
vey carried out toward a sample of 11 giant molecular clouds
(GMCs) in the molecular ring. These observations were carried
out with the Atacama Compact Array (ACA), a dedicated subset
of Atacama Large Millimeter/submillimeter Array (ALMA) anten-
nas, to efficiently identify molecule-rich gas associated with po-
tential young stellar objects (YSOs) and YSO candidates in an-
ticipation of future high angular resolution studies of gas-phase
chemistry with the full ALMA. In this pilot survey, six 1-GHz-wide
spectral windows were used to get a first look at the chemical
stockrooms in the targeted GMCs.

The sample is presented in Section 2, and the observations and
data reduction are presented in Section 3. Section 4 presents an
overview of the molecular line data and, where possible, derived
methanol column densities and rotation temperatures. The chem-
ical implications of these results are discussed in Section 5, where
the results are also compared to previous literature. Finally, Sec-
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tion 6 summarizes the findings of this pilot survey.

2 Source Sample
The 11 sources observed in this study were selected from a sample
of 437 GMCs with gas masses reported by Battisti and Heyer.11

The GMCs were detected by the Bolocam Galactic Plane Survey
(BGPS) of 1.1 mm dust continuum emission, and gas masses were
derived from optically thin 13CO J = 1−0 emission from the Five
College Radio Astronomy Observatory (FCRAO) Galactic Plane
Surveys.

The Spitzer c2d (Cores to Disks) survey confirmed a linear re-
lationship between a cloud’s mass surface density and the star
formation rate therein, and further that star-forming regions are
clustered about the densest cores.12 As such, when building our
sample, possible target GMCs were first screened for mass surface
density

ΣGMC =
MGMC

πR2
GMC

(1)

where MGMC is the mass and RGMC is the effective radius of the
cloud. A mass surface density of 200 M⊙ pc−2 approximately cor-
responds to the 103 cm−3 density threshold for “dense” molecular
clouds and was therefore used as the cut-off for selecting targets.

We then considered GMCs with radii ≤2.0′′ such that they could
be observed with the ACA in a single session (i.e., with ≤150
pointings) and selected only those GMCs that fall within the
molecular ring based on their celestial coordinates. This left us
with a sample of 11 molecular-ring GMCs at kinematic distances
of d ∼ 4 kpc or d ∼ 11 kpc . The properties of the observed tar-
gets are given in Table 1. For simplicity, we refer to these objects
by their BGPS IDs throughout this paper; their official names are
listed in column (2) of Table 1 for reference.

3 Observations
Observations of the 11 GMCs were carried out during Cycle 6
(Project Code: 2018.1.01259, P.I.: Wilkins) using the ACA, which
is a subset of antennas from ALMA and uses up to twelve 7-meter
antennas. For each source, there were two local oscillator (LO)
settings in ALMA Band 6: the “lower” LO setting centered at
∼226 GHz and the “upper” centered at ∼251 GHz. These LO set-
tings were chosen to target tracer and otherwise astrochemically-
interesting compounds and also included a continuum window in
each. Continuum windows had bandwidths of 2 GHz with 2048
channels. The passband was examined for excess line emission,
and line-free channels across all spectral windows were used to
measure the continuum flux. The ACA has an angular resolu-
tion of 5.′′5−6.′′2 in the lower LO and 5.′′2−5.′′9 in the upper LO
setting. The mosaic fields of view were chosen based on GMC
angular sizes reported by Battisti and Heyer.11

Calibration was completed using standard CASA (version 5.4.0-
70) calibration pipeline scripts. The images presented here were
primary-beam-corrected and created with continuum emission es-
timated from line-free channels and subtracted using the tclean
algorithm with robust weighting and a Briggs parameter of 0.5
for deconvolution. The image noise-levels and synthesized beams
are presented in Table 2. In general, the continuum noise level is
≤2.2 mJy beam−1. A detailed description of the observations—

Fig. 1 ACA “lower” Band 6 spectra for BGPS 6120.

including calibrators, number of antennas, and dates—for each
source can be found in the Supplementary Information.†

4 Results

4.1 Spectral Analysis
ACA spectra were inspected to compile a preliminary census of
molecular compounds present in each source. Molecular transi-
tions were identified using the Cologne Database for Molecular
Spectroscopy (CDMS)13–15 entries included in the Splatalogue§

database for astronomical spectroscopy. Table 3 lists all identi-
fied transitions along with the GMC(s) where transitions were de-
tected. Figure 1 shows the "lower" ALMA Band 6 spectra for BGPS
6120, which is one of the most chemically rich targets in our
sample. A variety of molecular compounds are detected across
the sample, including carbon monoxide (CO, C18O), complex
(having ≥6 atoms) organic compounds (CH3OH, CH3CCH), ion-
ized species (H13CO+, HC18O+, HCS+), nitrogen-bearing species
(HC3N), oxygen-bearing species (H2CO, H2

13CO), low gas den-
sity tracers (c-C3H2), and compounds formed in outflows (SO,
SO2, SiO).

As seen in Table 3, BGPS 6029 and BGPS 6120 are especially
molecule-rich in this limited spectral line survey. BGPS 6318 is
particularly molecule-poor, containing detectable CO and C18O
emission only. For most compounds, only one line was present
in our data. Multiple CH3OH lines are detected in most sources.
Several GMCs (BGPS 6029 and BGPS 6120) contain two lines of
SO.

