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ABSTRACT

Context. In the study of high-mass star formation, hot cores are empirically defined stages where chemically rich emission is detected
toward a massive YSO. It is unknown whether the physical origin of this emission is a disk, inner envelope, or outflow cavity wall
and whether the hot core stage is common to all massive stars.
Aims. We investigate the chemical make up of several hot molecular cores to determine physical and chemical structure. We use high
spectral and spatial resolution sub-millimeter observations to determine how this stage fits into the formation sequence of a high mass
star.
Methods. The sub-millimeter interferometer ALMA (Atacama Large Millimeter Array) was used to observe the G35.20-0.74N and
G35.03+0.35 hot cores at 350 GHz in Cycle 0. We analyzed spectra and maps from four continuum peaks (A, B1, B2 and B3)
in G35.20-0.74N, separated by 1000-2000 AU, and one continuum peak in G35.03+0.35. We made all possible line identifications
across 8 GHz of spectral windows of molecular emission lines down to a 3� line flux of 0.5 K and determined column densities and
temperatures for as many as 35 species assuming local thermodynamic equilibrium (LTE).
Results. In comparing the spectra of the four continuum peaks, we find each has a distinct chemical composition expressed in over
400 di↵erent transitions. In G35.20, B1 and B2 contain oxygen- and sulfur-bearing organic and inorganic species but few nitrogen-
bearing species whereas A and B3 are strong sources of O-, S-, and N-bearing organic and inorganic species (especially those with the
CN-bond). Column densities of vibrationally excited states are observed to be equal to or greater than the ground state for a number
of species. Deuterated methyl cyanide is clearly detected in A and B3 with D/H ratios of 8 and 13%, respectively, but is much weaker
at B1 and undetected at B2. No deuterated species are detected in G35.03, but similar molecular abundances to G35.20 were found
in other species. We also find co-spatial emission of isocyanic acid (HNCO) and formamide (NH2CHO) in both sources indicating a
strong chemical link between the two species.
Conclusions. The chemical segregation between N-bearing organic species and others in G35.20 suggests the presence of multiple
protostars, surrounded by a disk or torus.

Key words. stars: formation – stars: massive – ISM: individual objects: G35.20-0.74N, G35.03+0.35 – astrochemistry

1. Introduction

Studying the formation of high-mass stars (> 8 M�) is important
because they drive the chemical evolution of their host galax-
ies by injecting energy (through UV radiation, strong stellar
winds, and supernovae) and heavy elements into their surround-
ings (Zinnecker & Yorke 2007). In the study of high-mass star
formation, several models have been proposed to explain the
earliest processes involved. In particular, the work of McKee
& Tan (2003) describes a process similar to that of low mass
stars including a turbulent accretion disk and bipolar outflows
(see also Tan et al. (2014)), the model by Bonnell and Smith
(2011) proposes that matter is gathered competitively from low-
turbulence surroundings between many low mass protostars fun-
neling more material to the most massive core, and the model
by Keto (2007) which uses gravitationally trapped hypercompact
HII regions to help a massive protostar to acquire more mass. All
of these models predict the existence of disks as a mechanism to
allow matter to accrete onto the protostar despite high radiation
pressure (Krumholz et al. 2009). However, until recently only a

few candidate disks around B-type protostars were known. Sev-
eral disks have been detected through the study of complex or-
ganic molecules (COMs), molecular species bearing carbon and
at least 6 atoms, allowing for the detection of more disks (Cesa-
roni et al. 2006; Kraus et al. 2010; Beltrán & de Wit 2016).

While the earliest stages of high-mass star formation have
not yet been clearly determined, it is well known that a chemi-
cally rich stage exists, known as a hot molecular core (see Tan
et al. (2014) for a review of high mass star formation). In this
stage COMs are released from the icy surfaces of dust grains
or formed in the hot circumstellar gas (Herbst & van Dishoeck
2009). These hot cores are dense (nH > 107 cm�3), warm (100-
500 K), and compact (< 0.05 pc) and are expected to last up to
105 years. The signpost of the hot core stage is a rich molec-
ular emission spectrum including many COMs like methanol
(CH3OH) and methyl cyanide (CH3CN). These species may be
formed on dust grain surfaces in a cooler place (or time) and
released from grain surfaces as forming star heats the grains.
Alternatively, they may form in the hot gas surrounding these
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Table 1. Source continuum characteristics

Continuum Peak Right Ascension Declination Size (00)a S ⌫ (Jy)b Tkin (K)c N(H2) (cm�2)d Mass (M�) e

G35.20 A 18:58:12.948 +01:40:37.419 0.58 0.65 285 2.4 ⇥ 1025 13.0
G35.20 B1 18:58:13.030 +01:40:35.886 0.61 0.19 160 6.4 ⇥ 1024 3.8
G35.20 B2 18:58:13.013 +01:40:36.649 0.65 0.12 120 3.3 ⇥ 1024 2.2
G35.20 B3 18:58:13.057 +01:40:35.442 0.58 0.08 300 2.5 ⇥ 1024 1.4
G35.03 A 18:54:00.645 +02:01:19.235 0.49 0.21 275 1.1 ⇥ 1025 4.4

Notes. a: Deconvolved average diameter of the 50% contour of the 870 µm continuum.
b:Integrated flux density within the 10� contour of the 870 µm continuum.
c:Average kinetic temperature based on CH3CN line ratios as calculated using RADEX. For details, see § 3.3
d:Calculated from source size, continuum flux density, and kinetic temperature (§ 3.3).
e:Sources mass calculated as in Sánchez-Monge et al. (2014) using the average kinetic temperatures.

massive young objects as the higher temperature allows for en-
dothermic reactions to take place more readily. In reality, it is
likely that both formation paths are necessary to achieve the
molecular abundances seen around hot cores. High spatial and
spectral resolution observations can help us to disentangle the
di↵erent COMs and their spatial distribution during this phase.
Disks candidates have been discovered in a few HMC sources,
suggesting a link between disks and HMC chemistry. Studying
the chemistry of such regions can help us to understand the pro-
cess of high-mass star formation as chemical di↵erences across
small physical scales provide clues to the di↵erent evolutionary
stages involved.

With the advent of ALMA (Atacama Large Millimeter Ar-
ray), it is now possible to make highly sensitive, high spec-
tral and spatial resolution observations of less abundant molec-
ular species. The search continues for the precursors of life
like the simplest amino acid, glycine (H2NCH2COOH), but
complex organic species with up to 12 atoms have already
been detected1. These include important precursors to amino
acids like aminoacetonitrile (H2NCH2CN), detected by Belloche
et al. (2008); the simplest monosaccharide sugar glycolalde-
hyde (CH2OHCHO), first observed in a hot molecular core out-
side the galactic center by Beltrán et al. (2009); and formamide
(NH2CHO) extensively studied by López-Sepulcre et al. (2015).
With ALMA we have the ability to detect hot cores and study
their properties in detail to determine how the spatial distribution
of COMs influences the formation of massive stars. Despite ad-
vances in technology, astronomers have yet to determine whether
the emission from the hot core arises from the inner envelope
(spherical geometry) or from a circumstellar disk (flat geom-
etry). It is also possible that these hot cores could be outflow
cavity walls as has been recently modeled for low-mass stars by
Drozdovskaya et al. (2015).

In this paper we study the chemical composition and spa-
tial distribution of species in two high-mass star-forming regions
which have been shown to be strong disk-bearing candidates,
G35.20-0.74N and G35.03+0.35 (hereafter G35.20 and G35.03
respectively). We present a line survey of the hot core in G35.03
and in four continuum peaks in the G35.20 hot core containing
⇠ 18 di↵erent molecular species (plus 12 vibrationally excited
states and 22 isotopologues) of up to 10 atoms and >400 emis-
sion lines per source. We also present our analysis of the chemi-
cal segregation within Core B of G35.20 depicting a small-scale
(<1000 AU) separation of nitrogen chemistry and temperature
di↵erence. A chemical separation on the scale of a few 1000s of
AU within a star forming region has been seen before in Orion

1 https://www.astro.uni-koeln.de/cdms/molecules

KL (Caselli et al. 1993), W3(OH) and W3(H2O) (Wyrowski
et al. 1999b), and AFGL2591 (Jiménez-Serra et al. 2012).

The distance to both sources has been estimated from paral-
lax measurements to be 2.2 kpc for G35.20 (Zhang et al. 2009)
and 2.32 kpc for G35.03 (Wu et al. 2014). G35.20 has a bolo-
metric luminosity of 3.0 ⇥ 104 L� (Sánchez-Monge et al. 2014)
and has been previously studied in Sánchez-Monge et al. (2013)
and Sánchez-Monge et al. (2014) where they report the detec-
tion of a large (r⇠2500 AU) Keplerian disk around Core B and a
tentative one in Core A. The bolometric luminosity of G35.03 is
1.2⇥104 L� and was reported to have a Keplerian disk (r⇠1400-
2000 AU) around the hot core A in Beltrán et al. (2014).

Fig. 1. Image of the 870 µm continuum emission from Cycle 0 ALMA
observations of G35.20. Contour levels are 0.03, 0.042, 0.055, 0.067,
0.08, 0.10, 0.13, 0.18, and 0.23 Jy/beam (� = 1.8 mJy/beam). The pixel-
sized colored squares mark each of the spectral extraction points.

2. Observations and Method

2.1. Observations

G35.20 and G35.03 were observed with ALMA in Cycle 0 be-
tween May and June 2012 (2011.0.00275.S). The sources were
observed in Band 7 (350 GHz) with the 16 antennas of the array
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Table 2. Line detections and measurements for H2CS

G35.20 A G35.20 B1 G35.20 B2 G35.20 B3 G35.03 A
Transition Frequency FWHM Tpeak FWHM Tpeak FWHM Tpeak FWHM Tpeak FWHM Tpeak

(MHz) (km/s) (K) (km/s) (K) (km/s) (K) (km/s) (K) (km/s) (K)
H2CS ⌫=0

101,10-91,9 338083 5.9 ± 0.1 51.7 ± 0.9 2.7 ± 0.1 27.3 ± 1.0 2.4 ± 0.1 28 ± 1 2.54 ± 0.06 44.3 ± 0.9 6.6 ± 0.1 21.0 ± 0.3
101,9-91,8 348532 5.8 ± 0.1 59.2 ± 1.3 2.6 ± 0.1 31 ± 1 2.3 ± 0.1 31 ± 1 2.58 ± 0.04 52.1 ± 0.7 6.33 ± 0.09 21.3 ± 0.3

H2C33S
101,10-91,9 335160 7.5 ± 0.2 3.91 ± 0.09 1.6 ± 0.5 0.4 ± 0.1 1.5 ± 0.6 0.4 ± 0.2 2.5 ±0.2 1.47 ± 0.08 < 3�

H2C34S
100,10-90,9 337125 blended 1.2 ± 0.7 0.7 ± 0.4 1.5 ± 0.2 1.0 ± 0.1 1.9 ± 0.1 2.5 ± 0.1 < 3�
104,6-94,5 337460 blended with CH3OH ⌫=1 in abs. feature 1.5 ± 0.4 0.55 ± 0.09 blended with CH3OH ⌫=1 blended with CH3OH ⌫=1
102,9-92,8 337475 6.3 ± 0.3 16.0 ± 0.3 1.66 ± 0.08 3.8 ± 0.2 1.7 ± 0.1 3.8 ± 0.2 3.1 ± 0.2 4.9 ± 0.2 blended with CH3OH ⌫=1
103,8-93,7 337555 blended 2.0 ± 0.2 0.78 ± 0.05 1.7 ± 0.5 0.6 ± 0.2 2.03 ± 0.04 2.35 ± 0.03 < 3�
103,7-93,6 337559 blended 2.16 ± 0.09 1.55 ± 0.04 1.3 ± 0.1 0.54 ± 0.04 2.37 ± 0.06 2.26 ± 0.03 < 3�
102,8-92,7 337933 blended 1.2 ± 0.5 0.8 ± 0.2 1.8 ± 0.5 0.7 ± 0.1 2.3 ± 0.1 2.4 ± 0.1 < 3�

Fig. 2. Image of the 870 µm continuum emission from Cycle 0 ALMA
observations of G35.03. Contour levels are 8.6, 16.8, 24.9, 33, 41.2,
49.3, 57.4, 65.5, 73.6, 81.8, and 89.9 mJy/beam (� = 3.0 mJy/beam).
The pixel-sized colored square marks the spectral extraction point. The
cores identified in Beltrán et al. (2014) are labeled A-F.

in the extended configuration (baselines in the range 36-400 m)
providing sensitivity to structures 0.4” - 2”. The digital correla-
tor was configured in four spectral windows (with dual polariza-
tion) of 1875 MHz and 3840 channels each, providing a resolu-
tion of ⇠0.4 km/s. The four spectral windows covered the fre-
quency ranges [336 849.57-338 723.83] MHz, [334 965.73-336
839.99] MHz, [348 843.78-350 718.05] MHz, and [346 891.29-
348 765.56] MHz. The rms noise of the continuum maps are 1.8
mJy/beam for G35.20 and 3 mJy/beam for G35.03. For full de-
tails see Sánchez-Monge et al. (2014) and Beltrán et al. (2014).

2.2. Line Identification Process

Spectra were extracted from the central pixel of the continuum
peak in core A and the three continuum peaks in core B (B1, B2,
B3) in G35.20 and the continuum peak in core A in G35.03 us-

ing CASA2 (see Figures 1 and 2 for spectra extraction positions
and continuum levels and Table 1 for the J2000 coordinates and
a summary of statistics). The other peaks (B-F in G35.03 and
C-G in G35.20) were not analyzed because they do not show
hot core chemistry, i.e. little or no emission from COMs. The
three continuum peaks in G35.20 B were chosen to investigate
the chemical structure across the disk shown in Sánchez-Monge
et al. (2014) (who analyzed B as a single core), while the disk
in G35.03 A only has a single continuum point associated with
the hot core, so analysis for this source was from this peak.
G35.20 A was analyzed as the strongest continuum source in
the region with hot core chemistry and was also analyzed at
the single continuum peak. Line parameters (listed in Appendix
B) were determined using Gaussian profiles fit to spectral lines
from each continuum peak using Cassis3, primarily using the
CDMS (Cologne Database for Molecular Spectroscopy; Müller
et al. (2005)) database and JPL (Jet Propulsion Laboratory; Pick-
ett et al. (1998)) database for CH2DOH, C2H5OH, NH2CHO,
CH3CHO, and CH3OH (⌫=2) transitions.

The process of identifying all species present in these spectra
consisted of several parts. Bright lines (TB > 5 K) from known
species were identified first (ie. those from Sánchez-Monge et al.
(2014): CH3OH, CH3OCHO, CH3CN, simple molecules) num-
bering about 100 lines per source. The remaining bright lines (>
5 K) were identified by choosing the most likely molecular can-
didate, namely the transition with the higher Einstein coe�cient,
limited to a minimum of about 10�7 s�1, or with a upper level en-
ergy (Eup) within the expected range, generally less than 500 K,
composed of C,H,O, and/or N and within 2 km/s (⇠2 MHz) of
the transition’s rest frequency. This brings the total to about 200
per source. Finally, for any remaining unidentified lines > 3�
(⇠ 0.5 K) a potential species was selected, then the entire spec-
trum was checked for non-detections of expected transitions of
this species. The total number of identified lines was over 400
for each source (including partially blended and blended tran-
sitions where it was evident or implied by the line shape that
another transition was present). It is noted in Appendix B if the
line identity is uncertain in case of strong blending or multiple
probable candidates.

The remaining total of unidentified and unclear identity
(where there is more than one potential species) lines is about 80
for the peaks in B and G35.03 with an additional 30 in G35.20
A. These unknown transitions could be either species whose
transitions for this frequency regime have not yet been mea-
sured/calculated or species where a likely identity was not clear.
2 Common Astronomy Software Applications is available from
http://casa.nrao.edu/
3 CASSIS has been developed by IRAP-UPS/CNRS
(http://cassis.irap.omp.eu).

Article number, page 3 of 67

A&A proofs: manuscript no. Paper1Final

Table 6. Table of column densities (cm�2) determined using XCLASS for species with single transition detections. Each peak was modeled with
the excitation temperatures fixed at 50 K and 100 K. The source sizes are the measured diameter of the 3� emission in arcseconds (00).

G35.20 A G35.20 B1 G35.20 B2 G35.20 B3 G35.03 A
Species Size 50 K 100 K Size 50 K 100 K Size 50 K 100 K Size 50 K 100 K Size 50 K 100 K
HN13C 1.5 3.1 ⇥ 1013 4.1 ⇥ 1013 0.8 1.7 ⇥ 1013 1.6 ⇥ 1013 1.0 1.6 ⇥ 1013 1.6 ⇥ 1013 1.5 1.1 ⇥ 1014 1.2 ⇥ 1014 1.2 2.5 ⇥ 1012 5.8 ⇥ 1012

SO 1.5 3.6 ⇥ 1013 3.6 ⇥ 1013 1.4 3.7 ⇥ 1017 3.6 ⇥ 1017 1.2 3.7 ⇥ 1016 1.7 ⇥ 1016 1.2 3.7 ⇥ 1016 1.1 ⇥ 1017 1.3 2.4 ⇥ 1017 1.1 ⇥ 1017

H13CO+ 1.5 1.6 ⇥ 1013 5.3 ⇥ 1012 0.8 8.3 ⇥ 1012 8.2 ⇥ 1012 1.0 3.1 ⇥ 1013 3.1 ⇥ 1013 1.5 6.5 ⇥ 1012 2.8 ⇥ 1013 1.5 1.7 ⇥ 1013 2.1 ⇥ 1013

SiO 1.4 7.1 ⇥ 1013 7.2 ⇥ 1013 1.1 9.0 ⇥ 1013 8.7 ⇥ 1013 1.1 6.2 ⇥ 1012 6.2 ⇥ 1012 0.8 1.2 ⇥ 1011 2.8 ⇥ 1011 1.1 5.7 ⇥ 1013 1.1 ⇥ 1014

C34S 1.7 2.8 ⇥ 1015 1.2 ⇥ 1015 1.2 3.4 ⇥ 1014 2.9 ⇥ 1014 1.0 4.6 ⇥ 1014 3.5 ⇥ 1014 1.1 5.3 ⇥ 1014 6.8 ⇥ 1014 1.5 8.1 ⇥ 1014 7.1 ⇥ 1014

HNCO 1.3 2.3 ⇥ 1016 7.5 ⇥ 1016 1.0 1.2 ⇥ 1016 6.9 ⇥ 1015 1.0 2.2 ⇥ 1015 9.4 ⇥ 1014 1.1 2.3 ⇥ 1016 8.4 ⇥ 1015 1.1 1.8 ⇥ 1016 7.7 ⇥ 1015

HDCO 1.5 1.6 ⇥ 1015 2.6 ⇥ 1013 1.2 4.5 ⇥ 1014 1.0 ⇥ 1015 1.0 1.7 ⇥ 1014 2.6 ⇥ 1014 1.5 1.6 ⇥ 1015 1.5 ⇥ 1015 N/A
HDO 1.3 1.8 ⇥ 1018 4.8 ⇥ 1017 0.9 5.6 ⇥ 1017 3.3 ⇥ 1016 0.7 1.8 ⇥ 1017 7.8 ⇥ 1015 1.0 9.2 ⇥ 1017 7.6 ⇥ 1016 N/A

Fig. 9. The vibrational diagram for all of the HC3N transitions from
G35.20 B3 including ground and vibrationally excited states with J=37-
36 and J=38-37. Fluxes for 13C isotopologues were multiplied by 50 to
be comparable to galactic isotope ratios. The vibrational temperature
calculated for peak B3 is 160 ± 20 K

3.4.3. Sulfur bearing molecules

Sulfur bearing molecules SO2 and H2CS were modeled with
their detected isotopologues coupled to the main isotopologue
varying the isotope ratio. Sulfur isotope ratios in the ISM have
been shown to be 15-35 for 32S/34S and 4-9 for 34S/33S (Chin
et al. 1996). Solar isotope ratios are 22.6 for 32S/34S and 5.5 for
34S/33S (Anders & Grevesse 1989). Our best fit isotope ratio for
32SO2/

33SO2 was between 16 and 100. The ratio of 32SO2/
33SO2

in space has been reported for Orion KL in Esplugues et al.
(2013), with varying ratios for di↵erent parts of the region rang-
ing from 5.8-125 reporting a ratio of 25 in the Orion Hot Core.
The best fit isotope ratio for our observations of 32SO2/

34SO2
was around 33. The main isotopologue fit of H2CS was made
based on 3 transitions and was modeled with H2C34S coupled
(only the abundance ratio was varied). The best fit isotopic ratio
for H2C32S/H2C34S was 11 where the ratio reported for SgrB2
by Belloche et al. (2013) was 22.