All sources except BGPS 6318 contain detectable CH3OH and
C18O emission concentrated around regions of 1.2 mm contin-
uum emission. The targets (other than BGPS 6318) also all con-
tain H2CO, H13CO+, and SO. In this work, we focus on CH3OH
because multiple CH3OH transitions are present in our data, al-
lowing us to get a preliminary look at the gas temperature via
spectral line fitting. Furthermore, CH3OH is a hallmark of hot

§ http://splatalogue.online
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Table 1 Properties of the 11 targeted GMCs

BGPS IDa Namea αa
J2000 δ a

J2000 vLSR (km s−1)a dkin (kpc)a,b RGMC (pc)a ΣGMC (M⊙ pc−2)a

3053 G023.368−00.290 18h34m53.s0 −08◦37′43′′ 78.1 10.67±2.50 5.17 352.50
3474 G025.227+00.289 18h36m15.s1 −06◦42′50′′ 47.1 3.16±0.73 1.61 233.32
4449 G030.536+00.021 18h46m53.s2 −02◦07′22′′ 47.8 3.03±0.14 1.53 258.36
5623 G030.952−00.389 18h57m05.s5 +02◦06′44′′ 55.3 10.49+1.32

−1.23 5.11 308.41
6029 G040.622−00.139 19h06m01.s3 +06◦47′01′′ 32.8 11.01±2.79 4.94 341.74
6082 G041.741+00.095 19h07m15.s1 +07◦53′09′′ 13.7 11.91±5.85 2.63 271.51
6112 G043.079−00.005 19h10m05.s7 +09◦01′06′′ 14.2 11.65±1.61 3.64 394.00
6120 G043.237−00.047 19h10m33.s0 +09◦08′12′′ 7.5 12.04±2.72 5.28 682.78
6299 G049.070−00.350 19h22m46.s3 +14◦09′25′′ 66.0 5.57±1.25 1.66 323.44
6310 G049.170−00.208 19h22m26.s3 +14◦19′26′′ 63.1 5.56±0.86 2.67 589.39
6318 G049.255−00.412 19h23m21.s0 +14◦17′54′′ 66.3 5.55±1.06 1.48 508.62

a Values taken from Battisti and Heyer. 11 b The uncertainties for dkin were not reported by Battisti and Heyer but were calculated for use in this work
following the procedure given in the Supplementary Information.† c Calculated using Equation 1.

Table 2 ACA image properties

BGPS ID σRMS,cont (mJy beam−1) θsyn Field of View
3053 1.7 5.′′9×3.′′8 210′′×210′′

3474 1.6 6.′′3×4.′′0 216′′×216′′

4449 1.6 6.′′7×3.′′9 210′′×210′′

5623 2.2 9.′′4×4.′′1 210′′×210′′

6029 1.9 7.′′1×4.′′2 180′′×180′′

6082 1.4 6.′′4×3.′′8 145′′×145′′

6112 1.2 7.′′5×4.′′7 163′′×163′′

6120 1.4 7.′′2×4.′′7 186′′×186′′

6299 1.8 7.′′4×4.′′4 165′′×165′′

6310 1.2 6.′′3×4.′′7 254′′×254′′

6318 1.5 8.′′2×2.′′5 145′′×145′′

molecular cores,2 signalling places where there may be new or-
ganic chemistry laboratories in the molecular ring.

Figure 2 shows the regions where we see both C18O (a tracer of
dense regions, such as cores)16 and CH3OH (commonly used as
a tracer of other complex organics).2,17 Each panel is labeled by
its BGPS ID and an ACA# ID. For GMCs with multiple millimeter-
emitting regions shown, the # was assigned by decreasing peak
continuum flux. These regions are listed in Table 4

4.2 CH3OH Rotation Temperatures and Column Densities
Figures 3-11 show the derived rotation temperature Trot and col-
umn density Ntot maps for CH3OH toward nine of the 11 target
GMCs. Each map shows the entire ACA field of view (listed in
Table 2) for each target. As mentioned in Section 4.1, BGPS 6318
did not contain CH3OH emission. BGPS 6082 is also not repre-
sented in the figures because the lines in those spectra were too
noisy to be fit successfully. Percent propagated uncertainty maps
are presented in the Supplementary Information† and show that
most fitted objects have fit uncertainties of ≤10% near the co-
spatial continuum emission peaks.

The rotation temperature and column density maps were de-
rived using a pixel-by-pixel fit of the spectra extracted within a
single synthesized beam centered on each pixel. This follows
the same procedure as Wilkins et al. 18 and is briefly described
here. To avoid erroneous fits, only lines with peak amplitudes
of ≥3σRMS were considered. Rotation temperature Trot [K] and
column density Ntot [cm−2], along with line width and veloc-
ity shift, were determined simultaneously by least-squares fitting
with LMFIT19 (version 0.9.15) to model the spectra assuming op-

tically thin lines at local thermodynamic equilibrium (LTE); com-
mentary on the robustness of the LTE assumption is given in Sec-
tion 4.3. The spectra were modeled using Equation 2 adapted
from Remijan et al. 20

Ntot = 2.04×1020Cτ

1
ΩS(ΩS +ΩB)

∫
Iν dν

θaθb

Q(Trot)eEu/Trot

ν3Si jµ2 cm−2 (2)

where the
∫

Iν dν is the integrated intensity of the line [Jy beam−1

km s−1], the optical depth correction factor Cτ = τ/(1−e−τ ) is as-
sumed to be unity (since we assume the optical depth τ is small),
ΩS and ΩB are the solid angles of the source and beam respec-
tively, θa and θb are the synthesized beam sizes [′′], Q is the par-
tition function, Eu is the upper-state energy level [K], ν is the rest
frequency of the transition [GHz], and Si jµ

2 is the product of the
transition line strength and the square of the electric dipole mo-
ment [Debye2]. The lines fit in this analysis are given in Table 5.

We assume that the source fills the beam at all positions and
that Ω ≈ πθ 2 since θ is small (∼5′′), with the caveat that, because
the objects targeted are overall not well characterized in the ex-
isting literature, this may not be a robust assumption; if there are
objects in the sample where the source does not fill the beam,
emission from those objects may be diluted in our beam and our
column density calculations may be lower limits. However, since
the work described here is part of a pilot survey, the goal is to
identify regions for follow-up high-resolution observations.

As seen in Figures 3-11, the derived rotation temperature is less
than 20 K for most objects. Under the assumptions of LTE, we can
approximate the kinetic temperature of the objects by the rotation
temperature. At the angular resolution of the ACA, we resolve
the structure within the target sample GMCs on linear scales of
∼104-105 au. These large scales correspond to the spatial scales
of dense clumps but are too large to resolve individual protostars;
as such, these low temperatures are expected because warmer
protostellar gas will be diluted by colder gas in the envelope.