3.4.4. Simple molecules

For the following simple species (those with less than six atoms),
only a single transition was observed, so in order to estimate
their column densities, the source size and excitation tempera-
tures were fixed. The temperatures were modeled at 50 K and

100 K for all but C17O, which was modeled at 20 K and the
source size was fixed at the measured extent of the 3� emission.
Several species were previously demonstrated to have quite ex-
tended emission (H13CO+, C17O, SiO) in Sánchez-Monge et al.
(2014); Beltrán et al. (2014). A summary of the results for these
species is in Table 6.

– Formyl Cation (H13CO+ 4-3) - only the emission component
of this species was modeled. Extended emission shown in
Sánchez-Monge et al. (2014); Beltrán et al. (2014).

– Carbon Monoxide (C17O 3-2) - at the location of our pixel
sources there was a lot of uncertainty in identifying of this
line due to severe line blending at this frequency. For G35.20
A this could not be modeled due to line confusion. Extended
emission indicates that this species is seen in the surrounding
cloud, so a larger source size and a lower temperature were
used.

– Heavy (Deuterated) Water (HDO 33,1-42,2) - This transition,
along with all other deuterated species, was not clearly de-
tected in G35.03, so was not modeled there. For the other
peaks, the emission was fairly extended and the best fit
source sizes were between 0.600 (at B2) and 1.500 (at B3).
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Fig. 10. Molecular abundances vs. CH3OH. The column densities for
vibrationally excited states were added to the ⌫=0 state for CH3OH,
CH3CHO, CH3CN, and HC3N to determine abundances.

3.4.5. Species Analyzed with Cassis

Some species could not be modeled with XCLASS as they were
not yet included in its database. These species were measured
and analyzed with Cassis.
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Ø 大質量星は銀河の化学進化を駆動。
Ø Hot	core:	形成初期の化学リッチな段階。

>107 cm–3,	~300	K,	<0.05	pc,	105 yr.
Ø 円盤候補もあるが輝線(COM)の起源が不明。

Ø 円盤候補 G35.20	(2.2	kpc,	3e4	Lo),	G35.03	(2.32	kpc,	1.2e4	Lo)
Ø ALMA	Cycle	0,	350	GHz,	400以上の輝線。
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Table 1. Source continuum characteristics

Continuum Peak Right Ascension Declination Size (00)a S ⌫ (Jy)b Tkin (K)c N(H2) (cm�2)d Mass (M�) e

G35.20 A 18:58:12.948 +01:40:37.419 0.58 0.65 285 2.4 ⇥ 1025 13.0
G35.20 B1 18:58:13.030 +01:40:35.886 0.61 0.19 160 6.4 ⇥ 1024 3.8
G35.20 B2 18:58:13.013 +01:40:36.649 0.65 0.12 120 3.3 ⇥ 1024 2.2
G35.20 B3 18:58:13.057 +01:40:35.442 0.58 0.08 300 2.5 ⇥ 1024 1.4
G35.03 A 18:54:00.645 +02:01:19.235 0.49 0.21 275 1.1 ⇥ 1025 4.4

Notes. a: Deconvolved average diameter of the 50% contour of the 870 µm continuum.
b:Integrated flux density within the 10� contour of the 870 µm continuum.
c:Average kinetic temperature based on CH3CN line ratios as calculated using RADEX. For details, see § 3.3
d:Calculated from source size, continuum flux density, and kinetic temperature (§ 3.3).
e:Sources mass calculated as in Sánchez-Monge et al. (2014) using the average kinetic temperatures.

massive young objects as the higher temperature allows for en-
dothermic reactions to take place more readily. In reality, it is
likely that both formation paths are necessary to achieve the
molecular abundances seen around hot cores. High spatial and
spectral resolution observations can help us to disentangle the
di↵erent COMs and their spatial distribution during this phase.
Disks candidates have been discovered in a few HMC sources,
suggesting a link between disks and HMC chemistry. Studying
the chemistry of such regions can help us to understand the pro-
cess of high-mass star formation as chemical di↵erences across
small physical scales provide clues to the di↵erent evolutionary
stages involved.

With the advent of ALMA (Atacama Large Millimeter Ar-
ray), it is now possible to make highly sensitive, high spec-
tral and spatial resolution observations of less abundant molec-
ular species. The search continues for the precursors of life
like the simplest amino acid, glycine (H2NCH2COOH), but
complex organic species with up to 12 atoms have already
been detected1. These include important precursors to amino
acids like aminoacetonitrile (H2NCH2CN), detected by Belloche
et al. (2008); the simplest monosaccharide sugar glycolalde-
hyde (CH2OHCHO), first observed in a hot molecular core out-
side the galactic center by Beltrán et al. (2009); and formamide
(NH2CHO) extensively studied by López-Sepulcre et al. (2015).
With ALMA we have the ability to detect hot cores and study
their properties in detail to determine how the spatial distribution
of COMs influences the formation of massive stars. Despite ad-
vances in technology, astronomers have yet to determine whether
the emission from the hot core arises from the inner envelope
(spherical geometry) or from a circumstellar disk (flat geom-
etry). It is also possible that these hot cores could be outflow
cavity walls as has been recently modeled for low-mass stars by
Drozdovskaya et al. (2015).

In this paper we study the chemical composition and spa-
tial distribution of species in two high-mass star-forming regions
which have been shown to be strong disk-bearing candidates,
G35.20-0.74N and G35.03+0.35 (hereafter G35.20 and G35.03
respectively). We present a line survey of the hot core in G35.03
and in four continuum peaks in the G35.20 hot core containing
⇠ 18 di↵erent molecular species (plus 12 vibrationally excited
states and 22 isotopologues) of up to 10 atoms and >400 emis-
sion lines per source. We also present our analysis of the chemi-
cal segregation within Core B of G35.20 depicting a small-scale
(<1000 AU) separation of nitrogen chemistry and temperature
di↵erence. A chemical separation on the scale of a few 1000s of
AU within a star forming region has been seen before in Orion

1 https://www.astro.uni-koeln.de/cdms/molecules

KL (Caselli et al. 1993), W3(OH) and W3(H2O) (Wyrowski
et al. 1999b), and AFGL2591 (Jiménez-Serra et al. 2012).

The distance to both sources has been estimated from paral-
lax measurements to be 2.2 kpc for G35.20 (Zhang et al. 2009)
and 2.32 kpc for G35.03 (Wu et al. 2014). G35.20 has a bolo-
metric luminosity of 3.0 ⇥ 104 L� (Sánchez-Monge et al. 2014)
and has been previously studied in Sánchez-Monge et al. (2013)
and Sánchez-Monge et al. (2014) where they report the detec-
tion of a large (r⇠2500 AU) Keplerian disk around Core B and a
tentative one in Core A. The bolometric luminosity of G35.03 is
1.2 ⇥ 104 L� and was reported to have a Keplerian disk (r⇠1400-
2000 AU) around the hot core A in Beltrán et al. (2014).

Fig. 1. Image of the 870 µm continuum emission from Cycle 0 ALMA
observations of G35.20. Contour levels are 0.03, 0.042, 0.055, 0.067,
0.08, 0.10, 0.13, 0.18, and 0.23 Jy/beam (� = 1.8 mJy/beam). The pixel-
sized colored squares mark each of the spectral extraction points.

2. Observations and Method

2.1. Observations

G35.20 and G35.03 were observed with ALMA in Cycle 0 be-
tween May and June 2012 (2011.0.00275.S). The sources were
observed in Band 7 (350 GHz) with the 16 antennas of the array
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ABSTRACT

Context. In the study of high-mass star formation, hot cores are empirically defined stages where chemically rich emission is detected
toward a massive YSO. It is unknown whether the physical origin of this emission is a disk, inner envelope, or outflow cavity wall
and whether the hot core stage is common to all massive stars.
Aims. We investigate the chemical make up of several hot molecular cores to determine physical and chemical structure. We use high
spectral and spatial resolution sub-millimeter observations to determine how this stage fits into the formation sequence of a high mass
star.
Methods. The sub-millimeter interferometer ALMA (Atacama Large Millimeter Array) was used to observe the G35.20-0.74N and
G35.03+0.35 hot cores at 350 GHz in Cycle 0. We analyzed spectra and maps from four continuum peaks (A, B1, B2 and B3)
in G35.20-0.74N, separated by 1000-2000 AU, and one continuum peak in G35.03+0.35. We made all possible line identifications
across 8 GHz of spectral windows of molecular emission lines down to a 3� line flux of 0.5 K and determined column densities and
temperatures for as many as 35 species assuming local thermodynamic equilibrium (LTE).
Results. In comparing the spectra of the four continuum peaks, we find each has a distinct chemical composition expressed in over
400 di↵erent transitions. In G35.20, B1 and B2 contain oxygen- and sulfur-bearing organic and inorganic species but few nitrogen-
bearing species whereas A and B3 are strong sources of O-, S-, and N-bearing organic and inorganic species (especially those with the
CN-bond). Column densities of vibrationally excited states are observed to be equal to or greater than the ground state for a number
of species. Deuterated methyl cyanide is clearly detected in A and B3 with D/H ratios of 8 and 13%, respectively, but is much weaker
at B1 and undetected at B2. No deuterated species are detected in G35.03, but similar molecular abundances to G35.20 were found
in other species. We also find co-spatial emission of isocyanic acid (HNCO) and formamide (NH2CHO) in both sources indicating a
strong chemical link between the two species.
Conclusions. The chemical segregation between N-bearing organic species and others in G35.20 suggests the presence of multiple
protostars, surrounded by a disk or torus.

Key words. stars: formation – stars: massive – ISM: individual objects: G35.20-0.74N, G35.03+0.35 – astrochemistry

1. Introduction

Studying the formation of high-mass stars (> 8 M�) is important
because they drive the chemical evolution of their host galax-
ies by injecting energy (through UV radiation, strong stellar
winds, and supernovae) and heavy elements into their surround-
ings (Zinnecker & Yorke 2007). In the study of high-mass star
formation, several models have been proposed to explain the
earliest processes involved. In particular, the work of McKee
& Tan (2003) describes a process similar to that of low mass
stars including a turbulent accretion disk and bipolar outflows
(see also Tan et al. (2014)), the model by Bonnell and Smith
(2011) proposes that matter is gathered competitively from low-
turbulence surroundings between many low mass protostars fun-
neling more material to the most massive core, and the model
by Keto (2007) which uses gravitationally trapped hypercompact
HII regions to help a massive protostar to acquire more mass. All
of these models predict the existence of disks as a mechanism to
allow matter to accrete onto the protostar despite high radiation
pressure (Krumholz et al. 2009). However, until recently only a

few candidate disks around B-type protostars were known. Sev-
eral disks have been detected through the study of complex or-
ganic molecules (COMs), molecular species bearing carbon and
at least 6 atoms, allowing for the detection of more disks (Cesa-
roni et al. 2006; Kraus et al. 2010; Beltrán & de Wit 2016).

While the earliest stages of high-mass star formation have
not yet been clearly determined, it is well known that a chemi-
cally rich stage exists, known as a hot molecular core (see Tan
et al. (2014) for a review of high mass star formation). In this
stage COMs are released from the icy surfaces of dust grains
or formed in the hot circumstellar gas (Herbst & van Dishoeck
2009). These hot cores are dense (nH > 107 cm�3), warm (100-
500 K), and compact (< 0.05 pc) and are expected to last up to
105 years. The signpost of the hot core stage is a rich molec-
ular emission spectrum including many COMs like methanol
(CH3OH) and methyl cyanide (CH3CN). These species may be
formed on dust grain surfaces in a cooler place (or time) and
released from grain surfaces as forming star heats the grains.
Alternatively, they may form in the hot gas surrounding these
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Fig. 11. G35.20 Core B shows clear evidence for small-scale chemical segregation. On the left are spectra extracted from each continuum peak in
core B (corresponding to the red, blue, and green crosses in the map to the right). It can clearly be seen in the spectra that the N-bearing species
(HC3N) is only strong in B3, where the O-bearing species (C2H5OH) is strong in all 3 regions. On the right, the integrated intensity contours
of H2CS 101,9-91,8 (0.55, 0.94, 1.34, and 1.73 Jy/beam km/s), CH3OCHO 279,18-269,17 (0.70, 1.28, 1.85, and 2.43 Jy/beam km/s), and C2H5CN
401,39-391,38 (0.085, 0.100, 0.115, 0.130, and 0.145 Jy/beam km/s) are shown overlaid on the continuum (greyscale) for Core B of G35.20. While
the O- and S-bearing organics are distributed across core B, the N-bearing species is only found toward the southwestern part.

4.3. HNCO and Formamide co-spatial emission

It has previously been proposed (Bisschop et al. 2007; Men-
doza et al. 2014; López-Sepulcre et al. 2015) based on single
dish observations that formamide (NH2CHO) forms through the
hydrogenation of HNCO because there appears to be a con-
stant abundance ratio across a large range of source luminosi-
ties and masses. Figure 12 shows that these two species have
almost the same spatial extent in G35.20 B and their emission
peaks are only 0.1500 (or ⇠300 AU) apart in G35.20 B. The sep-
aration is less than 0.1100 (240 AU) in G35.20 A. The velocity
intervals spanned by the line peak velocities in each pixel dif-
fer by only 0.5 - 1 km/s. Our modeled abundance values show
N(HNCO)/N(NH2CHO) is between 2 and 8 for HNCO at 50 K
and between 1 and 10 for HNCO modeled at 100 K.

In G35.03, the HNCO and formamide emissions have a sep-
aration of less than 0.1100 (255 AU), with the velocity peak dif-
ferences between 0.5 and 1.0 km/s. The striking physical con-
nection between these two species makes a strong case for the
formation of formamide predominantly through the hydrogena-
tion of HNCO. Coutens et al. (2016) has also recently observed
co-spatial emission in HNCO and Formamide in the low mass
protobinary system IRAS16293.

4.4. Deuteration

We detect seven deuterated species in G35.20, four of which only
with one or two observed transitions. We determined the deu-
terium fractionation of the other three, CH2DCN, CH2DOH, and
CH3CHDCN, using rotation diagrams in Cassis for consistency
(because CH2DOH was not in the XCLASS database). From
these rotation diagrams, we calculated the D/H values based on
the best-fit column densities obtained using the opacity function
in Cassis. Relatively little has previously been written about the
D/H ratio in methyl cyanide (CH3CN). In its place of first dis-
covery, Orion KL, the D/H ratio is 0.4-0.9% (Gerin et al. 1992).
In a recent paper by Belloche et al. (2016), CH2DCN was de-
tected in Sgr B2 with a D/H of 0.4%. A D/H for methyl cyanide

Fig. 12. Formamide 162,15-152,14 (red contours) and HNCO 161,16-151,15
(blue contours) emission is shown overlaid on the dust continuum
(greyscale) for core B. These N- and O- bearing species are present
in B3 and B1, but B2 is just outside the outermost contour (indicating 1
�). Red contours are 0.20, 0.33, 0.47, 0.61, and 0.74 Jy/beam km/s and
blue contours are 0.40, 0.75, 1.10, 1.45, and 1.80 Jy/beam km/s. B1, B2,
and B3 are marked with colored boxes as in Figure 1.

of 1.3% was also reported in Taquet et al. (2014) in low-mass
protostar IRAS 16293-2422. Our values for G35.20 are signif-
icantly higher, and the varying deuterium fractionation across
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core B is quite pronounced for this species. The D/H range in
methyl cyanide for each continuum peak is 1-11% at A, 0.3-
6% at B1, and 7-21% at B3. Only one unblended transition of
CH2DCN was detected at continuum peak B2, so the D/H could
not be determined. The D/H percentages for methyl cyanide de-
termined using the XCLASS fits were 10% at A, 0.4% at B1, and
15% at B3 which fall within the ranges determined using Cassis.
We are therefore justified in using Cassis to determine D/H for
methanol.

Deuteration in methanol has been more widely studied. In
low-mass star forming regions the CH2DOH/CH3OH abundance
fraction has been observed to be about 37% (Parise et al. 2002)
in IRAS 16293, and in prestellar core L1544 it was close to 10%
(Bizzocchi et al. 2014). For G35.20, the D/H ratio was 3-9% at
peaks B1 and B2, 4-12% at B3, and 7-17% at A. These values
are very similar across core B, though slightly enhanced at B3. It
is possible that because the methanol emission is more extended,
it is more homogeneous. The extra few percent at B3 could be
linked to the high temperature and the possibility that this region
has heated up recently allowing any deuterium enhancement on
the grain surfaces to be released in the gas phase.

Deuterated ethyl cyanide was detected at A with five un-
blended transitions, eight partially blended transitions, and two
identifiable blended transitions. The errors are larger for this
species due to the line blending, but the D/H value for ethyl
cyanide using Cassis was found to be between 3 and 26% with a
best-fit value of 12% and the D/H from the XCLASS fit is 19%.
A summary of these results is shown in Table 7 and Figure 13.

In contrast, there is almost no sign of deuteration in G35.03.
The presence of CH2DOH is shown through a single line with a
brightness temperature of less than 1 K, and HDO is not clearly
present as it is either blended with other transitions or o↵set
from vLS R by more than 3 km s�1. HDCO may be present, but
is blended with other lines. Our RADEX analysis indicates that
the kinetic temperature of the gas around peaks B3 and G35.03
is over 300 K, so the deuterium fraction is unlikely to be tied to
the kinetic temperature in these hot cores. From our results there
is no clear trend with either mass or temperature and deuterium
fraction.

A high fraction of deuterium can indicate that an object is
very young (< 105 years) as deuterated species are formed in
cold environments where CO has been depleted onto dust grains
(Millar et al. 1989). Once CO returns to the gas-phase, deuter-
ated species are destroyed, so a high deuterium fraction indicates
that CO has only sublimated recently. We conclude that B3 is a
much younger region than the hot core in G35.03, and in the case
of multiple sources within the disk of core B, sublimation of CO
from ice grains has happened at di↵erent times or rates across
the core.

Table 7. Deuterium fractionation percentages (%) at continuum peaks
in G35.20 as calculated using Cassis. Deuterated ethyl cyanide is only
detected at peak A and determining deuterium fractionation for methyl
cyanide was not possible for B2.

Source CH2DCN
CH3CN

CH2DOH
CH3OH

CH3CHDCN
CH3CH2CN

A 6±5 4+4
�2 13+13

�10
B1 3+3

�2.7 4+3
�2 x

B2 x 5+3
�2 x

B3 12+9
�5 6+4

�3 x

Fig. 13. The D/H fractions for the four continuum peaks in G35.20 com-
pared to the Orion hot core (HC), Sgr B2, and IRAS 16293-2422. The
deuterium fractionation in G35.20 is higher than that of other high-mass
star forming regions in Orion and the galactic center, but lower (for
methanol) than in the low mass star forming region IRAS 16293. The
methyl cyanide D/H value for IRAS 16293 is from unpublished analysis
reported in Taquet et al. (2014).

4.5. Comparison to other hot cores

The hot core and compact ridge in Orion KL (separation ⇠5000
AU) show a chemical di↵erence between N-bearing and O-
bearing species. In Caselli et al. (1993), the authors use a time-
dependent model to explain the chemistry of both regions. In
this model, shells at di↵erent distances were collapsing toward
the nearby object IRc2, but when accretion stopped the regions
heated up and the grain mantles sublimated showing di↵erent
chemistry. The model does not perfectly replicate the Orion KL
region, but is still a reasonable explanation. In G35.20, there
is no clear nearby accreting (or formerly accreting) object that
could have caused this same scenario.

The chemical di↵erentiation between W3(OH) and
W3(H2O) (Wyrowski et al. 1999b) shows that the latter is a
strong N-bearing source with various complex organics, but
the former only contains a handful of O-bearing species (both
contain CH3CN). In Qin et al. (2016), they conclude that this
region is undergoing global collapse, but W3(OH) contains
an expanding HII region, whereas W3(H2O) contains a young
stellar object that is accreting material but also has an outflow.
This is similar to G35.20, but on a larger scale (the separation
between these two sources is ⇠7000 AU).

Jiménez-Serra et al. (2012) observed that AFGL2591 has
a hole in the methanol emission (diameter ⇠3000 AU) that is
explained using concentric shells where methanol is mainly in
a cooler outer shell and S and N bearing chemistry is driven
by molecular UV photo-dissociation and high-temperature gas-
phase chemistry within the inner shell where the extinction is
lower. This di↵ers from G35.20 because the hot N-bearing re-
gions are toward the outer edges of the emission with O- and
S-bearing species found between.

Of the three regions where chemical di↵erentiation has
been observed, G35.20 core B is most similar to W3(OH) and
W3(H2O). Chemical di↵erences would reasonably be seen if
Core B contains multiple objects at di↵erent evolutionary stages.
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Fig. 11. G35.20 Core B shows clear evidence for small-scale chemical segregation. On the left are spectra extracted from each continuum peak in
core B (corresponding to the red, blue, and green crosses in the map to the right). It can clearly be seen in the spectra that the N-bearing species
(HC3N) is only strong in B3, where the O-bearing species (C2H5OH) is strong in all 3 regions. On the right, the integrated intensity contours
of H2CS 101,9-91,8 (0.55, 0.94, 1.34, and 1.73 Jy/beam km/s), CH3OCHO 279,18-269,17 (0.70, 1.28, 1.85, and 2.43 Jy/beam km/s), and C2H5CN
401,39-391,38 (0.085, 0.100, 0.115, 0.130, and 0.145 Jy/beam km/s) are shown overlaid on the continuum (greyscale) for Core B of G35.20. While
the O- and S-bearing organics are distributed across core B, the N-bearing species is only found toward the southwestern part.

4.3. HNCO and Formamide co-spatial emission

It has previously been proposed (Bisschop et al. 2007; Men-
doza et al. 2014; López-Sepulcre et al. 2015) based on single
dish observations that formamide (NH2CHO) forms through the
hydrogenation of HNCO because there appears to be a con-
stant abundance ratio across a large range of source luminosi-
ties and masses. Figure 12 shows that these two species have
almost the same spatial extent in G35.20 B and their emission
peaks are only 0.1500 (or ⇠300 AU) apart in G35.20 B. The sep-
aration is less than 0.1100 (240 AU) in G35.20 A. The velocity
intervals spanned by the line peak velocities in each pixel dif-
fer by only 0.5 - 1 km/s. Our modeled abundance values show
N(HNCO)/N(NH2CHO) is between 2 and 8 for HNCO at 50 K
and between 1 and 10 for HNCO modeled at 100 K.

In G35.03, the HNCO and formamide emissions have a sep-
aration of less than 0.1100 (255 AU), with the velocity peak dif-
ferences between 0.5 and 1.0 km/s. The striking physical con-
nection between these two species makes a strong case for the
formation of formamide predominantly through the hydrogena-
tion of HNCO. Coutens et al. (2016) has also recently observed
co-spatial emission in HNCO and Formamide in the low mass
protobinary system IRAS16293.

4.4. Deuteration

We detect seven deuterated species in G35.20, four of which only
with one or two observed transitions. We determined the deu-
terium fractionation of the other three, CH2DCN, CH2DOH, and
CH3CHDCN, using rotation diagrams in Cassis for consistency
(because CH2DOH was not in the XCLASS database). From
these rotation diagrams, we calculated the D/H values based on
the best-fit column densities obtained using the opacity function
in Cassis. Relatively little has previously been written about the
D/H ratio in methyl cyanide (CH3CN). In its place of first dis-
covery, Orion KL, the D/H ratio is 0.4-0.9% (Gerin et al. 1992).
In a recent paper by Belloche et al. (2016), CH2DCN was de-
tected in Sgr B2 with a D/H of 0.4%. A D/H for methyl cyanide

Fig. 12. Formamide 162,15-152,14 (red contours) and HNCO 161,16-151,15
(blue contours) emission is shown overlaid on the dust continuum
(greyscale) for core B. These N- and O- bearing species are present
in B3 and B1, but B2 is just outside the outermost contour (indicating 1
�). Red contours are 0.20, 0.33, 0.47, 0.61, and 0.74 Jy/beam km/s and
blue contours are 0.40, 0.75, 1.10, 1.45, and 1.80 Jy/beam km/s. B1, B2,
and B3 are marked with colored boxes as in Figure 1.

of 1.3% was also reported in Taquet et al. (2014) in low-mass
protostar IRAS 16293-2422. Our values for G35.20 are signif-
icantly higher, and the varying deuterium fractionation across
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Ø Bは軸対称円盤ではなさそう。
Ø 1000	AU以下の化学セグリゲーションを初検出。

1.	円盤分裂,	2.	連星,	3.	disrupted	disk

Ø 重水素比が大小質量より高い。
àCOが凍結している若い段階。

Ø 過去研究のN系とO系の違い。
Ø Orion	KL:	近傍の別の星へ降着(エンカウント？)。G35.20に兆候なし。
Ø W3:	片方がHII領域、もう片方が分子流付きYSO。~7000	AUスケール
だが可能性あり。

Ø AFGL2591:	S,	Nが中心星からのUVで光解離。G35.20ではNが外側。

Ø HNCOとNH2CHOは空間速度分布が一致。
àHNCOを経てNH2CHO。

重
水
素
比
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Abstract

The Outer Scutum–Centaurus (OSC) spiral arm is the most distant molecular spiral arm in the Milky Way, but until
recently little was known about this structure. Discovered by Dame and Thaddeus, the OSC lies ∼15 kpc from the
Galactic Center. Due to the Galactic warp, it rises to nearly 4° above the Galactic Plane in the first Galactic quadrant,
leaving it unsampled by most Galactic plane surveys. Here we observe H II region candidates spatially coincident
with the OSC using the Very Large Array to image radio continuum emission from 65 targets and the Green Bank
Telescope to search for ammonia and water maser emission from 75 targets. This sample, drawn from the Wide-field
Infrared Survey Explorer Catalog of Galactic H II Regions, represents every H II region candidate near the longitude–
latitude ℓ b,( ) locus of the OSC. Coupled with their characteristic mid-infrared morphologies, detection of radio
continuum emission strongly suggests that a target is a bona fide H II region. Detections of associated ammonia or
water maser emission allow us to derive a kinematic distance and determine if the velocity of the region is consistent
with that of the OSC. Nearly 60% of the observed sources were detected in radio continuum, and more than 20%
have ammonia or water maser detections. The velocities of these sources mainly place them beyond the Solar orbit.
These very distant high-mass stars have stellar spectral types as early as O4. We associate high-mass star formation at
2 new locations with the OSC, increasing the total number of detected H II regions in the OSC to 12.

Key words: Galaxy: structure – H II regions

Supporting material: extended figures

1. Introduction

An H II region is an area of ionized hydrogen surrounding
massive stars. Stars of O and early B-type emit enough Lyman-
continuum radiation ( 91.2 nml < , E 13.6ph > eV) to com-
pletely ionize the interstellar hydrogen surrounding them for up
to tens of parsecs (Strömgren 1939). They are the archetypical
tracers of star formation. Because of the short lifetimes of OB
stars, H II regions are zero-age objects compared with the age
of the Milky Way; they therefore trace the state of the Galaxy at
the current epoch. H II regions form preferentially in spiral arms
where interstellar gas is overdense, and because of their
relatively short lifetimes, they do not stray far from their birth
places. H II regions can be detected across the entire Galactic
disk and are the brightest objects in the Milky Way at mid-
infrared wavelengths. They can therefore be used to trace
structure throughout the Galaxy.

The structure of the Milky Way is still an area of active study,
though most Galactic models assume a symmetric barred spiral.
The discovery of the symmetric near and far components of
the 3 kpc arms adds support to this argument (Dame &
Thaddeus 2008), but other searches for symmetric far-side
features have not been as successful. This is largely a function of
their extreme distance from us; signals from the molecular gas
and stars tracing these far-side features would traverse over
10 kpc of in-plane gas and dust, leading to attenuation and source
confusion. The Galaxy, however, warps above the plane in the
first quadrant. This means especially distant structures on the
outer edges of the Milky Way should rise out of the plane to
positive latitudes, making them distinct from the bulk of the

Galactic disk. Dame & Thaddeus (2011) were the first to discover
a large-scale structure within this distant warp, possibly a
symmetric counterpart to the third quadrant Perseus Arm. They
called this structure the Outer Scutum–Centaurus Arm, or OSC.
The OSC appears to be a continuation of the Scutum–Centaurus

spiral arm, which apparently begins on the near end of the Galactic
bar at Galactic longitude ℓ 30~ n and crosses between the
Galactic center and the Sun into the fourth quadrant. Dame &
Thaddeus (2011) first identified the arm in the first quadrant using
the LAB 21 cm survey (Kalberla et al. 2005). Guided by these H I
data, further measurements using the Harvard-Smithsonian Center
for Astrophysics 1.2 meter telescope revealed molecular gas
within the arm. Emission from CO was detected at 10 of 220
targeted positions, with velocities consistent with this gas being
located in the extreme outer Galaxy—that is, R 13Gal 2 kpc
based on a Brand Galactic rotation curve (R0=8.5 kpc,

2200Q = km s 1- ; Brand & Blitz 1993). In the first quadrant,
the OSC arm warps significantly above the midplane, arcing to a
Galactic latitude of nearly 4° at a Galactic longitude of 70°. Sun
et al. (2015) extended the search for CO emission in the OSC into
the second quadrant, showing evidence for the distant spiral arm
continuing to nearly 150° Galactic longitude. While Izumi et al.
(2014) and Kobayashi et al. (2008) found evidence for stellar mass
stars embedded within Digel Clouds 1 and 2 in the extreme outer
Galaxy of the second quadrant, no high-mass star formation has
been observed beyond the OSC.
This arm may represent the outermost limit of high-mass star

formation within the Milky Way. Anderson et al. (2015)
identified six Galactic H II regions with radio recombination
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line (RRL) velocities within 15 km s 1- of the longitude-
velocity ℓ v,( ) locus of the OSC, defined by Dame & Thaddeus
(2011) as VLSR=−1.6 km s−1 deg−1×ℓ. An additional four
H II regions from the WISE Catalog of Galactic H II Regions
have RRL velocities consistent with the OSC (Anderson
et al. 2012), bringing the OSC H II region count to 10 before
the present analysis.

2. Target Selection

Targets for these observations were taken from the WISE
Catalog of Galactic H II Regions. To produce this catalog,
Anderson et al. (2014) identified H II region candidates by their
mid-infrared emission, primarily from the 12 and 22 μm bands
of WISE. The characteristic morphology of H II regions in the
mid-infrared is a 22 μm core of emission surrounded by a more
diffuse 12μm envelope of small-grain emission (Watson
et al. 2008; Anderson et al. 2011). Searching within 8° of the
Galactic midplane, we identified more than 6000 H II region
candidates with this morphology in the WISE Catalog. Of these
6000 targets, ∼2000 show coincident radio continuum emission.
The sources lacking radio continuum data are denoted “radio
quiet.” In earlier searches for H II regions, primarily with the
Green Bank Telescope (GBT HRDS; Bania et al. 2010) and the
Arecibo Observatory (Bania et al. 2012), only sources with
detected coincident radio continuum emission were observed.
Since H II regions emit thermal bremsstrahlung radiation in the
radio regime, WISE candidates with coincident radio continuum
detections were deemed likely H II regions.

A source lacking detected radio continuum emission can
generally be attributed to a lack of survey sensitivity, although
some targets might not be H II regions at all. Since the majority
of Galactic plane surveys do not have wide latitude coverage,
candidates that deviate from the midplane by more than a
degree are often not covered by sensitive surveys in the radio
regime. Sources with faint thermal bremsstrahlung continuum
emission could be either at a large distance from the Sun or
have a low intrinsic luminosity. That is, some infrared-
identified candidate H II regions could be associated with
lower-mass stars than those that create H II regions (i.e., later
B-stars). Throughout this work, any infrared-identified source
with the characteristic morphology of H II regions described
previously will be referred to as a “candidate,” whether it has
prior detected radio continuum emission or not.

To define our target search area, we integrated data from the
LAB 21 cm survey over a 14 km s 1- wide window following
the ℓ v,( ) locus of the OSC. We considered all WISE H II region
candidates between 20° and 70° Galactic longitude. Candidates
spatially coincident with the integrated LAB emission were
added to our target list. These sources roughly followed the

longitude–latitude ℓ b,( ) locus of the OSC, defined by Dame &
Thaddeus (2011) as b=0°.375+0.075×ℓ . In addition, we
added H II regions from Anderson et al. (2015), with velocities
within 15 km s 1- of the ℓ v,( ) locus of the OSC to our target
list. In total, we identified 75 OSC H II region candidates. Of
these, 65 composed our candidate list for the National Radio
Astronomy Observatory’s Karl G. Jansky Very Large Array
(VLA) in Socorro, New Mexico. An additional 10 sources were
added to the candidate list for observations with the Robert C.
Byrd GBT in Green Bank, West Virginia, the following year.
Shown in Figure 1, these candidates are overlaid on H I
emission, integrated along the expected velocity of the OSC to
highlight the structure of the arm.
One source in particular, G039.183−01.422, lies signifi-

cantly below the plane. We measured the velocity of this source
as part of the WISE HRDS, and although it lies 3~ n below the
OSC locus, its velocity is consistent with that of the OSC at the
same longitude.

3. Observations

RRL emission unambiguously identifies a candidate as an
H II region, but this emission is intrinsically weak. Distant H II
regions require prohibitively long observations for RRL
detections. Other options for detecting distant H II regions
include observing radio continuum emission or molecular line
emission. H II regions emit thermal bremsstrahlung continuum
radiation in the radio regime. This locates an H II region on the
sky but does not allow us to determine a source velocity.
Detection of molecular gas emission will provide this missing
source velocity. Thus we followed a two-tier observing strategy
and observed both radio continuum and molecular line
emission of OSC H II region targets, as summarized in Table 1.
Our total sample included 75 H II region candidates. We
observed 65 of these candidates using the VLA in the summer
of 2014 and all 75 with the GBT in early 2015 and early 2016.
We mapped radio continuum emission around H II region
candidates with the VLA and searched for molecular gas
emission with the GBT.

Figure 1. Outer Scutum–Centaurus Arm as traced by H I emission. The H I LAB survey was integrated over a 14 km s 1- wide window following the center velocity
given by VLSR=−1.6 km s−1 deg−1×ℓ in Dame & Thaddeus (2011). This clearly shows the Galactic warp bending the arm toward positive latitudes. Overplotted
are our observed H II region targets (blue), selected from the WISE Catalog of Galactic H II regions near the ℓ b,( ) locus of the OSC arm.

Table 1
Observation Summary

Facility # Sources t minint ( ) GHzn ( ) Transition

VLA 65 4 8–10 Continuum
H87α − H93α

GBT 75 6–36 22.2351 H2O 6(1, 6)→5(2, 3)
23.6945 NH3 (J, K)=(1, 1)
23.7226 NH3 (J, K)=(2, 2)
23.8701 NH3 (J, K)=(3, 3)
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velocity ℓ v,( ) locus of the OSC, defined by Dame & Thaddeus
(2011) as VLSR=−1.6 km s−1 deg−1×ℓ. An additional four
H II regions from the WISE Catalog of Galactic H II Regions
have RRL velocities consistent with the OSC (Anderson
et al. 2012), bringing the OSC H II region count to 10 before
the present analysis.
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Catalog of Galactic H II Regions. To produce this catalog,
Anderson et al. (2014) identified H II region candidates by their
mid-infrared emission, primarily from the 12 and 22 μm bands
of WISE. The characteristic morphology of H II regions in the
mid-infrared is a 22 μm core of emission surrounded by a more
diffuse 12μm envelope of small-grain emission (Watson
et al. 2008; Anderson et al. 2011). Searching within 8° of the
Galactic midplane, we identified more than 6000 H II region
candidates with this morphology in the WISE Catalog. Of these
6000 targets, ∼2000 show coincident radio continuum emission.
The sources lacking radio continuum data are denoted “radio
quiet.” In earlier searches for H II regions, primarily with the
Green Bank Telescope (GBT HRDS; Bania et al. 2010) and the
Arecibo Observatory (Bania et al. 2012), only sources with
detected coincident radio continuum emission were observed.
Since H II regions emit thermal bremsstrahlung radiation in the
radio regime, WISE candidates with coincident radio continuum
detections were deemed likely H II regions.

A source lacking detected radio continuum emission can
generally be attributed to a lack of survey sensitivity, although
some targets might not be H II regions at all. Since the majority
of Galactic plane surveys do not have wide latitude coverage,
candidates that deviate from the midplane by more than a
degree are often not covered by sensitive surveys in the radio
regime. Sources with faint thermal bremsstrahlung continuum
emission could be either at a large distance from the Sun or
have a low intrinsic luminosity. That is, some infrared-
identified candidate H II regions could be associated with
lower-mass stars than those that create H II regions (i.e., later
B-stars). Throughout this work, any infrared-identified source
with the characteristic morphology of H II regions described
previously will be referred to as a “candidate,” whether it has
prior detected radio continuum emission or not.

To define our target search area, we integrated data from the
LAB 21 cm survey over a 14 km s 1- wide window following
the ℓ v,( ) locus of the OSC. We considered all WISE H II region
candidates between 20° and 70° Galactic longitude. Candidates
spatially coincident with the integrated LAB emission were
added to our target list. These sources roughly followed the

longitude–latitude ℓ b,( ) locus of the OSC, defined by Dame &
Thaddeus (2011) as b=0°.375+0.075×ℓ . In addition, we
added H II regions from Anderson et al. (2015), with velocities
within 15 km s 1- of the ℓ v,( ) locus of the OSC to our target
list. In total, we identified 75 OSC H II region candidates. Of
these, 65 composed our candidate list for the National Radio
Astronomy Observatory’s Karl G. Jansky Very Large Array
(VLA) in Socorro, New Mexico. An additional 10 sources were
added to the candidate list for observations with the Robert C.
Byrd GBT in Green Bank, West Virginia, the following year.
Shown in Figure 1, these candidates are overlaid on H I
emission, integrated along the expected velocity of the OSC to
highlight the structure of the arm.
One source in particular, G039.183−01.422, lies signifi-

cantly below the plane. We measured the velocity of this source
as part of the WISE HRDS, and although it lies 3~ n below the
OSC locus, its velocity is consistent with that of the OSC at the
same longitude.

3. Observations

RRL emission unambiguously identifies a candidate as an
H II region, but this emission is intrinsically weak. Distant H II
regions require prohibitively long observations for RRL
detections. Other options for detecting distant H II regions
include observing radio continuum emission or molecular line
emission. H II regions emit thermal bremsstrahlung continuum
radiation in the radio regime. This locates an H II region on the
sky but does not allow us to determine a source velocity.
Detection of molecular gas emission will provide this missing
source velocity. Thus we followed a two-tier observing strategy
and observed both radio continuum and molecular line
emission of OSC H II region targets, as summarized in Table 1.
Our total sample included 75 H II region candidates. We
observed 65 of these candidates using the VLA in the summer
of 2014 and all 75 with the GBT in early 2015 and early 2016.
We mapped radio continuum emission around H II region
candidates with the VLA and searched for molecular gas
emission with the GBT.

Figure 1. Outer Scutum–Centaurus Arm as traced by H I emission. The H I LAB survey was integrated over a 14 km s 1- wide window following the center velocity
given by VLSR=−1.6 km s−1 deg−1×ℓ in Dame & Thaddeus (2011). This clearly shows the Galactic warp bending the arm toward positive latitudes. Overplotted
are our observed H II region targets (blue), selected from the WISE Catalog of Galactic H II regions near the ℓ b,( ) locus of the OSC arm.

Table 1
Observation Summary

Facility # Sources t minint ( ) GHzn ( ) Transition

VLA 65 4 8–10 Continuum
H87α − H93α

GBT 75 6–36 22.2351 H2O 6(1, 6)→5(2, 3)
23.6945 NH3 (J, K)=(1, 1)
23.7226 NH3 (J, K)=(2, 2)
23.8701 NH3 (J, K)=(3, 3)
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atmospheric opacity using the average opacity and source
airmass, A. This was calculated for each observation according
to the following formula in which z is the zenith angle of the
source (Rozenberg 1966):

A z ecos 0.025 . 2z1 11 cos= +- - ( )
We corrected each observation for atmospheric opacity based
on the source zenith angle at the start of each 2-minute scan. As
an additional correction, persistent RFI confined to a single
channel at 23.876 GHz in the NH3 (J, K)=(3, 3) band was
manually excised.

In a concurrent project at K-band with identical setup
(GBT15B-356), we nodded on the bright calibrator source
3C147 as a calibration check. Comparing the 3C147 source
intensity at the center of each bandpass with the expected values
from Peng et al. (2000), we found the LL and RR polarizations
to agree within ∼6% and ∼2%, respectively, across the
bandpass. As a secondary calibration check, we observed a
well-characterized ammonia and water maser source, G038.3453
−00.9519 from Urquhart et al. (2011) and Lumsden et al.
(2013). The NH3 (J, K)=(1, 1) inversion transition for this
source was previously measured with the GBT to have a peak
main beam temperature of 4.1 K. Our observations of the source
varied from this value by ∼10% over yearlong timescales. Thus
all of our calibration tests were consistent to within 10%.