Two sources—BGPS 6029 (Figure 7) and BGPS 6120 (Fig-
ure 9)—have higher temperatures of up to 40 K and 35 K, respec-
tively. These are still sub-hot core temperatures, but are warmer
than the ∼10 K of the interstellar gas in which the seeds of in-
fant stars are planted. This may indicate that the objects in these
sources are more evolved and contain cores that are undergoing
warm-up. As seen in Table 3, BGPS 6029 and BGPS 6120 are
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Table 3 Molecules with at least one transition detected toward the target GMCs

Molecule Transition Frequency BGPS ID
(GHz) 3053 3474 4449 5623 6029 6082 6112 6120 6299 6310 6318

CO 2−1,v = 0 230.538 X X X X X X X X X X X
C18O 2−1,v = 0 219.560 X X X X X X X X X X X
SO 65−54 219.949 X X X X X X X X X X . . .
SiO 6−5 260.518 . . . . . . . . . X X . . . X X . . . . . . . . .
SO2 5(2,4)−4(1,3) 241.616 . . . . . . . . . . . . X . . . . . . X . . . . . . . . .

4(3,1)−4(2,2) 255.553 . . . . . . . . . . . . X . . . . . . X . . . . . . . . .
HDO 2(1,1)−2(1,2) 241.562 . . . . . . . . . . . . X . . . . . . . . . . . . . . . . . .

5(3,3)−5(2,4) 256.247 . . . . . . . . . . . . X . . . . . . X . . . . . . . . .
HCS+ 6−5 256.027 . . . . . . . . . . . . X . . . . . . X . . . . . . . . .
H13CO+ 3−2 260.255 X X X X X X X X X X . . .
HC18O+ 3−2 255.479 . . . . . . . . . . . . X . . . . . . X . . . . . . . . .
H2CO 3(0,3)−2(0,2) 218.222 X X X X X X X X X X . . .

3(2,2)−2(2,1) 218.476 X X X X X X X X X X . . .

H2
13CO 3(1,2)−2(1,1) 219.909 . . . X . . . . . . X . . . . . . X . . . . . . . . .

HNCO 10(0,10)−9(0,9) 219.798 . . . X . . . . . . X . . . . . . X . . . . . . . . .
HC3N 24−23 218.325 . . . X . . . . . . X . . . . . . . . . . . . . . . . . .
c-C3H2 6(1,5)−5(0,5) 217.822 X X X X X . . . . . . X . . . . . . . . .

5(1,4)−4(2,3) 217.940 . . . X X X X . . . . . . . . . . . . . . . . . .
CH3OH 4(−2,3)−3(−1,2) E 218.440 X X X X X X X X X X . . .

8(1,8)−7(−0,7) E 229.759 . . . X X X X . . . X X X . . . . . .
3(2,1)−4(1,4) E 230.027 . . . . . . . . . X X . . . . . . X . . . . . . . . .

5(−0,5)−4(−0,4) E 241.700 X X X X X . . . X X X X . . .
5(1,5)−4(1,4) E 241.767 X X X X X X X X X X . . .
5(0,5)−4(0,4) A 241.791 X X X X X X X X X X . . .
5(4,2)−5(4,1) A 241.807 . . . . . . . . . . . . X . . . . . . . . . . . . . . . . . .
5(4,2)−5(4,1) E 241.813 . . . . . . . . . . . . X . . . . . . . . . . . . . . . . . .
5(3,2)−4(3,1) A 241.833 . . . . . . . . . . . . X . . . . . . X . . . . . . . . .
5(2,4)−4(2,3) A 241.842 . . . . . . . . . . . . X . . . . . . X . . . . . . . . .
5(3,2)−4(3,1) E 241.852 . . . . . . . . . . . . X . . . . . . . . . . . . . . . . . .

5(−1,4)−4(−1,3) E 241.879 X X . . . X X . . . X X . . . . . . . . .
5(2,3)−4(2,2) A 241.888 . . . . . . . . . . . . X . . . . . . X . . . . . . . . .

5(−2,4)−4(−2,3) E 241.905 X X X X X X X X X X . . .
CH3CCH 153−143 256.293 . . . . . . . . . . . . X . . . . . . X . . . . . . . . .

152−142 256.317 . . . . . . . . . . . . X . . . . . . X . . . . . . . . .
151−141 256.332 . . . . . . X . . . X . . . . . . X . . . . . . . . .
150−140 256.337 . . . . . . X . . . X . . . . . . X . . . . . . . . .

Table 4 ALMA Band 6 (245 GHz, 1.2 mm) continuum emission regions with both C18O and CH3OH emission

Source αJ2000 δJ2000 Speak (mJy beam−1) τ Cτ

BGPS 3053 ACA1 18h34m54.s10 −08◦38′24.′′1 67.3 0.06 1.03
BGPS 3053 ACA2 18h34m49.s66 −08◦38′28.′′9 18.1 0.04 1.02
BGPS 3474 ACA1 18h36m16.s76 −06◦43′18.′′5 206.9 0.34 1.18
BGPS 4449 ACA1a (N) 18h46m59.s39 −02◦07′25.′′1 273.6 0.04 1.02

(S) 0.06 1.03
BGPS 4449 ACA2 18h46m55.s18 −02◦08′17.′′7 44.2 0.04 1.02
BGPS 5623 ACA1 18h57m05.s29 +02◦06′30.′′1 121.2 0.13 1.07
BGPS 6029 ACA1 19h06m01.s54 +06◦46′35.′′2 386.6 0.04 1.02
BGPS 6112 ACA1 19h10m04.s40 +09◦01′12.′′3 68.3 0.08 1.04
BGPS 6112 ACA2 19h10m07.s72 +09◦01′16.′′5 32.0 0.05 1.02
BGPS 6112 ACA3 19h10m05.s92 +09◦01′16.′′0 19.9 0.02 1.01
BGPS 6120 ACA1 19h10m33.s69 +09◦08′23.′′3 509.1 0.03 1.02
BGPS 6299 ACA1 19h22m42.s43 +14◦09′53.′′1 43.3 0.18 1.10
BGPS 6310 ACA1 19h22m26.s99 +14◦18′47.′′3 60.5 0.16 1.08
BGPS 6310 ACA2 19h22m26.s87 +14◦17′40.′′2 26.7 0.08 1.04
a BGPS 4449 ACA1 contains two distinct CH3OH peaks, labeled N (north) and S (south). The optical depth τ values are listed for each CH3OH peak.
The coordinates and peak flux given are for the entire ACA1 continuum emission region.