We report spectral line detections in Table 3, with example
spectra shown in Figure 3. The table contains line intensities TL,
FWHM line widths ΔV, peak velocities VLSR, and rms baseline
noise. We also include notes on previous detections. All sources
with ammonia or water maser detections are shown in Figure 7
in the Appendix. For ammonia detections, we report the results
of Gaussian fits to each component. Our smoothing maintained
∼5 points across each spectral line. This allowed us to constrain

Gaussian fit uncertainties for line width VsD and peak position
σVLSR to below our 0.75 km s 1- spectral resolution. In addition
to the central peak velocity, intensity, and width, we also give
parameters for hyperfine lines. These hyperfine lines are labeled
F=1→0, and so on, as indicated in Figure 3.
For water maser emission, peak and center velocities are

rounded to the nearest 0.5 km s−1. The peak velocity and
intensity of maser emission often varies with time, but over the
course of our observations, we did not see them drift by more
than 0.5 km s 1- .
We detected molecular line emission from∼20% of our targets.

In total, 16 sources were detected in ammonia or water maser
emission. This includes 10 water masers, 10 NH3 (J, K)=(1, 1)
lines, 5 (2, 2) lines, and 4 (3, 3) lines. Previous detections for each
source are indicated in the Note column of Table 3.

5. Results

5.1. Detections

Of our 65 VLA candidate snapshots, 37 had detected radio
continuum emission at X-band, giving us a detection rate of
nearly 60%. The majority of these targets had no previously
detected radio continuum emission. Five of our radio
continuum detections had previous RRL measurements, and
we are therefore certain of their status as H II regions. These
include OSC regions G033.007+01.150, G039.183−01.422,
G054.093+01.748, and G055.114+02.422 (S83), as well as
the outer arm region G060.592+01.572 (Anderson et al. 2015).
All targets with previous RRL emission were detected by the
VLA in radio continuum emission. These were reobserved,
because we knew of their status as extremely distant H II
regions but had no high quality radio continuum measurements.
There are six additional OSC H II regions that were not
observed by the VLA, because their classification as OSC H II
regions was unknown at the time of the VLA observations.
Our ammonia and water maser emission detection rates were

markedly lower than radio continuum emission detections, with
16 out of 75 sources yielding molecular line detections, or a
detection rate of ∼20%. Four of these reported detections have
no other molecular line detections in the literature. While we
would also expect less CO at larger Galactocentric radii than in
the inner Galaxy, preliminary results from a CO survey with
the 12 m Arizona Radio Observatory of the same targets show a
higher detection rate and will add significantly to the under-
standing of molecular gas around distant H II region candidates in
the first quadrant (Trey V. Wenger et al. 2017, in preparation).

5.2. Unusual Sources

The source G039.183-01.422 has a velocity placing it at the
distance of the OSC arm, but it is 1°.4 below the Galactic plane.
Anderson et al. (2015) detected RRL emission from the region.
It lies in a small finger of H I emission apparently extending
down from the arm, below the Galactic plane. This can be seen
in the filled contours of Figure 1 between Galactic longitudes
of 38° and 40°. While we have reobserved and detected a
previously known water maser at this location, offset by
2 km s 1- from its original detection in (Sunada et al. 2007), we
do not detect the source in ammonia. Anderson et al. (2015)
surmised that G039.183-01.422 is not likely to be a “runaway
star” or planetary nebula, but further observations are needed to
fully characterize the source.

Figure 2. H II region snapshot showing both infrared and radio morphologies.
Infrared WISE bands w2 (4.6 μm), w3 (12 μm), and w4 (22 μm) are represented
by blue, green, and red, respectively. VLA continuum contours from 4 minute
integrations at X-band in D-configuration are overplotted, with contours at 30%,
50%, 70%, and 90% peak continuum flux (2.37 mJy beam−1 here). The image is
6′ on a side, and a scale bar represents the region’s angular size, as cataloged in
the WISE Catalog of Galactic H II Regions (Anderson et al. 2014). This source
was detected in radio continuum, water maser, and ammonia emission, so both a
“C” and “L” are included on the lower left, indicating “continuum” and “line.”
Radio data for this source were smoothed by a15´ tophat filter for display, and is
marked by a “15” to indicate the smoothing. Images of every source observed by
the VLA are shown in Figure 6 in the Appendix.
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As noted earlier, the source G055.114+02.422 was first
reported by Sharpless (1959) as S83 and has a large negative
velocity placing it within the OSC (Anderson et al. 2015). It
was by far our brightest radio continuum detection. In our first
epoch of GBT observations, water maser emission was seen
near the expected velocity of S83, with an antenna temperature
less than 100 mK (a ∼1.5σ detection). Upon reobservation of
faint possible detections in 2017 January, S83 exhibited strong
water maser emission, a 380 mK detection. At −62.5 km s 1- ,
the peak velocity for this maser differed from the ionized gas
velocity of −76.1 km s 1- by nearly 15 km s 1- . The drastic
variability indicates that searches for only water maser
emission are likely to miss OSC candidates.

The source G064.151+01.282 shows ammonia emission and
water maser emission offset from each other by ∼10 km s 1- .
This could be due to outflows from the H II region’s central
core. Velocity offsets like this are not uncommon, as evidenced
above for G055.114+02.422, but they indicate that H II regions
detected spectroscopically by water maser emission must have
their kinematic distances refined with follow-up measurements
of other gas species.

5.3. Spectral Types

We derive spectral types by using the VLA radio continuum
images to calculate the number of ionizing photons (NLy) required
to maintain the H II region. Here we assume that each nebula is
ionized by a single star. The initial mass function is steep for high-
mass stars. Because the number of Lyman-continuum photons
emitted from a star increases sharply with mass, the highest mass
star will contribute significantly more Lyman-continuum photons
than the other members of its cluster. We then use stellar models
to match spectral type with our derived NLy.

We calculate two separate source luminosities using kinematic
distances from two different rotation curves: Brand & Blitz
(1993) and Reid et al. (2014). For these rotation curve models,
we use the velocity of the NH3 (J, K)=(1, 1) inversion transition
to determine distances. If no ammonia transition is available, we
use peak water maser velocity or velocities previously cataloged
in Anderson et al. (2015). For each rotation curve, we determine
source luminosity with the following formula:
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Rubin (1968) first explored the relationship between H II
region luminosity and the spectral type of its most luminous
central star. Using a derived form of Rubin’s original equation
from Condon & Ransom (2016), Equation (4), we calculate the
number of Lyman-continuum photons (in photons s 1- ) ionizing
each H II region. Only sources with both kinematic and radio
continuum measurements can be evaluated in this way, as we
need distance to determine luminosity:
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Here we assume an electron temperature of 104 K and use
the central frequency of our VLA observations, ∼9GHz.
We assign spectral types using a combination of the stellar

models from Martins et al. (2005) and Smith et al. (2002). Both
models convert from Lyman-continuum photon count to
spectral type using non-LTE line-blanketing, assuming an
expanding atmosphere. The Martins et al. models are reported
for stellar type O9.5 through O3, whereas Smith et al. give
results for stars down to stellar type B1.5. In the range where
these models overlap, they are consistent with each other for
solar metallicity and luminosity class V to within 50% on
average, differing at most by ∼150%. As Smith et al. modeled
lower-mass stars (down to B1.5), we used Smith for B1.5-B0
and Martins for O9.5-O3. These are shown in Table 4 with the
values we used in bold. This provided the finest gridding of
spectral types from B1.5 to O3 type stars.
We compile results from Equation (4) and parameters derived

using both rotation curves in Table 5. This table gives derived
H II region parameters, including Galactocentric radius RGal,
Solar distance d☉, number of Lyman photon emitted NLog10 Ly( ),
and spectral type. Comparing results between the Brand and Reid
rotation curves, we see that derived spectral types never differ by
more than a 0.5 spectral type. For sources within the Solar circle,
there is a well-known ambiguity in their distance measurement,

Figure 3. Sample H II region molecular spectra. Shown here are spectra from
G026.417+01.683 of water maser (H2O 6(1, 6)→5(2, 3)) and ammonia (NH3
(J, K)=(1, 1), (2, 2), (3, 3)) transitions. Water maser detections (top panel) are
indicated by red dashed lines demarking the upper and lower ranges of emission
with a red arrow indicating the maser peak velocity. Ammonia detections
(bottom three panels) are overlaid with red Gaussians, including central peaks
and auxiliary lines where detected. Each NH3 (J, K)=(1, 1) hyperfine transition
is labeled to assist in interpretation of Table 3. Maser emission is smoothed to
0.3 km s 1- , whereas ammonia emission is smoothed to 0.75 km s 1- .

Table 4
Single-star H II Region Parameters

Spectral Log10(NLy) (s−1) Spectral Log10(NLy) (s−1)

Type Smith Martins Type Smith Martins

B1.5 46.10 L O7.5 48.70 48.44
B1 46.50 L O7 49.00 48.63
B0.5 47.00 L O6.5 L 48.80
B0 47.40 L O6 L 48.96
O9.5 L 47.56 O5.5 L 49.11
O9 47.90 47.90 O5 49.20 49.26
O8.5 L 48.10 O4 49.40 49.47
O8 48.50 48.29 O3 49.50 49.63
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As noted earlier, the source G055.114+02.422 was first
reported by Sharpless (1959) as S83 and has a large negative
velocity placing it within the OSC (Anderson et al. 2015). It
was by far our brightest radio continuum detection. In our first
epoch of GBT observations, water maser emission was seen
near the expected velocity of S83, with an antenna temperature
less than 100 mK (a ∼1.5σ detection). Upon reobservation of
faint possible detections in 2017 January, S83 exhibited strong
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the peak velocity for this maser differed from the ionized gas
velocity of −76.1 km s 1- by nearly 15 km s 1- . The drastic
variability indicates that searches for only water maser
emission are likely to miss OSC candidates.

The source G064.151+01.282 shows ammonia emission and
water maser emission offset from each other by ∼10 km s 1- .
This could be due to outflows from the H II region’s central
core. Velocity offsets like this are not uncommon, as evidenced
above for G055.114+02.422, but they indicate that H II regions
detected spectroscopically by water maser emission must have
their kinematic distances refined with follow-up measurements
of other gas species.

5.3. Spectral Types

We derive spectral types by using the VLA radio continuum
images to calculate the number of ionizing photons (NLy) required
to maintain the H II region. Here we assume that each nebula is
ionized by a single star. The initial mass function is steep for high-
mass stars. Because the number of Lyman-continuum photons
emitted from a star increases sharply with mass, the highest mass
star will contribute significantly more Lyman-continuum photons
than the other members of its cluster. We then use stellar models
to match spectral type with our derived NLy.

We calculate two separate source luminosities using kinematic
distances from two different rotation curves: Brand & Blitz
(1993) and Reid et al. (2014). For these rotation curve models,
we use the velocity of the NH3 (J, K)=(1, 1) inversion transition
to determine distances. If no ammonia transition is available, we
use peak water maser velocity or velocities previously cataloged
in Anderson et al. (2015). For each rotation curve, we determine
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region luminosity and the spectral type of its most luminous
central star. Using a derived form of Rubin’s original equation
from Condon & Ransom (2016), Equation (4), we calculate the
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each H II region. Only sources with both kinematic and radio
continuum measurements can be evaluated in this way, as we
need distance to determine luminosity:

N
T

L

6.3 10
10 K GHz

10 W Hz
s . 4

e
Ly

52
4

0.45 0.1

20 1
1

n
= ´

´ n

-

-
-

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥[ ] ( )

Here we assume an electron temperature of 104 K and use
the central frequency of our VLA observations, ∼9GHz.
We assign spectral types using a combination of the stellar

models from Martins et al. (2005) and Smith et al. (2002). Both
models convert from Lyman-continuum photon count to
spectral type using non-LTE line-blanketing, assuming an
expanding atmosphere. The Martins et al. models are reported
for stellar type O9.5 through O3, whereas Smith et al. give
results for stars down to stellar type B1.5. In the range where
these models overlap, they are consistent with each other for
solar metallicity and luminosity class V to within 50% on
average, differing at most by ∼150%. As Smith et al. modeled
lower-mass stars (down to B1.5), we used Smith for B1.5-B0
and Martins for O9.5-O3. These are shown in Table 4 with the
values we used in bold. This provided the finest gridding of
spectral types from B1.5 to O3 type stars.
We compile results from Equation (4) and parameters derived

using both rotation curves in Table 5. This table gives derived
H II region parameters, including Galactocentric radius RGal,
Solar distance d☉, number of Lyman photon emitted NLog10 Ly( ),
and spectral type. Comparing results between the Brand and Reid
rotation curves, we see that derived spectral types never differ by
more than a 0.5 spectral type. For sources within the Solar circle,
there is a well-known ambiguity in their distance measurement,

Figure 3. Sample H II region molecular spectra. Shown here are spectra from
G026.417+01.683 of water maser (H2O 6(1, 6)→5(2, 3)) and ammonia (NH3
(J, K)=(1, 1), (2, 2), (3, 3)) transitions. Water maser detections (top panel) are
indicated by red dashed lines demarking the upper and lower ranges of emission
with a red arrow indicating the maser peak velocity. Ammonia detections
(bottom three panels) are overlaid with red Gaussians, including central peaks
and auxiliary lines where detected. Each NH3 (J, K)=(1, 1) hyperfine transition
is labeled to assist in interpretation of Table 3. Maser emission is smoothed to
0.3 km s 1- , whereas ammonia emission is smoothed to 0.75 km s 1- .

Table 4
Single-star H II Region Parameters

Spectral Log10(NLy) (s−1) Spectral Log10(NLy) (s−1)
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B1.5 46.10 L O7.5 48.70 48.44
B1 46.50 L O7 49.00 48.63
B0.5 47.00 L O6.5 L 48.80
B0 47.40 L O6 L 48.96
O9.5 L 47.56 O5.5 L 49.11
O9 47.90 47.90 O5 49.20 49.26
O8.5 L 48.10 O4 49.40 49.47
O8 48.50 48.29 O3 49.50 49.63
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As noted earlier, the source G055.114+02.422 was first
reported by Sharpless (1959) as S83 and has a large negative
velocity placing it within the OSC (Anderson et al. 2015). It
was by far our brightest radio continuum detection. In our first
epoch of GBT observations, water maser emission was seen
near the expected velocity of S83, with an antenna temperature
less than 100 mK (a ∼1.5σ detection). Upon reobservation of
faint possible detections in 2017 January, S83 exhibited strong
water maser emission, a 380 mK detection. At −62.5 km s 1- ,
the peak velocity for this maser differed from the ionized gas
velocity of −76.1 km s 1- by nearly 15 km s 1- . The drastic
variability indicates that searches for only water maser
emission are likely to miss OSC candidates.

The source G064.151+01.282 shows ammonia emission and
water maser emission offset from each other by ∼10 km s 1- .
This could be due to outflows from the H II region’s central
core. Velocity offsets like this are not uncommon, as evidenced
above for G055.114+02.422, but they indicate that H II regions
detected spectroscopically by water maser emission must have
their kinematic distances refined with follow-up measurements
of other gas species.

5.3. Spectral Types

We derive spectral types by using the VLA radio continuum
images to calculate the number of ionizing photons (NLy) required
to maintain the H II region. Here we assume that each nebula is
ionized by a single star. The initial mass function is steep for high-
mass stars. Because the number of Lyman-continuum photons
emitted from a star increases sharply with mass, the highest mass
star will contribute significantly more Lyman-continuum photons
than the other members of its cluster. We then use stellar models
to match spectral type with our derived NLy.

We calculate two separate source luminosities using kinematic
distances from two different rotation curves: Brand & Blitz
(1993) and Reid et al. (2014). For these rotation curve models,
we use the velocity of the NH3 (J, K)=(1, 1) inversion transition
to determine distances. If no ammonia transition is available, we
use peak water maser velocity or velocities previously cataloged
in Anderson et al. (2015). For each rotation curve, we determine
source luminosity with the following formula:
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Rubin (1968) first explored the relationship between H II
region luminosity and the spectral type of its most luminous
central star. Using a derived form of Rubin’s original equation
from Condon & Ransom (2016), Equation (4), we calculate the
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Here we assume an electron temperature of 104 K and use
the central frequency of our VLA observations, ∼9GHz.
We assign spectral types using a combination of the stellar

models from Martins et al. (2005) and Smith et al. (2002). Both
models convert from Lyman-continuum photon count to
spectral type using non-LTE line-blanketing, assuming an
expanding atmosphere. The Martins et al. models are reported
for stellar type O9.5 through O3, whereas Smith et al. give
results for stars down to stellar type B1.5. In the range where
these models overlap, they are consistent with each other for
solar metallicity and luminosity class V to within 50% on
average, differing at most by ∼150%. As Smith et al. modeled
lower-mass stars (down to B1.5), we used Smith for B1.5-B0
and Martins for O9.5-O3. These are shown in Table 4 with the
values we used in bold. This provided the finest gridding of
spectral types from B1.5 to O3 type stars.
We compile results from Equation (4) and parameters derived

using both rotation curves in Table 5. This table gives derived
H II region parameters, including Galactocentric radius RGal,
Solar distance d☉, number of Lyman photon emitted NLog10 Ly( ),
and spectral type. Comparing results between the Brand and Reid
rotation curves, we see that derived spectral types never differ by
more than a 0.5 spectral type. For sources within the Solar circle,
there is a well-known ambiguity in their distance measurement,

Figure 3. Sample H II region molecular spectra. Shown here are spectra from
G026.417+01.683 of water maser (H2O 6(1, 6)→5(2, 3)) and ammonia (NH3
(J, K)=(1, 1), (2, 2), (3, 3)) transitions. Water maser detections (top panel) are
indicated by red dashed lines demarking the upper and lower ranges of emission
with a red arrow indicating the maser peak velocity. Ammonia detections
(bottom three panels) are overlaid with red Gaussians, including central peaks
and auxiliary lines where detected. Each NH3 (J, K)=(1, 1) hyperfine transition
is labeled to assist in interpretation of Table 3. Maser emission is smoothed to
0.3 km s 1- , whereas ammonia emission is smoothed to 0.75 km s 1- .

Table 4
Single-star H II Region Parameters

Spectral Log10(NLy) (s−1) Spectral Log10(NLy) (s−1)

Type Smith Martins Type Smith Martins

B1.5 46.10 L O7.5 48.70 48.44
B1 46.50 L O7 49.00 48.63
B0.5 47.00 L O6.5 L 48.80
B0 47.40 L O6 L 48.96
O9.5 L 47.56 O5.5 L 49.11
O9 47.90 47.90 O5 49.20 49.26
O8.5 L 48.10 O4 49.40 49.47
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Ø HII領域は大質量星~zero	ageなのでまさに今の情報。
Ø 銀河面第1象限は歪んでいる(~4°; OSC	Arm)ので遠くて
も見える。しかし、銀河面サーベイから漏れる。

Ø OSC	Armの根本はバーから伸びており、OSCより外に大質量星なし。

Ø WISEカタログ、4000/6000が電波連続波なし、radio	quiet。
Ø 20° <	l	<	70°
Ø VLAとGreen	Bank	Telescope。制動放射でHII領域を同定。θ~10”,	ΔV~0.75	kms–1。

line (RRL) velocities within 15 km s 1- of the longitude-
velocity ℓ v,( ) locus of the OSC, defined by Dame & Thaddeus
(2011) as VLSR=−1.6 km s−1 deg−1×ℓ. An additional four
H II regions from the WISE Catalog of Galactic H II Regions
have RRL velocities consistent with the OSC (Anderson
et al. 2012), bringing the OSC H II region count to 10 before
the present analysis.

2. Target Selection

Targets for these observations were taken from the WISE
Catalog of Galactic H II Regions. To produce this catalog,
Anderson et al. (2014) identified H II region candidates by their
mid-infrared emission, primarily from the 12 and 22 μm bands
of WISE. The characteristic morphology of H II regions in the
mid-infrared is a 22 μm core of emission surrounded by a more
diffuse 12μm envelope of small-grain emission (Watson
et al. 2008; Anderson et al. 2011). Searching within 8° of the
Galactic midplane, we identified more than 6000 H II region
candidates with this morphology in the WISE Catalog. Of these
6000 targets, ∼2000 show coincident radio continuum emission.
The sources lacking radio continuum data are denoted “radio
quiet.” In earlier searches for H II regions, primarily with the
Green Bank Telescope (GBT HRDS; Bania et al. 2010) and the
Arecibo Observatory (Bania et al. 2012), only sources with
detected coincident radio continuum emission were observed.
Since H II regions emit thermal bremsstrahlung radiation in the
radio regime, WISE candidates with coincident radio continuum
detections were deemed likely H II regions.

A source lacking detected radio continuum emission can
generally be attributed to a lack of survey sensitivity, although
some targets might not be H II regions at all. Since the majority
of Galactic plane surveys do not have wide latitude coverage,
candidates that deviate from the midplane by more than a
degree are often not covered by sensitive surveys in the radio
regime. Sources with faint thermal bremsstrahlung continuum
emission could be either at a large distance from the Sun or
have a low intrinsic luminosity. That is, some infrared-
identified candidate H II regions could be associated with
lower-mass stars than those that create H II regions (i.e., later
B-stars). Throughout this work, any infrared-identified source
with the characteristic morphology of H II regions described
previously will be referred to as a “candidate,” whether it has
prior detected radio continuum emission or not.