Table 5 CH3OH lines fit to derive column density and rotation temperature

Transition ν (GHz) Eu (K) gu Aul (s−1) Si jµ
2 (Debye2)

5(−0,5)−4(−0,4), E 241.7002 47.93 44 6.03×10−5 16.16
5(1,5)−4(1,4), E 241.7672 40.39 44 5.81×10−5 15.53
5(0,5)−4(0,4), A 241.7914 34.82 44 6.04×10−5 16.17
5(−1,4)−4(−1,3), E 241.8790 55.87 44 5.96×10−5 15.92
5(−2,4)−4(−2,3), E 241.9046 57.07 44 5.03×10−5 13.43
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Fig. 2 Contours showing the distribution of C18O (orange) and CH3OH (green) emission, represented by the integrated intensities of the 219.560 and
218.440 GHz lines, respectively, in mm sources. The greyscale images show the Band 6 (∼240 GHz) continuum. The black ellipse in the bottom left
of each panel shows the synthesized beam size.
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Fig. 3 Derived rotation temperature (left) and column density (right) for CH3OH in BGPS 3053.

Fig. 4 Derived rotation temperature (left) and column density (right) for CH3OH in BGPS 3474.

Fig. 5 Derived rotation temperature (left) and column density (right) for CH3OH in BGPS 4449.
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Fig. 6 Derived rotation temperature (left) and column density (right) for CH3OH in BGPS 5623.

Fig. 7 Derived rotation temperature (left) and column density (right) for CH3OH in BGPS 6029.

Fig. 8 Derived rotation temperature (left) and column density (right) for CH3OH in BGPS 6112.
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Fig. 9 Derived rotation temperature (left) and column density (right) for CH3OH in BGPS 6120.

Fig. 10 Derived rotation temperature (left) and column density (right) for CH3OH in BGPS 6299.

Fig. 11 Derived rotation temperature (left) and column density (right) for CH3OH in BGPS 6310.
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also the most chemically rich in our sample, which is a further
sign that these regions may be more evolved than other regions
identified in the sample.

CH3OH column densities Ntot were derived to be on the order
of 1013-1014 cm−2, which is similar to abundances calculated for
prestellar cores.21 For the most part, the sources exhibit a sin-
gle peak in column density that is co-spatial with the millimeter
continuum emission peak. This is the case for BGPS 3474 ACA1
(Figure 4), BGPS 4449 ACA2 (Figure 5), BGPS 5623 ACA1 (Fig-
ure 6), BGPS 6112 ACA1, BGPS 6112 ACA2, BGPS 6112 ACA3
(Figure 8), BGPS 6310 ACA1, and BGPS 6310 ACA2 (Figure 11).
The remaining sources—BGPS 4449 ACA1 (Figure 5), BGPS 6029
ACA1 (Figure 7), BGPS6120 ACA1 (Figure 9), and BGPS 6299
ACA1 (Figure 10)—have more peculiar Ntot(CH3OH) profiles.

BGPS 4449 ACA1 (Figure 5) shows two fittable CH3OH emis-
sion regions, indicating that this object may contain not one but
two molecular cores. Ellsworth-Bowers et al. 22 reported a dense
core in this region, and Saral et al. 23 identified this location as
the site of a YSO and YSO candidates. In our analysis, the two
candidate cores have different temperature and column density
profiles. The northern source is slightly colder (13-14 K) but with
a higher peak CH3OH column density of ∼5.0× 1013 cm−2. The
southern source has temperature approaching 17 K but column
densities about a factor of two lower than the northern source.

The peak column density (∼1.4 × 1014 cm−2) in BGPS 6029
ACA1 is off-center to the west¶ of the continuum emission peak.
This is particularly curious because the maximum temperature
(∼40 K) in that region is nonetheless co-spatial with the contin-
uum peak. The peaks in the measured parameters have uncer-
tainties of ≤10% (see the Supplementary Information†), so this
profile is not likely the result of poor spectral line fits. Instead,
we may be seeing the overall temperature of a cluster of multiple
objects early in stellar evolution. For instance, BGPS 6029 ACA1
reportedly corresponds to dense cores24,25 and a YSO.26,27 Lu
et al. 25 report three distinct cores with radii of ∼0.03 pc (∼6000
au) from VLA ammonia (NH3) observations. Fontani et al. 28 ob-
served BGPS 6029 ACA1 as part of an astrochemical study to un-
derstand the nature of deuterium chemistry in high-mass star-
forming regions. However, Fontani et al. could not find deuter-
ated methanol, which they used as a tracer of high-mass proto-
stellar objects in which molecules formed through grain-surface
chemistry are sputtered from the icy grain mantles, and con-
cluded that the region is too evolved for grain-surface chemistry
to be observed.

Like BGPS 4449 ACA1, the millimeter continuum region BGPS
6120 ACA1 (Figure 9) contains multiple methanol column density
peaks. There are two column density peaks of ∼2.0× 1014 cm−2

to the southeast and southwest of the continuum emission peak.
There is another local peak with Ntot ∼ 1.5×1014 cm−2 just to the
east of the continuum peak. This agrees with past large surveys
that reveal structures related to the early stages of star formation.
For example, Morales et al. 30 characterized a partially embedded
cluster about 66′′ across in BGPS 6120. There are multiple YSOs

¶ In astronomical maps, north is up, south is down, west is right, and east is left.

and YSO candidates reported there as well.23,31 Saral et al. 23

specifically report five YSO candidates. Our map of CH3OH col-
umn density supports 2-3 of these being molecular cores.

BGPS 6299 ACA1 (Figure 10) is perhaps the most abnormal
fitted region in our data. It appears to be a complex compris-
ing multiple millimeter continuum peaks. There are two regions
with rotation temperatures of ∼12-15 K separated by a band of
7-8 K. Surprisingly, the cold band coincides with a region where
Ntot(CH3OH)∼ 1.4×1014 cm−2 that stretches south. North of the
cold band, Ntot ∼ 6× 1013 cm−2. The northern aspect of BGPS
6299 ACA1 has higher uncertainties of ∼20% whereas the cold
band and the region south of it are fit well with uncertainties of
≤5%. The higher uncertainty to the north may be because the
emission falls at the edge of the ACA’s field of view and is thus
noisier. In the south, the high-density region is broken up into
several smaller regions, which may be indicative of a young stel-
lar cluster. This is consistent with the existing literature, which
reports five YSOs or YSO candidates in the vicinity of BGPS 6299
ACA1.32,33 This region has also been reported to contain a dense
core with a 1.00 probability of star formation as well as a H2O
maser.26,32

In summary, across the nine GMCs containing fittable CH3OH
emission, there are ≥15 apparent molecular cores with CH3OH
column densities of 1013-1014 cm−2. In general, derived rotation
temperatures are ≤20 K, but a couple regions have higher tem-
peratures of ∼40 K.

4.3 Optical Depth and LTE Assumptions

The analysis in the previous section assumes that all observed
CH3OH emission is optically thin. However, CH3OH is notori-
ously optically thick toward protostars.8,34 Given the colder tem-
peratures detected here, optically thin CH3OH may be a more
valid assumption, as is the case toward low-mass YSOs and cold
prestellar cores.4,21

We tested this assumption by comparing the fitted parameters
(Ntot, Trot) to the CH3OH spectrum for a pixel of near the center
of each emission region. The optical depth τ of a line can be
calculated as

τ =
gu

∆V
Ntot

Q(Trot)

Aulc3

8πν3 e−Eu/Trot
(

ehν/kTrot −1
)

(3)

where gu is the degeneracy of the upper state, ∆V is the fitted line
width, Aul is the Einstein A coefficient, h is the Planck constant,
and k is the Boltzmann constant. Other terms are the same as in
Equation 2. Optical depth was calculated for each of the five lines
listed in Table 5. From this, the optical depth correction factor
Cτ = τ/(1−e−τ ) was calculated. Both τ and Cτ were averaged for
each target and are summarized in Table 4.

Most sources in our sample have τ ≪ 1 or Cτ ∼ 1, confirming
that the emission is indeed optically thin. A few sources, notably
BGPS 3474 ACA1 (Cτ = 1.18) and BGPS 6299 ACA1 (Cτ = 1.10),
have higher optical depth factors, suggesting CH3OH may be opti-
cally thick toward the millimeter emission peaks, which would in
turn result in the column densities being lower limits. Nonethe-
less, the assumption that the analyzed lines are optically thin is
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sufficient to achieve the present work’s goal of gaining a prelim-
inary look at the chemistry in previously unexplored interstellar
laboratories.

Another consideration is the degree to which excitation, specif-
ically rotation, temperatures Trot reflect the kinetic temperatures
Tkin in the targeted regions. This assumption typically holds in
dense star-forming regions where nH ∼ 105-106 cm−3. However,
because the regions in our sample are not yet well characterized,
making such an assumption is difficult. As discussed in Section 2,
the target GMCs were screened to have mass surface densities
≥200 M⊙ pc−2, which approximately corresponds to nH ≥ 103

cm−3. The mass surface density threshold is averaged over the
entire field of view observed with the ACA, meaning that the con-
tinuum emission regions in which we fit the CH3OH spectra are
even denser. Many of these objects are associated with known
YSOs or YSO candidates in other, large surveys,27,32,33 suggest-
ing a high density assumption is reasonable. Again, we stress that
the purpose of this work is to survey the target GMCs for follow-
up high-angular resolution studies, so the assumptions made here
are sufficient.

4.4 SiO Distribution

Silicon monoxide (SiO) is a reliable tracer of shock chemistry,
particularly that associated with protostellar outflows.35 SiO is
produced in the gas phase from Si-bearing material sputtered off
dust grains, from either the grain mantles or cores.36 The rate of
SiO production has been further shown to be influenced by the
sputtering of other simple molecules, such as CO.37

As indicated in Table 3, SiO was detected in only a few sources
in our sample: BGPS 5623, BGPS 6029, BGPS 6112, and BGPS
6120. The distribution of SiO in these GMCs is illustrated in Fig-
ure 12. Of these, BGPS 6029 and BGPS 6120 were identified as
being the most chemically rich, as well as the warmest, sources
in the sample, which may indicate that these sources are more
evolved than the others in the sample. Furthermore, BGPS 6029
ACA1 and BGPS 6120 ACA1 have been previously identified as ac-
tive star-forming regions.23,26,27 Thus, the presence of SiO emis-
sion, which has significantly enhanced abundances in protostellar
outflows,37–39 is to be expected.

Compared to other sources in our sample, BGPS 5623 ACA1
and BGPS 6112 ACA1 are not exceptional in terms of molecu-
lar diversity (Table 3) and temperature profile (Figures 6 and 8,
respectively). However, the presence of detectable SiO emission
overlapping with the organic material traced by CH3OH, as seen
in the left column of Figure 12, supports previous reports of YSOs
in these regions.31,32,40,41 This may also indicate that the YSOs
therein are more evolved than other sources in the sample. How-
ever, the absence of a SiO detection toward other sources does
not definitively preclude its presence.