To define our target search area, we integrated data from the
LAB 21 cm survey over a 14 km s 1- wide window following
the ℓ v,( ) locus of the OSC. We considered all WISE H II region
candidates between 20° and 70° Galactic longitude. Candidates
spatially coincident with the integrated LAB emission were
added to our target list. These sources roughly followed the

longitude–latitude ℓ b,( ) locus of the OSC, defined by Dame &
Thaddeus (2011) as b=0°.375+0.075×ℓ . In addition, we
added H II regions from Anderson et al. (2015), with velocities
within 15 km s 1- of the ℓ v,( ) locus of the OSC to our target
list. In total, we identified 75 OSC H II region candidates. Of
these, 65 composed our candidate list for the National Radio
Astronomy Observatory’s Karl G. Jansky Very Large Array
(VLA) in Socorro, New Mexico. An additional 10 sources were
added to the candidate list for observations with the Robert C.
Byrd GBT in Green Bank, West Virginia, the following year.
Shown in Figure 1, these candidates are overlaid on H I
emission, integrated along the expected velocity of the OSC to
highlight the structure of the arm.
One source in particular, G039.183−01.422, lies signifi-

cantly below the plane. We measured the velocity of this source
as part of the WISE HRDS, and although it lies 3~ n below the
OSC locus, its velocity is consistent with that of the OSC at the
same longitude.

3. Observations

RRL emission unambiguously identifies a candidate as an
H II region, but this emission is intrinsically weak. Distant H II
regions require prohibitively long observations for RRL
detections. Other options for detecting distant H II regions
include observing radio continuum emission or molecular line
emission. H II regions emit thermal bremsstrahlung continuum
radiation in the radio regime. This locates an H II region on the
sky but does not allow us to determine a source velocity.
Detection of molecular gas emission will provide this missing
source velocity. Thus we followed a two-tier observing strategy
and observed both radio continuum and molecular line
emission of OSC H II region targets, as summarized in Table 1.
Our total sample included 75 H II region candidates. We
observed 65 of these candidates using the VLA in the summer
of 2014 and all 75 with the GBT in early 2015 and early 2016.
We mapped radio continuum emission around H II region
candidates with the VLA and searched for molecular gas
emission with the GBT.

Figure 1. Outer Scutum–Centaurus Arm as traced by H I emission. The H I LAB survey was integrated over a 14 km s 1- wide window following the center velocity
given by VLSR=−1.6 km s−1 deg−1×ℓ in Dame & Thaddeus (2011). This clearly shows the Galactic warp bending the arm toward positive latitudes. Overplotted
are our observed H II region targets (blue), selected from the WISE Catalog of Galactic H II regions near the ℓ b,( ) locus of the OSC arm.

Table 1
Observation Summary

Facility # Sources t minint ( ) GHzn ( ) Transition

VLA 65 4 8–10 Continuum
H87α − H93α

GBT 75 6–36 22.2351 H2O 6(1, 6)→5(2, 3)
23.6945 NH3 (J, K)=(1, 1)
23.7226 NH3 (J, K)=(2, 2)
23.8701 NH3 (J, K)=(3, 3)
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line (RRL) velocities within 15 km s 1- of the longitude-
velocity ℓ v,( ) locus of the OSC, defined by Dame & Thaddeus
(2011) as VLSR=−1.6 km s−1 deg−1×ℓ. An additional four
H II regions from the WISE Catalog of Galactic H II Regions
have RRL velocities consistent with the OSC (Anderson
et al. 2012), bringing the OSC H II region count to 10 before
the present analysis.

2. Target Selection

Targets for these observations were taken from the WISE
Catalog of Galactic H II Regions. To produce this catalog,
Anderson et al. (2014) identified H II region candidates by their
mid-infrared emission, primarily from the 12 and 22 μm bands
of WISE. The characteristic morphology of H II regions in the
mid-infrared is a 22 μm core of emission surrounded by a more
diffuse 12μm envelope of small-grain emission (Watson
et al. 2008; Anderson et al. 2011). Searching within 8° of the
Galactic midplane, we identified more than 6000 H II region
candidates with this morphology in the WISE Catalog. Of these
6000 targets, ∼2000 show coincident radio continuum emission.
The sources lacking radio continuum data are denoted “radio
quiet.” In earlier searches for H II regions, primarily with the
Green Bank Telescope (GBT HRDS; Bania et al. 2010) and the
Arecibo Observatory (Bania et al. 2012), only sources with
detected coincident radio continuum emission were observed.
Since H II regions emit thermal bremsstrahlung radiation in the
radio regime, WISE candidates with coincident radio continuum
detections were deemed likely H II regions.

A source lacking detected radio continuum emission can
generally be attributed to a lack of survey sensitivity, although
some targets might not be H II regions at all. Since the majority
of Galactic plane surveys do not have wide latitude coverage,
candidates that deviate from the midplane by more than a
degree are often not covered by sensitive surveys in the radio
regime. Sources with faint thermal bremsstrahlung continuum
emission could be either at a large distance from the Sun or
have a low intrinsic luminosity. That is, some infrared-
identified candidate H II regions could be associated with
lower-mass stars than those that create H II regions (i.e., later
B-stars). Throughout this work, any infrared-identified source
with the characteristic morphology of H II regions described
previously will be referred to as a “candidate,” whether it has
prior detected radio continuum emission or not.

To define our target search area, we integrated data from the
LAB 21 cm survey over a 14 km s 1- wide window following
the ℓ v,( ) locus of the OSC. We considered all WISE H II region
candidates between 20° and 70° Galactic longitude. Candidates
spatially coincident with the integrated LAB emission were
added to our target list. These sources roughly followed the

longitude–latitude ℓ b,( ) locus of the OSC, defined by Dame &
Thaddeus (2011) as b=0°.375+0.075×ℓ . In addition, we
added H II regions from Anderson et al. (2015), with velocities
within 15 km s 1- of the ℓ v,( ) locus of the OSC to our target
list. In total, we identified 75 OSC H II region candidates. Of
these, 65 composed our candidate list for the National Radio
Astronomy Observatory’s Karl G. Jansky Very Large Array
(VLA) in Socorro, New Mexico. An additional 10 sources were
added to the candidate list for observations with the Robert C.
Byrd GBT in Green Bank, West Virginia, the following year.
Shown in Figure 1, these candidates are overlaid on H I
emission, integrated along the expected velocity of the OSC to
highlight the structure of the arm.
One source in particular, G039.183−01.422, lies signifi-

cantly below the plane. We measured the velocity of this source
as part of the WISE HRDS, and although it lies 3~ n below the
OSC locus, its velocity is consistent with that of the OSC at the
same longitude.

3. Observations

RRL emission unambiguously identifies a candidate as an
H II region, but this emission is intrinsically weak. Distant H II
regions require prohibitively long observations for RRL
detections. Other options for detecting distant H II regions
include observing radio continuum emission or molecular line
emission. H II regions emit thermal bremsstrahlung continuum
radiation in the radio regime. This locates an H II region on the
sky but does not allow us to determine a source velocity.
Detection of molecular gas emission will provide this missing
source velocity. Thus we followed a two-tier observing strategy
and observed both radio continuum and molecular line
emission of OSC H II region targets, as summarized in Table 1.
Our total sample included 75 H II region candidates. We
observed 65 of these candidates using the VLA in the summer
of 2014 and all 75 with the GBT in early 2015 and early 2016.
We mapped radio continuum emission around H II region
candidates with the VLA and searched for molecular gas
emission with the GBT.

Figure 1. Outer Scutum–Centaurus Arm as traced by H I emission. The H I LAB survey was integrated over a 14 km s 1- wide window following the center velocity
given by VLSR=−1.6 km s−1 deg−1×ℓ in Dame & Thaddeus (2011). This clearly shows the Galactic warp bending the arm toward positive latitudes. Overplotted
are our observed H II region targets (blue), selected from the WISE Catalog of Galactic H II regions near the ℓ b,( ) locus of the OSC arm.

Table 1
Observation Summary

Facility # Sources t minint ( ) GHzn ( ) Transition

VLA 65 4 8–10 Continuum
H87α − H93α

GBT 75 6–36 22.2351 H2O 6(1, 6)→5(2, 3)
23.6945 NH3 (J, K)=(1, 1)
23.7226 NH3 (J, K)=(2, 2)
23.8701 NH3 (J, K)=(3, 3)
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3色WISE,	コントアVLA

Ø 連続波à NLyà SpT (モデル)

Ø 銀河回転モデルからアンモニアの力学距離。

結果の例。
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Abstract

The Outer Scutum–Centaurus (OSC) spiral arm is the most distant molecular spiral arm in the Milky Way, but until
recently little was known about this structure. Discovered by Dame and Thaddeus, the OSC lies ∼15 kpc from the
Galactic Center. Due to the Galactic warp, it rises to nearly 4° above the Galactic Plane in the first Galactic quadrant,
leaving it unsampled by most Galactic plane surveys. Here we observe H II region candidates spatially coincident
with the OSC using the Very Large Array to image radio continuum emission from 65 targets and the Green Bank
Telescope to search for ammonia and water maser emission from 75 targets. This sample, drawn from the Wide-field
Infrared Survey Explorer Catalog of Galactic H II Regions, represents every H II region candidate near the longitude–
latitude ℓ b,( ) locus of the OSC. Coupled with their characteristic mid-infrared morphologies, detection of radio
continuum emission strongly suggests that a target is a bona fide H II region. Detections of associated ammonia or
water maser emission allow us to derive a kinematic distance and determine if the velocity of the region is consistent
with that of the OSC. Nearly 60% of the observed sources were detected in radio continuum, and more than 20%
have ammonia or water maser detections. The velocities of these sources mainly place them beyond the Solar orbit.
These very distant high-mass stars have stellar spectral types as early as O4. We associate high-mass star formation at
2 new locations with the OSC, increasing the total number of detected H II regions in the OSC to 12.

Key words: Galaxy: structure – H II regions
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1. Introduction

An H II region is an area of ionized hydrogen surrounding
massive stars. Stars of O and early B-type emit enough Lyman-
continuum radiation ( 91.2 nml < , E 13.6ph > eV) to com-
pletely ionize the interstellar hydrogen surrounding them for up
to tens of parsecs (Strömgren 1939). They are the archetypical
tracers of star formation. Because of the short lifetimes of OB
stars, H II regions are zero-age objects compared with the age
of the Milky Way; they therefore trace the state of the Galaxy at
the current epoch. H II regions form preferentially in spiral arms
where interstellar gas is overdense, and because of their
relatively short lifetimes, they do not stray far from their birth
places. H II regions can be detected across the entire Galactic
disk and are the brightest objects in the Milky Way at mid-
infrared wavelengths. They can therefore be used to trace
structure throughout the Galaxy.

The structure of the Milky Way is still an area of active study,
though most Galactic models assume a symmetric barred spiral.
The discovery of the symmetric near and far components of
the 3 kpc arms adds support to this argument (Dame &
Thaddeus 2008), but other searches for symmetric far-side
features have not been as successful. This is largely a function of
their extreme distance from us; signals from the molecular gas
and stars tracing these far-side features would traverse over
10 kpc of in-plane gas and dust, leading to attenuation and source
confusion. The Galaxy, however, warps above the plane in the
first quadrant. This means especially distant structures on the
outer edges of the Milky Way should rise out of the plane to
positive latitudes, making them distinct from the bulk of the

Galactic disk. Dame & Thaddeus (2011) were the first to discover
a large-scale structure within this distant warp, possibly a
symmetric counterpart to the third quadrant Perseus Arm. They
called this structure the Outer Scutum–Centaurus Arm, or OSC.
The OSC appears to be a continuation of the Scutum–Centaurus

spiral arm, which apparently begins on the near end of the Galactic
bar at Galactic longitude ℓ 30~ n and crosses between the
Galactic center and the Sun into the fourth quadrant. Dame &
Thaddeus (2011) first identified the arm in the first quadrant using
the LAB 21 cm survey (Kalberla et al. 2005). Guided by these H I
data, further measurements using the Harvard-Smithsonian Center
for Astrophysics 1.2 meter telescope revealed molecular gas
within the arm. Emission from CO was detected at 10 of 220
targeted positions, with velocities consistent with this gas being
located in the extreme outer Galaxy—that is, R 13Gal 2 kpc
based on a Brand Galactic rotation curve (R0=8.5 kpc,

2200Q = km s 1- ; Brand & Blitz 1993). In the first quadrant,
the OSC arm warps significantly above the midplane, arcing to a
Galactic latitude of nearly 4° at a Galactic longitude of 70°. Sun
et al. (2015) extended the search for CO emission in the OSC into
the second quadrant, showing evidence for the distant spiral arm
continuing to nearly 150° Galactic longitude. While Izumi et al.
(2014) and Kobayashi et al. (2008) found evidence for stellar mass
stars embedded within Digel Clouds 1 and 2 in the extreme outer
Galaxy of the second quadrant, no high-mass star formation has
been observed beyond the OSC.
This arm may represent the outermost limit of high-mass star

formation within the Milky Way. Anderson et al. (2015)
identified six Galactic H II regions with radio recombination
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の続き

A face-on view of the first Galactic quadrant is shown in
Figure 5. Using a Brand & Blitz (1993) rotation curve to
convert between velocities and distances, previous detections
reported in the WISE Catalog of Galactic H II Regions are
plotted together with detections from this work in Figure 5.
Since the KDA was not resolved for our new detections, we
have included both the near and far distances, with sources
connected radially by dotted lines.

This was the first systematic survey targeting radio quiet
candidates from the WISE Catalog of Galactic H II Regions.
Since more than 60% of these candidates were detected in radio
continuum, we might expect similar detection rates for the
other radio quiet candidates in the catalog—nearly 4000 in
total. Radio continuum observations with the VLA of every
radio quiet candidate from the WISE Catalog in the second and
third Galactic quadrants will probe this further (W. P.
Armentrout et al. 2017, in preparation).

7. Summary

We observed H II region candidates coincident with the OSC
spiral arm. At ∼15 kpc from the Galactic Center, the OSC is
affected by the Galactic warp and bends out of the Galactic
plane to positive Galactic latitudes, leaving our targets
unobstructed from the bulk of in-plane gas and dust. If the
Galaxy is symmetric, the OSC is the first quadrant counterpart
to the third quadrant Perseus Arm. We searched for thermal
radio continuum emission with the VLA, and both water maser
and ammonia emission with the GBT. By combining integrated
luminosity information from radio continuum observations,
kinematic information from spectroscopy, and stellar spectral
models, we were able to calculate the underlying spectral types
of stars within these distant H II regions.
The motivation for this survey was to detect especially

distant H II regions in the first Galactic quadrant, coincident
with the OSC. Our observations add two H II regions to the

Figure 5. Face-on map of H II regions in the first Galactic quadrant. The Solar circle and tangent points are marked by solid and dashed lines, respectively. Black crosses mark
H II regions from theWISE Catalog of Galactic H II Regions with known distances (Anderson et al. 2014). Red x’s represent H II regions detected previously within the OSC.
Red crosses and stars mark H II regions examined or discovered by this study. Stars indicate sources with detected radio continuum emission in addition to ammonia emission;
these markers are scaled in size by stellar spectral type. Stars within the Solar circle suffer from the kinematic distance ambiguity (KDA). For each source, both possible
distances are shown connected by a dotted line. We also show H I emission from the LAB survey following the arm in latitude and velocity: VLSR=−1.6 km s−1 deg−1×ℓ ,
b=0°.375+0.075×ℓ . This is the same emission as shown between the dashed lines in Figure 4, bottom panel, but transformed assuming a Brand rotation curve.
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(i.e., large negative velocities) are mainly O-stars, though we
do see two B-stars outside of the Solar Circle (G039.536
+00.872 and G048.589+01.125). The most luminous source

observed (G055.114+02.422) is found to have a type O4 star.
This is a well-known H II region from the Sharpless catalog,
S83 (Sharpless 1959).

Table 6
OSC H II Regions

Brand Reid

Name VLSR RGal d☉ Log10(NLy)a Spectralb RGal d☉ Log10(NLy)a Spectralb Notec

(km s−1) (kpc) (kpc) (s−1) Type (kpc) (kpc) (s−1) Type

G026.610−00.212 −35.70 13.77 20.84 K K 14.90 22.00 K K RRL
G028.320+01.243 −44.00 15.25 22.18 47.97 O8.5 16.43 23.41 48.02 O8.5 VLA, H2O
G031.727+00.698 −39.20 13.26 19.71 K K 14.37 20.89 K K RRL
G032.928+00.606 −38.30 12.89 19.16 K K 13.98 20.32 K K RRL
G033.007+01.150 −57.60 17.05 23.54 48.18 O8 18.31 24.84 48.23 O8 RRL, VLA
G039.183−01.422 −51.00 13.88 19.39 48.28 O8 15.01 20.61 48.33 O7.5 RRL, VLA, H2O
G040.954+02.473 −52.50 13.82 19.07 K K 14.95 20.29 K K H2O
G041.304+01.997 −53.70 13.95 19.16 K K 15.08 20.39 K K RRL
G041.755+01.451d −54.80 14.04 19.19 K K 15.18 20.43 K K RRL
G041.804+01.503d −52.60 13.69 18.80 K K 14.82 20.03 K K RRL
G054.093+01.748 −85.30 16.99 20.52 48.06 O8.5 18.25 21.89 48.11 O8 RRL, VLA
G055.114+02.422 −76.10 15.26 18.43 49.28 O4 16.44 19.75 49.35 O4 RRL, VLA, H2O

Notes. All known OSC H II regions to date. Sources with data blanked by “K” in the NLy and Spectral Types columns have measured ammonia or maser velocities
from our GBT pointings, but no detected radio continuum.
a Log10 of the number of Lyman-continuum photons emitted per second is determined through Equation (4).
b Spectral type is assigned based on a combination of the Martins et al. (2005) and Smith et al. (2002) models of Lyman-continuum emission from high-mass stars to
give the finest gridding of spectral types and cover B1.5 to O3 type stars, as described in Section 5.3.
c Sources are labeled by RRL, VLA, and H2O, indicating detected emission from radio recombination lines, VLA radio continuum emission, and water maser
emission, respectively. Two H II regions, G028.320+01.243 and G040.954+02.473, were discovered to be part of the OSC as part of this work and only have
detected water maser emission.
d The H II regions G041.755+01.451 and G041.804+01.503 are part of the same complex but have distinct morphologies.

Figure 4. Outer Scutum–Centaurus Arm, as traced by integrated H I emission. All 12 detected OSC H II regions are shown here. Top: velocity-integrated H I emission
tracing the OSC arm, summed over a 14 km s 1- wide window following the center velocity given by VLSR=−1.6 km s−1 deg−1×ℓ . Overplotted is a distribution of
observed H II region targets identified in WISE12 and 22 μm images at the ℓ b,( ) loci of the OSC arm. We show candidates without known velocities in blue crosses,
whereas confirmed H II regions are shown in red crosses and stars. Star markers indicate sources with detected radio continuum in addition to spectral lines; these
markers are scaled by stellar type, as described in Section 5.3. Bottom: longitude-velocity diagram of H I emission, summed over a 3°. 5 window following the arm in
latitude according to b=0°. 375+0.075×ℓ . Overlaid are detected OSC H II regions with the same symbols as the top panel, as well as 6 OSC H II regions detected
previously but not observed as part of this survey, marked with x’s. Dashed lines indicate the central locus of the OSC in ℓ v,( ) space, as indicated by Dame &
Thaddeus (2011), VLSR=−1.6 km s−1 deg−1 × ℓ±15 km s 1- . This is a modified version of Figure 3 from Dame & Thaddeus (2011).
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known as the “kinematic distance ambiguity,” or KDA, in which
one velocity corresponds to two potential distances. Here, we
analyze both near and far distances, not resolving the KDA.
Spectral types for near versus far distances never differ by more
than one spectral type. Sources within the Solar circle have
values for both distances, given in the same column of Table 5
with near parameters reported first. We also include H II regions
without detected radio continuum but with kinematic informa-
tion; for these sources, we assign no Lyman photon flux.

6. Discussion

We added two new sources to our OSC catalog based on
their water maser velocities, G028.320+01.243 and G040.954
+02.473; neither had ammonia detections. The source
G028.320+01.243 had a previous RRL measurement, placing
it on the edge of the OSC (VLSR=−39.2 km s 1- ; Anderson
et al. 2015). This H II region also showed coincident radio
continuum emission and had a water maser detection first
reported in Brand et al. (1994). The source G040.954+02.473
had water maser emission first detected in Sunada et al. (2007)
and had no detected radio continuum emission. Both G028.320
+01.243 and G040.954+02.473 showed the same character-
istic infrared morphology of a 22 μm core of emission
surrounded by a more diffuse 12 μm envelope. While this
morphology has been demonstrated to correlate well with H II
regions, more follow-up observations will be conducted to
strengthen the evidence that these are H II regions within the
OSC. All known OSC H II regions to date are included in
Table 6, including regions not observed as part of this work.