4.5 c-C3H2 Distribution

Cyclopropenylidene (c-C3H2) has been suggested as a tracer
of cold material in molecular clouds.42 Observations of this
molecule in L1544 showed that not only does it trace colder gas
than CH3OH, it originates in the outer, less dense layers of prestel-

lar cores.43

We detected c-C3H2 in BGPS 3053, BGPS 3474, BGPS 4449,
BGPS 5623, and BGPS 6029. Figure 13 shows the distribution of
c-C3H2 (cyan contours) in these GMCs, with the CH3OH distribu-
tion (green contours) shown for comparison. In three sources—
BGPS 3474 ACA1, BGPS 5623 ACA1, and BGPS 6029 ACA1—
the c-C3H2 emission peaks coincide with the CH3OH peaks. In
BGPS 3474 ACA1, the distribution of c-C3H2 is slightly less ex-
tended than CH3OH, particularly toward the northern and south-
ern edges of the 1.2 mm continuum emission region. In BGPS
5623 ACA1, the c-C3H2 emission peak is slightly west of the
CH3OH peak, but the distributions of these two molecules oth-
erwise have similar spatial profiles. In BGPS 6029 ACA1, how-
ever, the c-C3H2 emission is more extended than that of CH3OH,
stretching toward the north and west. In these directions, there
are also c-C3H2 emission peaks cospatial with continuum emis-
sion; these regions could could perhaps correspond to prestellar
cores in which CH3OH has not yet formed or has not yet been
liberated from the dust grains.

The c-C3H2 and CH3OH profiles are much different in BGPS
3053 ACA1 and BGPS 4449 ACA1. There are at least two CH3OH
emission peaks in BGPS 3053 ACA1, including one centered on
the strongest 1.2 mm continuum emission region. The second
CH3OH peak lies to the northeast and coincides with a contin-
uum emission region that is somewhat separated from the larger
complex. In this source, c-C3H2 has at least four peak emission re-
gions. Only one is cospatial with a CH3OH emission peak, specif-
ically that to the northeast. The remaining three are distributed
across the main continuum region, with the strongest peak lying
to the south of the CH3OH peak.

Similarly, the c-C3H2 and CH3OH distributions do not have
overlapping profiles in BGPS 4449 ACA1. In this source, the
CH3OH emission has distinct north and south peaks, whereas
the c-C3H2 emission is more extended and spans the entire BGPS
4449 ACA1 1.2 mm continuum region. This molecular emission
may thus trace the colder gas enveloping the two molecular cores
traced by CH3OH.

5 Discussion
The maps presented in Section 4 reveal a number of previously
unexplored astrochemical laboratories in the molecular ring. Ex-
cept for BGPS 6029 (in which NH3 was previously observed25),
the objects targeted in this pilot survey have not, as far as we
know, been previously observed in terms of molecular emis-
sion. From this first look at the spectral line emission in these
molecular-ring GMCs, we see a rich display of chemistry, includ-
ing so-called complex organics, ionized species, nitrogen-bearing
species, and tracers of protostellar outflows.

5.1 Possible Snapshots of Protostellar Evolution

From the chemical inventories and integrated intensity and fit-
ted parameter maps, we see that there may be objects at differ-
ent stages of stellar evolution across different GMCs in the sam-
ple (i.e., the warmer and more chemically-rich BGPS 6029 and
BGPS 6120 in contrast with the colder and relatively molecule-
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Fig. 12 Distribution of SiO showed by yellow contours compared to CH3OH emission (green contours), represented by the integrated intensities of
the 260.518 and 218.440 GHz lines, respectively. The underlying greyscale images show the Band 6 (∼240 GHz) continuum. The black ellipse in the
bottom left of each panel shows the synthesized beam size.

poor BGPS 6310). For GMCs in which multiple YSOs and YSO
candidates have been identified, there is evidence of a range of
YSO stages within the individual clouds. Specifically, BGPS 6120
ACA1 contains multiple CH3OH column density peaks that span a
range of rotation temperatures from <10 K to ∼30 K (Figure 9).
Furthermore, the SiO emission in this region (Figure 12) is less
extended than that of CH3OH and is concentrated near where the
rotation temperature in ACA1 is the warmest, which may indicate
more evolved material to the northwest of the ACA1 continuum
region and less evolved material to the southeast.

The detection of SiO in BGPS 5623 ACA1 and BGPS 6112 ACA1
is also interesting. The other two targets in our sample with de-
tectable SiO emission are also the most molecule-rich, but BGPS
5623 and BGPS 6112 each have about half the number of of de-
tected molecular species as BGPS 6029 and BGPS 6120 in this sur-
vey. This, along with the derived rotation temperatures for these
sources, is characteristic of many of the other observed sample
targets. It is possible, then, that the combination of SiO emission
and cold temperatures in BGPS 5623 ACA1 and BGPS 6112 ACA1
means these objects are in an evolutionary state between those
of BGPS 6029 ACA1 and BGPS 6120 ACA1 and of the CH3OH-
containing objects in which SiO was not detected. If this is the
case, the sample provides several snapshots along the evolution-
ary sequence of YSOs in molecular-ring star-forming regions.

Furthermore, while BGPS 6112 ACA1 has detectable SiO emis-
sion, its ACA2 and ACA3 counterparts do not. This may be
because BGPS 6112 ACA2 and ACA3 are, respectively, not as
evolved as and more evolved than BGPS 6112 ACA1. ACA2 is
slightly colder than the other two BGPS 6112 molecular emis-
sion regions (Figure 9), and its classification as a Class I YSO
candidate23 may mean that it is too early in its evolution to be

emitting detectable molecular outflows traced by SiO emission.
Conversely, ACA3 is slightly warmer than ACA1 and has been clas-
sified as a Class II YSO;23 as such, ACA3 may be nearing the end
of its protostellar evolution.

Other evolutionary clues may come from c-C3H2 emission. The
extended c-C3H2 emission and absence of detectable SiO emission
in the northeast of BGPS 3053 ACA1 and between BGPS 4449
ACA1(N) and ACA1(S) may indicate early-stage star formation,
perhaps at the prestellar stage, is present in these regions. Simi-
larly, while BGPS 6029 ACA1 contains SiO emission, it is confined
to the strongest 1.2 mm continuum emission region; the c-C3H2
emission is much more extended, with two cold regions to the
north and west extending from the warmer CH3OH region, sug-
gesting this source could be a site to study how chemistry varies
with temperature within a single object.

5.2 Comparison to Other Sources

Curiously, even the warmest regions (based on fitted CH3OH
emission) in our sample are at most ∼40 K, well below typical
rotation temperatures of ≥100 K for CH3OH in hot cores such as
AFGL 2591 (d ∼ 3.3 kpc)44, NGC 7538 IRS1 (d ∼ 2.6 kpc)45, and
the Orion KL Hot Core (d ∼ 400 pc).8,18 Furthermore, CH3OH
desorbs in laboratory ice experiments at temperatures of 120-130
K.46 Low CH3OH rotation temperatures of <20 K have been re-
ported toward low-mass protostars in nearby clouds, with investi-
gators noting rotation temperatures do not necessarily reflect ki-
netic temperatures.4,47 As noted in Section 4.3, the GMCs in the
present sample are not yet well-characterized, making it difficult
to determine whether the kinetic temperatures of the CH3OH gas
are, in fact, much higher than the derived rotation temperatures.

Methanol has been detected in prestellar cores, for example,
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Fig. 13 Distribution of c-C3H2 showed by cyan contours compared to CH3OH emission (green contours), represented by the integrated intensity
(moment 0) maps of the 217.822 and 218.440 GHz lines, respectively. The underlying greyscale images show the Band 6 (∼240 GHz) continuum.
The black ellipse in the bottom left of each panel shows the synthesized beam size.

with cold kinetic temperatures of ∼10 K in Taurus Molecular
Cloud,21 thus we cannot completely rule out cold kinetic tem-
peratures in our sample of molecular-ring GMCs. If the gas is
indeed cold and the derived rotation temperatures of <40 K are
not the result of beam dilution or discrepancies between excita-
tion and kinetic temperature, a mechanism other than thermal
desorption of CH3OH following formation on icy dust grain man-
tles is required. One possibility is low-temperature sputtering of
CH3OH off grains by, for example, CO2, models of which repro-
duced observed gas-phase CH3OH abundances in Taurus Molec-
ular Cloud within a factor of 2.5.48 In addition, grain-grain col-
lisions resulting from turbulence have been offered as an expla-
nation for gas-phase organics in cold regions.49 X-ray photodes-
orption of CH3OH at 15 K in disks has also been demonstrated
experimentally.50 In BGPS 5623 ACA1, BGPS 6029 ACA1, BGPS
6112 ACA1, and BGPS 6120 ACA1, CH3OH may have been liber-
ated by shocks, which are traced by SiO.

As with temperature, the derived column densities on the or-
der of ∼1013−1014 cm−2 are much lower than those previously
detected in hot cores. For example, Bisschop et al. 8 observed a
sample of seven hot cores at distances between 1.0 and 7.7 kpc
with the James Clerk Maxwell Telescope and reported CH3OH
column densities on the order of ∼1016 − 1018 cm−2. Similarly,

IRAM 30 m observations of Orion KL by Menten et al. 51 found
CH3OH column densities of ∼1017 cm−2.

The derived column densities of our sample are more similar
to those of 1013−1014 cm−2 calculated for prestellar cores in Tau-
rus Molecular Cloud.21 However, as shown in Table 6, all of the
CH3OH emission regions for which column density maps were de-
rived correspond to YSOs or at least YSO candidates, suggesting
that these regions are at a more evolved protostellar phase. In-
stead, it is likely that, as perhaps with rotation temperature, the
relatively low derived column densities are the result of beam di-
lution. As mentioned in Section 4.2, we assumed that the sources
in this pilot survey fill the beam. Because these sources are not
yet well-characterized, it is difficult to estimate the sizes of in-
dividual sources, especially in more complex sources like BGPS
6120 ACA1. However, it is likely that few sources fill the beam,
especially in observations of more distant (d ∼ 11 kpc) GMCs.

If we assume, for example, that the massive YSO corresponding
to BGPS 5623 ACA1 (Table 6) has a radius of at most 4000 au
(assuming a size similar to the Orion KL hot core, which is 10′′

at a distance of ∼400 pc34)—or ∼0.4′′ at BGPS 5623’s distance
∼10.49 kpc—we can estimate that the source fills roughly 0.4% of
the ACA synthesized beam. Furthermore, if beam dilution is the
cause of the low rotation temperatures calculated for our sample,
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the partition function (Q in Equation 2) would be about an order
of magnitude greater for temperatures closer to ∼150 K. In other
words, we expect that the column densities are underestimated by
at least three orders of magnitude. If this is indeed the case for all
sources, the true beam-dilution-corrected CH3OH column density
is likely closer to ∼1016−1017 cm−2. Such values would be on
the lower end of, but still on par with, CH3OH column densities
derived for other hot cores, including W33A, a molecular-ring hot
core with a CH3OH column density of 2.0×1017 cm−2.8

For relatively close GMCs (d ∼ 3−5 kpc), beam dilution is ex-
pected to be considerably less. If we again assume the YSO cor-
responding to BGPS 4449 ACA1 has a radius of 4000 au, we can
assume that it has an angular size of ∼1.3′′ at BGPS 4449’s dis-
tance of 3.03 kpc, which in turn suggests it fills roughly 6.5%
of the ACA synthesized beam. Coupled with a higher rotation
temperature of ∼150 K, the true beam-dilution-corrected CH3OH
column densities for relatively nearby GMCs is likely closer to the
∼1015−1016 cm−2, which is indeed lower than that other high-
mass star-forming regions in the existing literature. This invites
the question of whether star-forming regions in our molecular-
ring sample have lower column densities than previously studied
(massive) YSOs and suggests that the profile of “typical” high-
mass YSOs in which Ntot(CH3OH) ∼ 1016 cm−2 is not necessarily
a robust representative of the early stages of massive star for-
mation throughout the galaxy. High-angular resolution observa-
tions with the full ALMA are thus needed to determine whether
the molecular-ring YSOs are indeed less exceptional in terms of
molecular abundance or if the CH3OH column density profiles
from ACA observations suffer from beam dilution.