While our detection rate for molecular line emission was
rather low (20%), this could be due to both decreasing
metallicity and decreasing star formation efficiency at high
Galactocentric radii. Metallicity decreases with distance from
the Galactic Center, which might mean we are simply running
out of observable tracer molecules in these most distant H II
regions. Additionally, studies of external galaxies have found a
rapid decline in star formation efficiency with increasing
Galactocentric radius (Bigiel et al. 2010). Thus our low
detection rate for molecular gas emission is perhaps not
surprising, given the fact we are probing H II regions in the far
outer Galaxy. In the GBT rms survey by Urquhart et al. (2011),
∼80% of observed H II regions had detected ammonia
emission, while ∼50% had detected water maser emission.
More than 80% of the rms detections were within 1¢ of a source
from the WISE Catalog of Galactic H II Regions (Anderson
et al. 2015). The rms detection rates were markedly higher than
ours, likely because the compact rms targets were younger and
closer to the Sun on average. Simulations of star formation in
the Galaxy, which include the decreasing metallicity gradient,
could help us interpret our lack of molecular gas detections, but
they are beyond the scope of this work.
In contrast, we detected nearly 60% of our targeted “radio

quiet” candidates though their radio continuum emission,
indicating that there is a significant population of faint,
undetected H II regions still to discover within the Milky Way.
We show our targets overlaid on the H I content of the OSC

in Figure 4. Sources with derived stellar types are shown with
star markers, increasing in size with earlier stellar types. H II
regions with velocities placing them in the far outer Galaxy

Table 5
Derived Region Parameters

Brand Reid

Name VLSR RGal d☉ Log10(NLy)a Spectralb RGal d☉ Log10(NLy)a Spectralb Notec

(km s−1) (kpc) (kpc) (s−1) Type (kpc) (kpc) (s−1) Type

G026.417+01.683 42.55 5.93 3.05/12.18 45.77/46.98 B1.5/B0.5 6.57 2.23/12.99 45.50/47.03 B1.5/B0
G028.320+01.243 −44.00 15.25 22.18 47.97 O8.5 16.43 23.41 48.02 O8.5 OSC
G029.138+02.218 34.71 6.44 2.48/12.36 K K 7.15 1.59/13.26 K K
G033.007+01.150 −57.60 17.05 23.54 48.18 O8 18.31 24.84 48.23 O8 W, OSC
G034.133+00.471 35.65 6.63 2.44/11.63 K K 7.36 1.44/12.64 K K
G037.419+01.513 42.13 6.49 2.83/10.68 45.77/46.92 B1.5/B0.5 7.20 1.73/11.78 45.34/47.01 B1.5/B0
G039.183−01.422 −51.00 13.88 19.39 48.28 O8 15.01 20.61 48.33 O7.5 W, OSC
G039.536+00.872 −38.50 12.05 17.32 47.33 B0 13.10 18.49 47.39 B0
G039.801+01.984 29.31 7.09 1.99/11.07 44.91/46.40 B1.5/B1 7.86 0.85/12.21 44.18/46.48 B1.5/B1
G040.954+02.473 −52.50 13.82 19.07 K K 14.95 20.29 K K OSC
G048.589+01.125 −34.25 10.99 14.57 46.93 B0.5 11.99 15.78 47.00 B0.5
G050.900+01.055 −59.00 13.40 17.03 47.78 O9 14.52 18.30 47.84 O9
G053.580+01.387 39.44 7.00 3.56/6.53 K K 7.77 1.37/8.72 K K
G054.093+01.748 −85.30 16.99 20.52 48.06 O8.5 18.25 21.89 48.11 O8 W, OSC
G054.490+01.579 −39.94 11.22 13.77 47.83 O9 12.23 15.03 47.91 O8.5
G055.114+02.422 −76.10 15.26 18.43 49.28 O4 16.44 19.75 49.35 O4 W, OSC
G060.592+01.572 −49.40 11.76 13.31 48.21 O8 12.80 14.62 48.29 O7.5 W
G064.151+01.282 −55.93 12.18 13.19 K K 13.24 14.52 K K
G066.607+02.060 −69.10 13.34 14.20 K K 14.45 15.54 K K

Notes. Sources within the Solar circle have two values for the Distance (d☉), NLy, and Spectral Type columns, since we did not resolve the kinematic distance
ambiguity. Sources with data blanked by “K” in the NLy and Spectral Types columns have measured ammonia or maser velocities from our GBT pointings, but no
detected radio continuum.
a Log10 of the number of Lyman-continuum photons emitted per second is determined through Equation (4).
b Spectral type is assigned based on a combination of models from Martins et al. (2005) and Smith et al. (2002), described in Section 5.3.
c Sources whose velocity places them within the Outer Scutum–Centaurus Arm are indicated by “OSC” in the note column. Two H II regions, G028.320+01.243 and
G040.954+02.473, were discovered to be part of the OSC as part of this work. Additionally, sources previously identified as H II regions via RRLs in the WISE
catalog are marked by a “W.”
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Ø 60%で連続波、20%で分子輝線。
à外縁は金属量と星形成率が小さいため。
Ø O4までいることがわかった。

Ø WISE	radio	quietで60%も連続波を検出。
à他の象限でも受かるだろう。

NEW

NEW

HI	emission
mom	0

+:	連続波なし
x:	今回観測され
なかったHII

HI	emission
(Brand	model)
+:	WISE	HII
x:	既知HII
+:	連続波なし
点線:	距離が2解



luminosity of 0.0024 Le; Joergens et al. 2013), which is
unrealistic given the higher temperatures reported merely by
heating due to the interstellar radiation field (IRF; Draine 2011).
Very recently, van der Plas et al. (2016) revised this
dependence as T L L22 Kdust

0.16
*= ´ :( ) , which translates

to a dust temperature of 8.4 K for OTS44 (with the same Le as
before).

For completeness we have considered four different
temperatures: the “classical” 20 K, the 8.4 K obtained assuming
the relationship from van der Plas et al. (2016), that of IRF
(7.5 K, Draine 2011), and the 5.5 K derived following the
relationship from Andrews et al. (2013). The corresponding
estimates for the dust mass of the disk of OTS44 are: 0.07,
0.27, 0.33, and 0.63 MÅ, respectively.

In Figure 2, we show how our four estimates of the dust
mass in the disk around OTS44 compare to literature values for
stellar and substellar objects in the literature from Pascucci
et al. (2016), van der Plas et al. (2016), Daemgen et al. (2016),
and Testi et al. (2016). We note that we are only comparing
values derived from interferometric measurements since those
derived from single-dish observations tend to be higher
pointing toward a contamination of the measurement by the
molecular cloud.

The estimates for the different samples shown in Figure 2 are
consistent with each other since we recalculated the dust
masses using the same absorption coefficient (to rescale the
values in Testi et al. 2016). In the case where Tdust scales with
the bolometric luminosity of the central object, the same
caution was taken in the use of consistent opacities, and we
adopted the stellar parameters from Manara et al. (2014, 2016)
and Manara et al. (2017), for the Pascucci et al. (2016) sample
(Cha I objects, as OTS44), where those values are generally in
agreement with Luhman (2004) or more recently Bayo
et al. (2017).

The conclusion from these comparisons is that a “very high”
Tdust value of 20 K translates in an extremely low-mass disk that

would fall in the lower envelope of the M Mdisk*– relationship
drawn by the literature data. However, 20 K is probably an
unrealistic value for the dust temperature unless disks around
these very low-mass central objects are much smaller and flared
than those around low-mass stars, a trend challenged, for
example, by Liu et al. (2015), but worthy of further scrutiny.
On the other hand, values between 5.5 and 8.4 K yield disk
masses compatible with the dispersion observed in the
literature data (although 5.5 K is probably also unrealistic due
to the fact that including an IRF already brings this value to 7.5
K), pushing the M Mdisk*– correlation into, or at the border of,
the planetary-mass domain.

5. Conclusions

We have presented the first millimeter detection of the dusty
disk around an isolated planetary-mass object. Taking into
account the strong assumptions to derive its dust mass, and
following different approaches to do so, the values we obtain
are consistent with the log–log linear relation between M* and
Mdust, holding even at the planetary-mass domain.
However, these mass estimates are severely limited by

assumptions on poorly constrained parameters such as the dust
properties in disks around these extremely low-mass objects. In
addition, crucial aspects such as grain growth cannot be probed
with one-band millimeter observations. To tackle these
questions, the ideal complementary data would include
∼200 μm (unfortunately, most likely beyond the limits of
ALMA Band 10, ∼869 GHz, capabilities) observations and
extremely sensitive ALMA Band 3 observations.

This Letter makes use of the following ALMA data: ADS/
JAO.ALMA#2015.1.00243.S. ALMA is a partnership of ESO
(representing its member states), NSF (USA) and NINS
(Japan), together with NRC (Canada), NSC and ASIAA
(Taiwan), and KASI (Republic of Korea), in cooperation with

Figure 2. Illustration of the four (five-point red stars) possible determinations of the dust mass of the disk of OTS44 depending on the adopted temperature, in an
M Mdisk*– diagram, along with comparisons with other substellar objects reported in the literature. In each panel, we outline with a box the corresponding value of Tdust
assumed for OTS44.
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Ø substellarの形成過程は不明。星形成物理量とM*の関係が基本。
Ø BDは最近やられている。小さいスペクトル指数はダスト成長を示唆。

àsubstellarだとradial	driftで成長できないという説と反対。
Ø OTS44:	Cha	I,	M9.5,	M*=6-17	MJ,
Ø Spitzer/Herschelで円盤、VLTでPa	β,	8e–12	Mo	yr–1,
Ø 赤外へのモデルはMdust=0.17MEàミリ波が必要。

Ø ALMA	Cycle	3,	224,	226,	240,	242	GHz,	1.6”,	9.8	µJy/beam。

and OTS44 ( M12 Jup~ ; Joergens et al. 2013), with central object
masses well below what has been studied with ALMA until now.

In this Letter, we present the first millimeter detection of one
of these four extremely low-mass objects, OTS44. In Section 2,
we describe in more detail the target; in Section 3, we describe
our observations; in Section 4, we present our disk estimate and
the comparison with the literature; and in Section 5, we present
our conclusions.

2. OTS44

OTS44 is the object with the latest spectral type in the
Chamaeleon I (Cha I) star-forming region (M9.5) with a mass
below or close to the planetary border (with estimates from 6 to
17MJup; Luhman et al. 2005b; Bonnefoy et al. 2014). First
evidence for a disk around OTS44 came from mid- and far-IR
excess emission detected with Spitzer and Herschel (Luhman
et al. 2005b; Harvey et al. 2012a, 2012b). In addition, we
observed OTS44 with VLT/SINFONI and detected strong,
broad, and variable Pa β emission, which is evidence for active
disk accretion in the planetary regime with a relatively high mass-
accretion rate (8×10−12 M: yr−1; Joergens et al. 2013).

We recently determined the properties of the disk of OTS44
(Joergens et al. 2013; Liu et al. 2015) through radiative transfer
modeling of its spectral energy distribution from the optical
to the far-IR applying the radiative transfer code MC3D
(Wolf 2003) and a Bayesian analysis. The disk model that fitted
the mid- and far-IR data best was that of a highly flared disk
with a dust mass of M0.17 Å. However, our far-IR Herschel
measurements (a detection at 70 μm and an upper limit at
160 μm) are insensitive to millimeter-sized grains, which
prevented us from concluding about the presence of large
grains (a maximum grain size of 100 μm was assumed in Liu
et al. 2015), with this potentially leading to an underestimation
of the disk dust mass. In this Letter, we report the first ALMA
detection of the disk of a planetary-mass object, providing a
more robust estimate of its mass and supporting the idea that
the value obtained in Liu et al. (2015) was indeed an
underestimation.

3. ALMA Data

ALMA Cycle 3 Band 6 continuum data were obtained as
part of the program 2015.1.00243.S. Four spectral windows
(centered at 224, 226, 240, and 242 GHz and each one with
∼1.9 GHz bandwidth) were defined to be collapsed in a single
“broadband” continuum image.

The data processing was performed with CASA (McMullin
et al. 2007), following the standard steps starting from the
measurement sets: visual inspection of the performance of
antennas and scans, flagging corrupted or useless data (using
solutions derived from the water vapor radiometer), correcting
in bandpass, flux and phase, further flagging (shadowing,
spectral window edges anomalies, etc.), deriving the bandpass
solution per spectral window, and creating the cube from the
calibrated data (the derived flux uncertainty is ∼8%, but, based
on the ALMA documentation, we assumed a more conservative
10% value from now on).

In addition to these general steps, we tried to apply self-
calibration to improve the extended flux recovery but the
signal-to-noise ratio (S/N) of the data was not good enough.
Finally, we tried to bin our data in two spectral windows as

separated as possible to obtain a spectral index, but once again,
the S/N of the data was not good enough for this purpose.
The final CLEAN, primary beam corrected image (natural

weighting) has a beam of 1 6×1 6, an rms of 9.8 μJy/beam,
a central reference frequency of 233 GHz, and a frequency
range covered (not continuously) of 20 GHz. We detected
OTS44 as a point-like source with a peak flux value
0.101±0.01 mJy (see Figure 1).

4. Results and Discussion: Dust Disk Mass

The most direct quantity that we can derive from our data is
the dust mass of the disk. In this section, we provide such
estimates and compare them with the available literature.

4.1. Disk Mass via Analytical Prescription

In order to estimate the disk dust mass from millimeter data,
we assume that the emission is optically thin and isothermal at
temperature Tdust, and therefore

M
F d
B T

,dust

2

dustk
=

´
´
n

n n ( )

where Fn is the flux density, d is the distance to Cha I (160 pc is
assumed; Whittet et al. 1997), kn is the mass absorption
coefficient, and Bn is the Planck function of temperature Tdust at
the observed frequency.
We have adopted a kn value of 2.3 cm2 g−1 at 230 GHz with

a frequency dependence of 0.4n , the same as in Andrews et al.
(2013) for Taurus, and more recently by Pascucci et al. (2016)
for Cha I. For consistency, we have adapted all Mdust values
from the literature to be compatible with this assumption.
The remaining strong assumption rests on the choice of Tdust.

A typical value used for Tdust is 20 K, but Andrews et al. (2013)
showed that this temperature scales significantly with the
luminosity of the central object, proposing the relation:
T L L25 Kdust

1 4
*= ´ :( ) . However, this empirical relation

yields a temperature of 5.5 K for OTS44 (assuming a

Figure 1. Frequency collapsed ALMA Band 6 data of OTS44. The 1 6×1 6
beam is displayed in the lower left corner. Solid-line white contours highlight
regions with 3, 5, 7, and 10 times the rms of the data (9.8 μJy/beam). Dashed-
line white contours highlight 3- ´ rms and 5- ´ rms regions, and there are no
data at the −7 and −10 rms levels.
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and OTS44 ( M12 Jup~ ; Joergens et al. 2013), with central object
masses well below what has been studied with ALMA until now.

In this Letter, we present the first millimeter detection of one
of these four extremely low-mass objects, OTS44. In Section 2,
we describe in more detail the target; in Section 3, we describe
our observations; in Section 4, we present our disk estimate and
the comparison with the literature; and in Section 5, we present
our conclusions.

2. OTS44

OTS44 is the object with the latest spectral type in the
Chamaeleon I (Cha I) star-forming region (M9.5) with a mass
below or close to the planetary border (with estimates from 6 to
17MJup; Luhman et al. 2005b; Bonnefoy et al. 2014). First
evidence for a disk around OTS44 came from mid- and far-IR
excess emission detected with Spitzer and Herschel (Luhman
et al. 2005b; Harvey et al. 2012a, 2012b). In addition, we
observed OTS44 with VLT/SINFONI and detected strong,
broad, and variable Pa β emission, which is evidence for active
disk accretion in the planetary regime with a relatively high mass-
accretion rate (8×10−12 M: yr−1; Joergens et al. 2013).

We recently determined the properties of the disk of OTS44
(Joergens et al. 2013; Liu et al. 2015) through radiative transfer
modeling of its spectral energy distribution from the optical
to the far-IR applying the radiative transfer code MC3D
(Wolf 2003) and a Bayesian analysis. The disk model that fitted
the mid- and far-IR data best was that of a highly flared disk
with a dust mass of M0.17 Å. However, our far-IR Herschel
measurements (a detection at 70 μm and an upper limit at
160 μm) are insensitive to millimeter-sized grains, which
prevented us from concluding about the presence of large
grains (a maximum grain size of 100 μm was assumed in Liu
et al. 2015), with this potentially leading to an underestimation
of the disk dust mass. In this Letter, we report the first ALMA
detection of the disk of a planetary-mass object, providing a
more robust estimate of its mass and supporting the idea that
the value obtained in Liu et al. (2015) was indeed an
underestimation.

3. ALMA Data

ALMA Cycle 3 Band 6 continuum data were obtained as
part of the program 2015.1.00243.S. Four spectral windows
(centered at 224, 226, 240, and 242 GHz and each one with
∼1.9 GHz bandwidth) were defined to be collapsed in a single
“broadband” continuum image.

The data processing was performed with CASA (McMullin
et al. 2007), following the standard steps starting from the
measurement sets: visual inspection of the performance of
antennas and scans, flagging corrupted or useless data (using
solutions derived from the water vapor radiometer), correcting
in bandpass, flux and phase, further flagging (shadowing,
spectral window edges anomalies, etc.), deriving the bandpass
solution per spectral window, and creating the cube from the
calibrated data (the derived flux uncertainty is ∼8%, but, based
on the ALMA documentation, we assumed a more conservative
10% value from now on).

In addition to these general steps, we tried to apply self-
calibration to improve the extended flux recovery but the
signal-to-noise ratio (S/N) of the data was not good enough.
Finally, we tried to bin our data in two spectral windows as

separated as possible to obtain a spectral index, but once again,
the S/N of the data was not good enough for this purpose.
The final CLEAN, primary beam corrected image (natural

weighting) has a beam of 1 6×1 6, an rms of 9.8 μJy/beam,
a central reference frequency of 233 GHz, and a frequency
range covered (not continuously) of 20 GHz. We detected
OTS44 as a point-like source with a peak flux value
0.101±0.01 mJy (see Figure 1).

4. Results and Discussion: Dust Disk Mass

The most direct quantity that we can derive from our data is
the dust mass of the disk. In this section, we provide such
estimates and compare them with the available literature.

4.1. Disk Mass via Analytical Prescription

In order to estimate the disk dust mass from millimeter data,
we assume that the emission is optically thin and isothermal at
temperature Tdust, and therefore
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dustk
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where Fn is the flux density, d is the distance to Cha I (160 pc is
assumed; Whittet et al. 1997), kn is the mass absorption
coefficient, and Bn is the Planck function of temperature Tdust at
the observed frequency.
We have adopted a kn value of 2.3 cm2 g−1 at 230 GHz with

a frequency dependence of 0.4n , the same as in Andrews et al.
(2013) for Taurus, and more recently by Pascucci et al. (2016)
for Cha I. For consistency, we have adapted all Mdust values
from the literature to be compatible with this assumption.
The remaining strong assumption rests on the choice of Tdust.

A typical value used for Tdust is 20 K, but Andrews et al. (2013)
showed that this temperature scales significantly with the
luminosity of the central object, proposing the relation:
T L L25 Kdust

1 4
*= ´ :( ) . However, this empirical relation

yields a temperature of 5.5 K for OTS44 (assuming a

Figure 1. Frequency collapsed ALMA Band 6 data of OTS44. The 1 6×1 6
beam is displayed in the lower left corner. Solid-line white contours highlight
regions with 3, 5, 7, and 10 times the rms of the data (9.8 μJy/beam). Dashed-
line white contours highlight 3- ´ rms and 5- ´ rms regions, and there are no
data at the −7 and −10 rms levels.
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Abstract

OTS44 is one of only four free-floating planets known to have a disk. We have previously shown that it is the
coolest and least massive known free-floating planet (∼12 MJup) with a substantial disk that is actively accreting.
We have obtained Band 6 (233 GHz) ALMA continuum data of this very young disk-bearing object. The data
show a clear unresolved detection of the source. We obtained disk-mass estimates via empirical correlations
derived for young, higher-mass, central (substellar) objects. The range of values obtained are between 0.07 and
0.63 MÅ (dust masses). We compare the properties of this unique disk with those recently reported around higher-
mass (brown dwarfs) young objects in order to infer constraints on its mechanism of formation. While extreme
assumptions on dust temperature yield disk-mass values that could slightly diverge from the general trends found
for more massive brown dwarfs, a range of sensible values provide disk masses compatible with a unique scaling
relation between Mdust and M* through the substellar domain down to planetary masses.