One of the big questions in astrochemistry is whether the chem-
ical inventories and processes observed are universal across the
galaxy. As discussed in Section 1, most of our understanding of
chemical processes in star-forming regions comes from the local
ISM. However, whether chemistry in the molecular ring is dif-
ferent remains to be seen despite there being some key differ-
ences between star-forming regions in the molecular ring ver-
sus the local ISM. One difference is that the typical astrochem-
ical laboratories—including Taurus Molecular Cloud and Perseus
Molecular Cloud—are low-mass star-forming regions. However,
high-mass stars, such as those that form in GMCs perhaps like the
ones observed in this pilot study, can severely affect the forma-
tion, and thus accompanying chemistry, of neighboring YSOs.52

Even if the chemistry in the molecular ring is ultimately the
same as what is observed in the local ISM, our current under-
standing of chemical evolution in the galaxy is limited by small
sample sizes. This is especially true for the high-mass star-forming
regions, our knowledge of which is observationally biased toward
the shortest and rarest evolutionary stages located up to d ∼ 3
kpc.53 Therefore, broader surveys are necessary to fully investi-
gate the physical and chemical evolutionary sequences of such
stars in a statistically meaningful way.

5.3 Outlook

Dedicated high-resolution follow-up investigations of sources in
our sample would not only constrain the nature of these objects

Table 6 Objects corresponding to previously identified YSOs

Identifier Corresponding YSO(s)
BGPS 3053 ACA1 Embedded protostar 57

BGPS 3474 ACA1 High-mass, 58 flat-spectrum YSO 59

BGPS 4449 ACA1 High-mass YSO 33

BGPS 5623 ACA1 High-mass YSO 40,41

BGPS 6029 ACA1 High-mass YSO 26,27

BGPS 6112 ACA1 YSO 31,32

BGPS 6112 ACA2 Class I YSO candidate 23

BGPS 6112 ACA3 Class II YSO 23

BGPS 6120 ACA1 5 YSO candidates 23

BGPS 6299 ACA1 2 YSO candidates 33

BGPS 6310 ACA1 YSO-bearing clump 31

but could help astrochemists better understand chemistry in the
molecular ring generally. The number of molecular-ring objects
that have been studied in the context of astrochemistry is lim-
ited. The massive star-forming region W33A (d ∼ 4 kpc) is one
such region that falls within the molecular ring at a radius of
4.2 kpc from the galactic center based on its celestial coordinates
(αJ2000 = 18h14m39.s4 δJ2000 = −17◦52′01′′). For example, Mc-
Call et al. 54 reported on gas-phase H +

3 , Dartois et al. 55 observed
CH3OH ice, and Gibb et al. 56 presented the overall ice inven-
tory of W33A. With the resolving power of new facilities, studying
these more distant molecular-ring regions, even if not exception-
ally molecule-rich, will yield even more astrochemical findings.

Fortunately, the chemical emission for many of the objects pre-
sented here corresponds to previously identified YSOs and YSO
candidates. Some of these were already discussed in Section 4.2.
A comprehensive list, based on a thorough literature search using
the SIMBAD database, is given in Table 6. The fact that many of
the CH3OH emission regions presented here correspond to objects
that have been, at least preliminarily, characterized in terms of
their physical aspects and evolutionary stage emphasizes the po-
tential for these objects to provide new insights about the chem-
istry alongside (massive) star formation.

6 Conclusions
We present a pilot survey of 11 GMCs selected for their high mass
surface density and location in the so-called molecular ring:

1. We identify at least 15 molecular cores with both C18O and
fittable CH3OH emission across 9 (of 11) target GMCs.

2. Rotation temperature and column density maps were de-
rived for regions containing fittable CH3OH emission. In
general, these regions, many of which correspond to previ-
ously identified YSOs or YSO candidates, have CH3OH rota-
tion temperatures of ≤20 K and column densities on the or-
der of 1013-1014 cm−2. Two GMCs—BGPS 6029 and 6120—
have peak derived rotation temperatures of 35−40 K.

3. Silicon- and sulphur-bearing species, possible evidence of
shocks propagated by outflows, are found in 10/11 GMCs
targeted in this survey. Specifically, SiO is detected in 4/11
GMCs, SO in 10/11, and SO2 in 2/11. SiO emission in BGPS
5623 and BGPS 6112 may indicate that these clouds contain
sources at a different evolutionary stage than other sources
in the sample with similar chemical inventories.
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4. Some sources harbor multiple YSOs or YSO candidates,
some of which are not definitively distinguished in the ex-
isting literature. BGPS 4449 ACA1 contains two distinct
CH3OH peaks (not previously reported, to the best of our
knowledge), and BGPS 6120 ACA1 contains two or three
distinct CH3OH peaks (and is the site of five YSO candidates,
based on previous reports). BGPS 6299 ACA1 is also the site
of multiple YSO candidates, according to the existing litera-
ture, and it seems to have multiple CH3OH column density
peaks. These sources are especially interesting because they
may be targets to study variability in chemical environments
within the same physical environment (i.e., a single clump).

The work presented here lays the foundation for follow-up
high-angular-resolution studies of the gas-phase chemistry in the
molecular ring with ALMA. The variety of tracers identified in the
spectra of these sources indicates that these objects contain a rich
chemical inventory in which different chemical environments—
from shocks propagated by outflows (via SiO) to cold, more dif-
fuse gas (via c-C3H2)—can be investigated. Furthermore, inves-
tigations of ices in these objects (e.g., with JWST), will help to
constrain the coupling between gas and grain chemistry.
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