Key words: brown dwarfs – stars: formation – stars: low-mass – stars: pre-main sequence

1. Introduction

Key questions are still unanswered about how low-mass stars
come to emerge and gain their masses from their natal
molecular clouds, but when we move toward the substellar
domain (with masses below the hydrogen-burning mass limit,
�0.072M:), these questions become even more fundamental.

Several scenarios have been proposed to prevent a substellar
core in a dense environment from accreting to stellar mass (e.g.,
dynamical interactions, Reipurth & Clarke 2001; Umbreit
et al. 2005; disk fragmentation, Goodwin & Whitworth 2007;
Stamatellos et al. 2007; or photoevaporation, Whitworth &
Zinnecker 2004). Alternatively, brown dwarfs and free-floating
planets (with masses below the deuterium-burning mass limit,
�13MJup) could form in an isolated mode by direct collapse.
This could be possible either introducing turbulence so that the
Jeans mass decreases in the first place (Padoan 2002;
Hennebelle & Chabrier 2008) or from a filament collapse
(e.g., Inutsuka & Miyama 1992) forming low-mass cores that
experience high self-erosion in outflows (Machida et al. 2009).

In order to test these models, observational constraints need
to be placed on the main features of star formation (disk
properties/morphology, accretion, outflows, etc.) toward the
lowest possible masses, so that conclusions can be drawn from
the behaviors of those properties with the mass of the central
object.

Young brown dwarfs were shown to have substantial
circumstellar material based on near-infrared (IR; e.g., Oasa
et al. 1999; Muench et al. 2001), mid-IR (ISO and Spitzer;
e.g., Natta & Testi 2001; Natta et al. 2002; Apai et al. 2005;

Barrado y Navascués et al. 2007; Luhman et al. 2008; Bayo
et al. 2012), far-IR (Herschel; e.g., Harvey et al. 2012a, 2012b;
Alves de Oliveira et al. 2013; Joergens et al. 2013; Liu
et al. 2015) and single-dish millimeter continuum photometry
(e.g., Klein et al. 2003; Scholz et al. 2006; Mohanty
et al. 2013). Only a few years ago, millimeter interferometers
became more sensitive, and the disk around 2MJ0444 (M7.25,
∼0.05M:) was the first of its kind to be spatially resolved at
1.3 mm (CARMA observations by Ricci et al. 2013) with an
estimated disk radius of 15–30 au. Even more recently, ALMA
allowed several groups to perform small surveys in the
substellar domain including intermediate-to-high-mass brown
dwarfs (Ricci et al. 2014; Daemgen et al. 2016; Pascucci et al.
2016; Testi et al. 2016; van der Plas et al. 2016). Measurements
of low spectral indices of a handful objects showed that dust
grains have grown to millimeter sizes even in these very low-
mass environments (e.g., Ricci et al. 2013), challenging models
of planetesimal formation, which predict that dust growth is
more limited by radial drift than in disks around stellar objects
(Pinilla et al. 2013). Hints of disk truncation in the substellar
domain were presented (Testi et al. 2016), as well as different
estimates of the temperature of the dust in substellar disks and
an evolution (Andrews et al. 2013; van der Plas et al. 2016),
within the first 10 Myr, of the Mdust–M* relationship (pointing
again toward grain growth, drift, and fragmentation).
Moving down in mass, the lowest-mass isolated objects found to

harbor a disk are, to the best of our knowledge, Proplyd 133-353
( M13 Jup- ; Fang et al. 2016), Cha 1109-7734 ( M8 Jup~ ; Luhman
et al. 2005a), J02265658-5327032 ( M13 Jup~ ; Boucher et al. 2016),
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and OTS44 ( M12 Jup~ ; Joergens et al. 2013), with central object
masses well below what has been studied with ALMA until now.

In this Letter, we present the first millimeter detection of one
of these four extremely low-mass objects, OTS44. In Section 2,
we describe in more detail the target; in Section 3, we describe
our observations; in Section 4, we present our disk estimate and
the comparison with the literature; and in Section 5, we present
our conclusions.

2. OTS44

OTS44 is the object with the latest spectral type in the
Chamaeleon I (Cha I) star-forming region (M9.5) with a mass
below or close to the planetary border (with estimates from 6 to
17MJup; Luhman et al. 2005b; Bonnefoy et al. 2014). First
evidence for a disk around OTS44 came from mid- and far-IR
excess emission detected with Spitzer and Herschel (Luhman
et al. 2005b; Harvey et al. 2012a, 2012b). In addition, we
observed OTS44 with VLT/SINFONI and detected strong,
broad, and variable Pa β emission, which is evidence for active
disk accretion in the planetary regime with a relatively high mass-
accretion rate (8×10−12 M: yr−1; Joergens et al. 2013).

We recently determined the properties of the disk of OTS44
(Joergens et al. 2013; Liu et al. 2015) through radiative transfer
modeling of its spectral energy distribution from the optical
to the far-IR applying the radiative transfer code MC3D
(Wolf 2003) and a Bayesian analysis. The disk model that fitted
the mid- and far-IR data best was that of a highly flared disk
with a dust mass of M0.17 Å. However, our far-IR Herschel
measurements (a detection at 70 μm and an upper limit at
160 μm) are insensitive to millimeter-sized grains, which
prevented us from concluding about the presence of large
grains (a maximum grain size of 100 μm was assumed in Liu
et al. 2015), with this potentially leading to an underestimation
of the disk dust mass. In this Letter, we report the first ALMA
detection of the disk of a planetary-mass object, providing a
more robust estimate of its mass and supporting the idea that
the value obtained in Liu et al. (2015) was indeed an
underestimation.

3. ALMA Data

ALMA Cycle 3 Band 6 continuum data were obtained as
part of the program 2015.1.00243.S. Four spectral windows
(centered at 224, 226, 240, and 242 GHz and each one with
∼1.9 GHz bandwidth) were defined to be collapsed in a single
“broadband” continuum image.

The data processing was performed with CASA (McMullin
et al. 2007), following the standard steps starting from the
measurement sets: visual inspection of the performance of
antennas and scans, flagging corrupted or useless data (using
solutions derived from the water vapor radiometer), correcting
in bandpass, flux and phase, further flagging (shadowing,
spectral window edges anomalies, etc.), deriving the bandpass
solution per spectral window, and creating the cube from the
calibrated data (the derived flux uncertainty is ∼8%, but, based
on the ALMA documentation, we assumed a more conservative
10% value from now on).

In addition to these general steps, we tried to apply self-
calibration to improve the extended flux recovery but the
signal-to-noise ratio (S/N) of the data was not good enough.
Finally, we tried to bin our data in two spectral windows as

separated as possible to obtain a spectral index, but once again,
the S/N of the data was not good enough for this purpose.
The final CLEAN, primary beam corrected image (natural

weighting) has a beam of 1 6×1 6, an rms of 9.8 μJy/beam,
a central reference frequency of 233 GHz, and a frequency
range covered (not continuously) of 20 GHz. We detected
OTS44 as a point-like source with a peak flux value
0.101±0.01 mJy (see Figure 1).

4. Results and Discussion: Dust Disk Mass

The most direct quantity that we can derive from our data is
the dust mass of the disk. In this section, we provide such
estimates and compare them with the available literature.

4.1. Disk Mass via Analytical Prescription

In order to estimate the disk dust mass from millimeter data,
we assume that the emission is optically thin and isothermal at
temperature Tdust, and therefore

M
F d
B T

,dust

2

dustk
=

´
´
n

n n ( )

where Fn is the flux density, d is the distance to Cha I (160 pc is
assumed; Whittet et al. 1997), kn is the mass absorption
coefficient, and Bn is the Planck function of temperature Tdust at
the observed frequency.
We have adopted a kn value of 2.3 cm2 g−1 at 230 GHz with

a frequency dependence of 0.4n , the same as in Andrews et al.
(2013) for Taurus, and more recently by Pascucci et al. (2016)
for Cha I. For consistency, we have adapted all Mdust values
from the literature to be compatible with this assumption.
The remaining strong assumption rests on the choice of Tdust.

A typical value used for Tdust is 20 K, but Andrews et al. (2013)
showed that this temperature scales significantly with the
luminosity of the central object, proposing the relation:
T L L25 Kdust

1 4
*= ´ :( ) . However, this empirical relation

yields a temperature of 5.5 K for OTS44 (assuming a

Figure 1. Frequency collapsed ALMA Band 6 data of OTS44. The 1 6×1 6
beam is displayed in the lower left corner. Solid-line white contours highlight
regions with 3, 5, 7, and 10 times the rms of the data (9.8 μJy/beam). Dashed-
line white contours highlight 3- ´ rms and 5- ´ rms regions, and there are no
data at the −7 and −10 rms levels.
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luminosity of 0.0024 Le; Joergens et al. 2013), which is
unrealistic given the higher temperatures reported merely by
heating due to the interstellar radiation field (IRF; Draine 2011).
Very recently, van der Plas et al. (2016) revised this
dependence as T L L22 Kdust

0.16
*= ´ :( ) , which translates

to a dust temperature of 8.4 K for OTS44 (with the same Le as
before).

For completeness we have considered four different
temperatures: the “classical” 20 K, the 8.4 K obtained assuming
the relationship from van der Plas et al. (2016), that of IRF
(7.5 K, Draine 2011), and the 5.5 K derived following the
relationship from Andrews et al. (2013). The corresponding
estimates for the dust mass of the disk of OTS44 are: 0.07,
0.27, 0.33, and 0.63 MÅ, respectively.

In Figure 2, we show how our four estimates of the dust
mass in the disk around OTS44 compare to literature values for
stellar and substellar objects in the literature from Pascucci
et al. (2016), van der Plas et al. (2016), Daemgen et al. (2016),
and Testi et al. (2016). We note that we are only comparing
values derived from interferometric measurements since those
derived from single-dish observations tend to be higher
pointing toward a contamination of the measurement by the
molecular cloud.

The estimates for the different samples shown in Figure 2 are
consistent with each other since we recalculated the dust
masses using the same absorption coefficient (to rescale the
values in Testi et al. 2016). In the case where Tdust scales with
the bolometric luminosity of the central object, the same
caution was taken in the use of consistent opacities, and we
adopted the stellar parameters from Manara et al. (2014, 2016)
and Manara et al. (2017), for the Pascucci et al. (2016) sample
(Cha I objects, as OTS44), where those values are generally in
agreement with Luhman (2004) or more recently Bayo
et al. (2017).

The conclusion from these comparisons is that a “very high”
Tdust value of 20 K translates in an extremely low-mass disk that

would fall in the lower envelope of the M Mdisk*– relationship
drawn by the literature data. However, 20 K is probably an
unrealistic value for the dust temperature unless disks around
these very low-mass central objects are much smaller and flared
than those around low-mass stars, a trend challenged, for
example, by Liu et al. (2015), but worthy of further scrutiny.
On the other hand, values between 5.5 and 8.4 K yield disk
masses compatible with the dispersion observed in the
literature data (although 5.5 K is probably also unrealistic due
to the fact that including an IRF already brings this value to 7.5
K), pushing the M Mdisk*– correlation into, or at the border of,
the planetary-mass domain.

5. Conclusions

We have presented the first millimeter detection of the dusty
disk around an isolated planetary-mass object. Taking into
account the strong assumptions to derive its dust mass, and
following different approaches to do so, the values we obtain
are consistent with the log–log linear relation between M* and
Mdust, holding even at the planetary-mass domain.
However, these mass estimates are severely limited by

assumptions on poorly constrained parameters such as the dust
properties in disks around these extremely low-mass objects. In
addition, crucial aspects such as grain growth cannot be probed
with one-band millimeter observations. To tackle these
questions, the ideal complementary data would include
∼200 μm (unfortunately, most likely beyond the limits of
ALMA Band 10, ∼869 GHz, capabilities) observations and
extremely sensitive ALMA Band 3 observations.

This Letter makes use of the following ALMA data: ADS/
JAO.ALMA#2015.1.00243.S. ALMA is a partnership of ESO
(representing its member states), NSF (USA) and NINS
(Japan), together with NRC (Canada), NSC and ASIAA
(Taiwan), and KASI (Republic of Korea), in cooperation with

Figure 2. Illustration of the four (five-point red stars) possible determinations of the dust mass of the disk of OTS44 depending on the adopted temperature, in an
M Mdisk*– diagram, along with comparisons with other substellar objects reported in the literature. In each panel, we outline with a box the corresponding value of Tdust
assumed for OTS44.
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Ø κ=2.3	cm2 g–1 (β=0.4)、温度は光度でスケールすると5.5	K,	
星間輻射は7.5	K,	スケール修正版(van	der	Plas+’16)だと
8.4	K,	小質量星の典型は20	K,	それぞれ

Ø Mdust=0.07,	0.27,	0.33,	0.63	ME。
Ø 大きい側のMdust-M*関係に矛盾しない。
Ø しかし、ダストの性質に依存するのでBand	3でも観測する。

κは文献から変えて揃えている。

ALMA	230	GHz
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ABSTRACT

As part of the Accretion Discs in H↵ with OmegaCAM (ADHOC) survey, we imaged in r, i and H↵ a region of 12 ⇥ 8 square
degrees around the Orion Nebula Cluster. Thanks to the high-quality photometry obtained, we discovered three well-separated pre-
main sequences in the color-magnitude diagram. The populations are all concentrated towards the cluster’s center. Although several
explanations can be invoked to explain these sequences we are left with two competitive, but intriguing, scenarios: a population
of unresolved binaries with an exotic mass ratio distribution or three populations with di↵erent ages. Independent high-resolution
spectroscopy supports the presence of discrete episodes of star formation, each separated by about a million years. The stars from
the two putative youngest populations rotate faster than the older ones, in agreement with the evolution of stellar rotation observed in
pre-main sequence stars younger than 4 Myr in several star forming regions. Whatever the final explanation, our results prompt for a
revised look at the formation mode and early evolution of stars in clusters.

Key words. Stars: pre-main sequence – open clusters and associations: Orion

1. Introduction

Young stellar clusters are conspicuous components of our
Galaxy. They are the best test beds of the stellar initial mass
function because they are assumed to be entities of a common
origin, i.e. born from the same molecular cloud material, and at
the same time. Observations have shown, however, that the stars
born in one and the same cluster are not as coeval as expected.
In fact, stellar age spreads up to several million years have been
postulated for several clusters from fitting isochronal ages to the
position of cluster member stars in the Hertzsprung-Russell di-
agram (HRD; e.g. Cargile & James 2010; Cignoni et al. 2010;
Reggiani et al. 2011; Bell et al. 2013; Balog et al. 2016). But, if
this observation is a consequence of a continuous star formation
process lasting over several dynamical time scales, or rather is
caused by di↵erent accretion histories within an otherwise co-
eval population of pre-main sequence (PMS) stars, is widely de-
bated (Da Rio et al. 2010; Je↵ries et al. 2011).

The Orion Nebula Cluster (ONC) is the nearest (414 pc;
Menten et al. 2007), populous young stellar cluster and hence
the best laboratory to test the existence of stellar age spreads.
Palla et al. (2005, 2007) were the first to point out an apparent
large age spread of ⇠10 Myr based on the evidence of lithium
depletion in some stellar cluster members. Da Rio et al. (2010)
interprets the luminosity spread of the ONC’s PMS as an age
spread of 0.3-0.4 dex with a mean age of 3-4 Myr depending on
the models.

In this letter we present a photometric study of a 12�⇥8� area
including the ONC. We report the detection for the first time

of multiple sequences in the observed optical color-magnitude
diagram of the ONC.

2. Observations and data reduction

The images used in this work were collected with the wide field
optical camera OmegaCAM on the 2.6-m VLT Survey Telescope
(VST) at Cerro Paranal in Chile. OmegaCAM consists of a mo-
saic of 32 CCDs and samples a 1 deg2 Field of View (FoV)
with a pixel sampling of 0.21 arcsec pixel�1. Orion was sampled
through the r, i broad band filters and the H↵ narrow band as part
of the Accretion Discs in H↵ with OmegaCAM (ADHOC) sur-
vey (PI: Beccari). Each target region is sampled in groups of 3
overlapping fields, and in each group the fields are contiguous
with a footprint close to 3 ⇥ 1 deg2. For each position in sky we
acquire 2 exposures of 25 sec in r and i and 3 images of 150 sec
exposure with the H↵ filter. The frames were collected between
October and December 2015 and the median image quality is
0.0091 ± 0.0016.

The pattern to these observations is similar to that of the
VPHAS+ survey, and the data have passed through the same
pipeline (see Drew et al. 2014, for more details). The entire
data-set was fully processed, from the bias, flat-field and linear-
ity correction to the stellar photometry, at the Cambridge As-
tronomical Survey Unit (CASU). The magnitude for each star
is extracted using aperture photometry adopting an algorithm
based on IMCORE1 (Irwin 1985) and the nightly photomet-
ric calibrations are also performed. We downloaded the astro-
1 Software publicly available from http://casu.ast.cam.ac.uk.
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Fig. 1. Panel a: The (r-i),r color-
magnitude diagram of a region of 1.�5
radius centered on the ONC. The ar-
row represents a reddening vector for
Av = 1.8 (typical for Orion; Schlafly
et al. 2014) and extinction curve with
Rv = 3.1 (Cardelli et al. 1989). The pho-
tometric errors (magnitudes and colors)
are indicated by black crosses; Panel b
the same CMD shown in panel (a) after
unsharp masking.

Fig. 2. (a) Portion of the CMD zoomed on the
PMS. The black line shows the mean ridge line
of the blue population; (b) Rectification of the
CMD shown in panel a; (c) Histogram of the
distance in (r-i) color of the PMS stars from the
mean ridge line of the bluest population.

metrically and photometrically calibrated single band catalogs
from the VST archive at CASU2. Stars lying in the overlap re-
gion between adjacent fields were used to adjust residual pho-
tometric o↵sets. The photometric calibration of the final band-
merged catalog covering the entire area was checked against a

2 http://casu.ast.cam.ac.uk/vstsp/

catalog of stars from the AAVSO Photometric All Sky Survey,
used as secondary standard catalog. The final catalog allows us
to homogeneously sample the stellar populations in a region of
12� ⇥ 8� size in Orion down to r ⇠ 20.
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Fig. 3. Surface density of the three populations, old (in blue), young (in green), and very young (in red) together with the position of the stars. The
plots have been centered on the ONC nominal center. All contours are normalized to the maximum value of the population itself. The location of
the stars belonging to each population (solid dots) are also shown.

Determinations of the mass ratio distribution for ONC binaries
are rare. Those studies that have derived mass ratios for close
visual systems and spectroscopic systems find no indication for
an equal mass preference (Daemgen et al. 2012; Correia et al.
2013; Kounkel et al. 2016), i.e. for those systems that lead to
the largest displacement in luminosity in the CMD. At most, the
observed mass ratio distribution slightly increases from low q to
higher q (Correia et al. 2013), although this result is most likely
a↵ected by incompleteness and selection e↵ects at low q. Ward-
Duong et al. (2015) performed a companion survey of 245 late-
K to mid-M (K7-M6) dwarfs within 15 pc and found that the
mass ratio distribution across the q = 0.2� 1.0 range is flat. This
seems to be a general result. Numerical simulations of primor-
dial binaries (e.g. Bate 2009) produce an f (q) that is rather flat
too. Moreover f (q) seems to be rather insensitive to dynamical
disruptions and interaction processes within the cluster (Parker
& Reggiani 2013).

The marked CMD morphology and in particular the presence
of the two gaps in the distribution of colors shown in Fig.2c,
allows us to investigate which combination of total binary fre-
quency and companion mass ratio distribution could explain the
observed CMD, and which can be excluded. For this, we per-
formed Monte Carlo simulations and test a range of total binary
fractions and mass ratio distributions f (q)4. We draw randomly
a star from the blue sequence (with its r and i magnitudes) and,
using the mass-luminosity relation from Bressan et al. (2012),
we determine its mass. We then draw a mass ratio from a given
f (q) distribution, and add a companion with a mass q m1. We
then compute the color and magnitude of the resulting binary
and can then see where the so obtained binary falls in the CMD.
Finally, we compare the obtained histograms of colors with that
observed in Fig.2c. A range from 40% to 100% in binary fraction
and di↵erent f (q) of the form uniformly flat, linearly increasing,

4 Note that when doing this, we only use the blue and green popula-
tions, and ignore for now the red population.

quadratically increasing, or step-like were explored. In Fig. 4 we
show a few representative results.

It is clear that the canonical case of 40% binary fraction with
a uniform mass-ratio distribution, as shown in the upper panels
of Fig. 4, does not provide a satisfactory agreement with the ob-
servations. Increasing the fraction of binaries even worsens the
comparison with observations, as does a lower total binary frac-
tion. We conclude that a uniformly flat mass ratio distribution is
not able to reproduce the observations, in particular it is not ca-
pable in reproducing the obvious, significant gaps in the CMD.
When assuming other mass ratio distributions we can achieve
reasonable fits (e.g. second to fourth row panels in Fig. 4). Here
we considered as reasonable fit any solution with a reduced
�2 < 2 which indicates that it can be trusted with 99.5% confi-
dence. The solutions come with some caveats, though. A linearly
increasing f (q) (second row panels of Fig. 4) appears only pos-
sible in combination with a total binary fraction of around 60%.
However, such high overall binary frequencies among ONC low-
mass stars are not observed. For visual binaries with separations
between a few tens and a few hundreds of AU (which would in-
deed appear unresolved in our OmegaCAM observations) vari-
ous studies have consistently found that the ONC binary fraction
is even slightly lower than in the field (Petr et al. 1998; Köhler et
al. 2006; Reipurth et al. 2007). Also very close binaries with sep-
arations <10 AU, that have been traced by a multi-epoch spec-
troscopic study (Tobin et al. 2013; Kounkel et al. 2016) do not
show any excess in companions, but are again consistent with
field star fractions. Hence, the overall binary fraction cannot no-
ticeably exceed 40% unless these excess binaries are all in the
narrow separation range of ⇠ 10 � 40 AU which seems very
unlikely. On the other hand, if we enforce mass ratio distribu-
tions that are strongly skewed towards high mass ratios, such as
a quadratically increasing or step-like function where the major-
ity of systems would have q > 0.6, then a simulated population
with a total binary fraction as low as 35-40% can reproduce the
observations (third and fourth row panels of Fig. 4). Actually,
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Ø 星団の年齢幅は連続的な星形成か、降着の違いか。
Ø ONCは年齢幅~3	Myr。距離414	pc。

Ø チリの2.6	m	VST,	FoV=1	deg2,	0.21”pix–1,	r,	i bandとHα。
Ø Accretion	Discs	in	Hα	with	OmegaCAM survey。

Ø 色等級図に３つPMSｓを検出、Hartigans’	 dip	test。
赤化ベクトルに沿うので赤化のせいではない。

Ø 空間分布は青がまばらに見える。
Ø Minimal	Spanning	 Tree:	中心は同じでなくて良いが、

completenessは同じと仮定。
Ø MSTblue/MSTgreen=1.16,	5σレベルで青の方がまばら。
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explanations can be invoked to explain these sequences we are left with two competitive, but intriguing, scenarios: a population
of unresolved binaries with an exotic mass ratio distribution or three populations with di↵erent ages. Independent high-resolution
spectroscopy supports the presence of discrete episodes of star formation, each separated by about a million years. The stars from
the two putative youngest populations rotate faster than the older ones, in agreement with the evolution of stellar rotation observed in
pre-main sequence stars younger than 4 Myr in several star forming regions. Whatever the final explanation, our results prompt for a
revised look at the formation mode and early evolution of stars in clusters.

Key words. Stars: pre-main sequence – open clusters and associations: Orion

1. Introduction

Young stellar clusters are conspicuous components of our
Galaxy. They are the best test beds of the stellar initial mass
function because they are assumed to be entities of a common
origin, i.e. born from the same molecular cloud material, and at
the same time. Observations have shown, however, that the stars
born in one and the same cluster are not as coeval as expected.
In fact, stellar age spreads up to several million years have been
postulated for several clusters from fitting isochronal ages to the
position of cluster member stars in the Hertzsprung-Russell di-
agram (HRD; e.g. Cargile & James 2010; Cignoni et al. 2010;
Reggiani et al. 2011; Bell et al. 2013; Balog et al. 2016). But, if
this observation is a consequence of a continuous star formation
process lasting over several dynamical time scales, or rather is
caused by di↵erent accretion histories within an otherwise co-
eval population of pre-main sequence (PMS) stars, is widely de-
bated (Da Rio et al. 2010; Je↵ries et al. 2011).

The Orion Nebula Cluster (ONC) is the nearest (414 pc;
Menten et al. 2007), populous young stellar cluster and hence
the best laboratory to test the existence of stellar age spreads.
Palla et al. (2005, 2007) were the first to point out an apparent
large age spread of ⇠10 Myr based on the evidence of lithium
depletion in some stellar cluster members. Da Rio et al. (2010)
interprets the luminosity spread of the ONC’s PMS as an age
spread of 0.3-0.4 dex with a mean age of 3-4 Myr depending on
the models.

In this letter we present a photometric study of a 12�⇥8� area
including the ONC. We report the detection for the first time

of multiple sequences in the observed optical color-magnitude
diagram of the ONC.

2. Observations and data reduction

The images used in this work were collected with the wide field
optical camera OmegaCAM on the 2.6-m VLT Survey Telescope
(VST) at Cerro Paranal in Chile. OmegaCAM consists of a mo-
saic of 32 CCDs and samples a 1 deg2 Field of View (FoV)
with a pixel sampling of 0.21 arcsec pixel�1. Orion was sampled
through the r, i broad band filters and the H↵ narrow band as part
of the Accretion Discs in H↵ with OmegaCAM (ADHOC) sur-
vey (PI: Beccari). Each target region is sampled in groups of 3
overlapping fields, and in each group the fields are contiguous
with a footprint close to 3 ⇥ 1 deg2. For each position in sky we
acquire 2 exposures of 25 sec in r and i and 3 images of 150 sec
exposure with the H↵ filter. The frames were collected between
October and December 2015 and the median image quality is
0.0091 ± 0.0016.

The pattern to these observations is similar to that of the
VPHAS+ survey, and the data have passed through the same
pipeline (see Drew et al. 2014, for more details). The entire
data-set was fully processed, from the bias, flat-field and linear-
ity correction to the stellar photometry, at the Cambridge As-
tronomical Survey Unit (CASU). The magnitude for each star
is extracted using aperture photometry adopting an algorithm
based on IMCORE1 (Irwin 1985) and the nightly photomet-
ric calibrations are also performed. We downloaded the astro-
1 Software publicly available from http://casu.ast.cam.ac.uk.
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Fig. 4. The left panels show the his-
tograms of the distance in the (r-i) color
of the PMS stars from the mean ridge
line of the bluest population, as ob-
tained with our Monte Carlo simulations
(black, heavy lines) and as observed
(red). The right panels show the cor-
responding assumed distribution of the
mass ratios of all the binaries in our sim-
ulated sample. The �2 of each solution is
also indicated in the left panels. Both top
panels correspond to the canonical cases
of 40% multiplicity and a uniform mass
ratio distribution.

also higher total binary fractions, up to 65% would be feasible
according to our simulation. In this case, however, the blue pop-
ulation would contain a large number of unresolved low q sys-
tems. Such specific mass ratio distributions are at odds with ob-
servations. We are thus led to the conclusion that in order for the
binary hypothesis to be valid, one would need to postulate a very
distinct mass-ratio distribution.

In the same vein, the reddest sequence we find in the CMD
would be even more di�cult to explain, as it would require triple
systems, where, the mass ratio distributions would have also to
be quite tailored, i.e. the mass ratios of both secondaries and
tertiaries would need to be strongly peaked to q > 0.8 and be
exactly similar.

Although formally we cannot exclude the presence of a pop-
ulation of binaries with an unusual f (q), the fact that no young
binary population in any star forming region has shown indica-
tions of such an usual f (q), casts some doubts on binaries as the
origin for the observed multiple sequences. On the other hand, if
confirmed this fact would certainly challenge many of the studies
published so far on the stellar population in the ONC whenever
such stars were considered as single objects (e.g. Hillenbrand et
al. 2013; Da Rio et al. 2016).

5. Differential AV and distances scenario

Any e↵ect of di↵erential extinction can be rejected by the fact
that the reddening vector as shown on the CMD of Fig. 1a runs
parallel to the PMSs.

Fig. 5. Distribution of the visual extinction, Av, for the stars from
the three populations, old (in blue), young (in green), and very young
(in red). The inset shows the normalized cumulative fraction. The
Kolmogorov-Smirnov test indicates that the Av distribution of the old
and intermediate-young population are extracted from the same parental
distribution with more than 5� significance. The very young population
shows hints of a slightly higher Av distribution but is a↵ected by low
number statistics.
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Moreover, as shown in Fig. 5 we have verified that the stars
from the three sequences have approximately the same distri-
bution of visual extinction AV . To this aim we adopted the AV
provided by the spectroscopic analysis of Da Rio et al. (2016).

An alternative explanation for the presence of the green and
red sequences could be a PMS population located more than 100
and 200 pc in the foreground of the blue sequence, respectively.
Alves & Bouy (2012) suggested that the population of PMS
around ◆ Ori belongs to the association NGC 1980 and repre-
sents a population of 4-5 Myr old stars located at ⇠ 30 pc in the
foreground of Orion A (Bouy et al. 2014). In their detailed spec-
troscopic analysis Da Rio et al. (2016) rule out this hypothesis
finding that the candidate foreground population is kinematically
indistinguishable from the Orion A’s one. They conclude that the
old population studied by Bouy et al. (2014) witnesses the earli-
est (i.e. oldest) episode of star formation in the ONC. The three
distinct PMS populations found in our CMD and their spatial
distribution are not compatible with the presence of a old fore-
ground population of PMS stars. Fang et al. (2017) performed
and extensive spectroscopic analysis of 691 “foreground” stars
in the Orion A region and confirm that NGC 1980 is not a fore-
ground population. Considering that the candidate foreground
population studied by Bouy et al. (2014) is located more than
1 deg south with respect to the peaks of the density maps of the
three populations shown in Fig. 3 we think that it is unlikely to
be related.

6. Three discrete episodes of star formation

In the previous sections we show that di↵erential extinction or
distance o↵sets are very unlikely to explain the discovered fea-
tures in the CMD. The presence of unresolved binary and tertiary
populations reproduce the CMD morphology only if the under-
lying mass ratio distribution is rather unusual (Fig. 4).

We here explore the possibility that the age is the origin of
the discreetness of the color distribution of the PMS in the ONC.
We verified that the distance in magnitude between a 1 Myr and
a 3 Myr PMS isochrone from Bressan et al. (2012) in the r, r � i
CMD is indeed ⇠ 0.75, i.e. equal to the the shift in luminosity
due to unresolved binaries. This unfortunate fact is at the root of
why it is hard to distinguish between the binary hypothesis and
the multiple population scenarios5.

In order to assign ages to the stars belonging to the three
distinct PMS populations, we use the measurements presented
by Da Rio et al. (2016, D16 hereafter). D16 performed a spec-
troscopic study of the young stellar population of the Orion A
molecular cloud with the APOGEE spectrograph. In their work
they measured accurate stellar parameters (Te↵ , logg, vsini) and
extinctions and conclude that star formation in the ONC pro-
ceeded over an extended period of ⇠ 3 Myr age. We have cross-
correlated our stars with the catalog of stellar parameters (includ-
ing age, temperature, extinction) published in table 4 of D16. We
used these stellar parameters to study the properties of the three
candidate populations of PMS stars as selected in Fig. 2. In order
to have a sample which is as clean as possible from any contam-
ination we removed stars from their study that did not clearly
obey a PMS mass-luminosity relation and that, based on the ef-
fective temperature, mass and luminosity, cannot populate the
PMS region in the HRD. We were left with 111, 63, and 24 stars
for the three sequences (blue, green, and red), respectively.

5 And we have checked that using di↵erent combinations of filters
wouldn’t help in this respect.

Fig. 6. Distribution of the logarithm of the spectroscopically deter-
mined ages for stars from the three populations, old (in blue), young
(in green), and very young (in red) with the best Gaussian fits indicated.

Table 1. Properties of the three populations.

old young very young
Mean Log age (yr) 6.46±0.06 6.27±0.09 6.09±0.07
Mean age (Myr) 2.87 1.88 1.24
1-� age interval (Myr) 2.51–3.28 1.55–2.29 1.08–1.53
5–95% interval (Myr) 2.30–3.58 1.37–2.60 1.04–1.63
Rotational velocity (km/s) 14+6

�4 25+25
�12 35+36

�16

In Fig. 6 we show the distributions of the ages derived by
D16 of the stars in the three samples. These age histograms in-
dicate that the three sequences that we discovered in the photo-
metric study have distinct ages, with the bluer population being
the oldest. We have fitted the distributions with Gaussians, using
a �2-minimization technique, to derive the mean and standard
deviation (�). As these are distributions of the logarithm of the
ages, we then estimated the corresponding distributions of the
ages and computed the respective 1-� and 5–95% intervals. Our
results are shown in Table 1.

This finding is consistent with the hypothesis that the for-
mation of the population of PMS stars in the ONC that was
thought to be the outcome of a single episode extended over
3 Myr is instead best described by 3 discrete and sequential
episodes of star formation over the same time span.

D16 provide also stellar rotational velocities. However, spec-
troscopy only provides v sin i, where i is the unknown inclination
of the rotation axis on the plane of the sky. As we may assume
that i is isotropically distributed in the sky, it is possible to decon-
volve, using a Richardson-Lucy method (see Bo�n et al. 1993),
the v sin i distributions to obtain the distributions of v. These are
shown in Fig. 7 and Table 1, where it is clear that not only do
the three populations have di↵erent ages, but they have also
di↵erent rotational velocities: the younger the population, the
faster its members rotate.

Obviously it can be argued that the age and v sin i estimations
provided in D16 are incorrect were the redder stars entirely pop-
ulated by unresolved binaries belonging to the main population.
We investigated what it would need to obtain a broadening of
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Fig. 7. Distribution of the logarithm of the rotational velocity of the
stars from the three populations, old (in blue), young (in green), and
very young (in red). The inset shows the normalized cumulative frac-
tion. The Kolmogorov-Smirnov test indicates that the distribution of
rotational velocity of the old and younger populations are not extracted
from the same parental distribution with more than 5� significance. The
same applies when the non-deconvolved rotation velocities are used.

the spectral line profile corresponding to v=25 km/s (the peak
of the young/green population) starting from a binary system
containing 2 stars having v=14 km/s (the peak of the old/blue
population). It appears that this can only be explained if the bi-
naries have orbital periods between ⇠ 2 and ⇠ 12 months, i.e.
a very narrow range of periods. Indeed, if the orbital period is
greater than ⇠ 1 year then the maximum di↵erence in velocities
between the 2 stars is too small and cannot widen the line and
make it appear as a fast rotating star. If, on the other hand, the
orbital period is less than 2 months the di↵erence in velocity is
such that a double peaked line profile is detected and should have
been well visible in the APOGEE spectra used by D16.

The proponents of the binary hypothesis could also argue
that the di↵erence in rotational velocities would be due to tidal
e↵ects, as they would spin-up the stars. However, this can only
work if the stars were very close to each other, i.e. with an orbital
period of a few days or less (e.g. Mathieu 1992). Thus, whatever
explanation one chooses, one needs to have a very specific or-
bital period distribution, unlike what is observed for such stars.
Coupling this fact with the narrow distribution of f(q), makes the
overall multiplicity scenario very unlikely.

On the other hand, in their seminal work, Rebull et al. (2004)
studied the evolution of periods and projected rotational veloci-
ties, v sin i, of young PMS stars in the range K5�M2 in several
star-forming regions, including the ONC. They find a decrease in
mean v sin i as a function of age. They conclude that a significant
fraction of all PMS stars must evolve at nearly constant angular
velocity during the first 3–5 Myr. Several studies have been per-
formed to look for a suitable explanation of this behavior which
seems to be related to a process of disk locking that might regu-
late the PMS star angular momentum during the early evolution.
In short, stars with accretion discs are found to be rotating at
much slower rates, suggesting that significant angular momen-
tum removal mechanisms must operate during the first few Myr
of formation (e.g. Davies et al. 2014; Venuti et al. 2017). How-

ever, this scenario has not yet found a general consensus (e.g.
Herbst & Mundt 2005; Cieza & Baliber 2006).

In the context of this paper, we notice that our result on stellar
rotation is not unexpected and would support what was already
shown by Rebull et al. (2004). We will investigate the interest-
ing scenario of a relation between stellar rotation and ongoing
accretion from a circumstellar disk in a dedicated paper (Beccari
et al. in preparation).

7. Conclusion

We have presented a wide-field optical survey of the stellar pop-
ulation in a region of 12� ⇥ 8� in Orion. Our CMD shows the
presence of at least two parallel sequences among the PMS stars.
The distribution of the r � i colors in the range of magnitude
15.5 < r < 16.5 reveals the presence of even three populations.
We investigate the origin of these sequences that were newer ob-
served before.

We use detailed information (including age, Av, rotational
velocities) published in the spectroscopic work of D16 and look
for comparative properties of the three populations. We can
safely exclude that di↵erential extinction or di↵erent projected
distances could be responsible for the feature revealed by our
CMD. We are hence left with two competitive, but as intrigu-
ing, explanations: a population of unresolved binaries or three
populations with di↵erent ages.

We find that a flat mass ratio distribution is not able to re-
produce the observed CMD, regardless the binary fraction. On
the other hand, we can reproduce the observed color distribution
shown in Fig 2 by assuming a 35% to 65% of binaries and a f (q)
strongly skewed towards high mass ratio where the majority of
the binaries in the ONC have mass ratios q > 0.6. This result, if
confirmed, would provide the first and most solid constraint on
the nature of compact binaries in a population of PMS objects.
A dedicated spectroscopic monitoring campaign is urgently re-
quired to constrain the multiplicity fraction among these popula-
tions. This will certainly allow to unequivocally disentangle be-
tween the two scenarios. The fact that such a population of bina-
ries populates the CMD of the ONC would inevitably challenge
many of the previously published studies of stellar populations
in the ONC.

The comparison with the spectroscopic measurements pub-
lished by D16 provide convincing observational evidences in
support to the hypothesis that the ONC contains three popula-
tions of PMS stars, with di↵erent ages and rotational velocities.
In particular we find that the younger the population the larger is
the mean rotation velocity.

This result seems not to be unexpected. Rebull et al. (2004)
already reported a decrease of vsin i in the first 5 Myr among
PMS stars in the same spectral range studied in this paper and in
several star forming regions, including Orion. It has been spec-
ulated that the evolution of the angular momentum in solar-type
PMS objects might be regulated by actively accreting circum-
stellar disks trough a mechanism of disk-locking. This process
would impact the rotational properties of young stars and influ-
ence their rotational evolution (Davies et al. 2014). In support
of this hypothesis Rebull et al. (2006), using Spitzer mid-IR data
for about 900 stars in Orion in the mass range 0.1�3 M� find that
slowly-rotating stars are indeed more likely to posses disks than
rapidly-rotating stars. There is no agreement in the literature on
this matter and our data-set will be used in a dedicated paper to
further investigate any connection between stellar rotation and
ongoing accretion.
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Moreover, as shown in Fig. 5 we have verified that the stars
from the three sequences have approximately the same distri-
bution of visual extinction AV . To this aim we adopted the AV
provided by the spectroscopic analysis of Da Rio et al. (2016).

An alternative explanation for the presence of the green and
red sequences could be a PMS population located more than 100
and 200 pc in the foreground of the blue sequence, respectively.
Alves & Bouy (2012) suggested that the population of PMS
around ◆ Ori belongs to the association NGC 1980 and repre-
sents a population of 4-5 Myr old stars located at ⇠ 30 pc in the
foreground of Orion A (Bouy et al. 2014). In their detailed spec-
troscopic analysis Da Rio et al. (2016) rule out this hypothesis
finding that the candidate foreground population is kinematically
indistinguishable from the Orion A’s one. They conclude that the
old population studied by Bouy et al. (2014) witnesses the earli-
est (i.e. oldest) episode of star formation in the ONC. The three
distinct PMS populations found in our CMD and their spatial
distribution are not compatible with the presence of a old fore-
ground population of PMS stars. Fang et al. (2017) performed
and extensive spectroscopic analysis of 691 “foreground” stars
in the Orion A region and confirm that NGC 1980 is not a fore-
ground population. Considering that the candidate foreground
population studied by Bouy et al. (2014) is located more than
1 deg south with respect to the peaks of the density maps of the
three populations shown in Fig. 3 we think that it is unlikely to
be related.

6. Three discrete episodes of star formation

In the previous sections we show that di↵erential extinction or
distance o↵sets are very unlikely to explain the discovered fea-
tures in the CMD. The presence of unresolved binary and tertiary
populations reproduce the CMD morphology only if the under-
lying mass ratio distribution is rather unusual (Fig. 4).

We here explore the possibility that the age is the origin of
the discreetness of the color distribution of the PMS in the ONC.
We verified that the distance in magnitude between a 1 Myr and
a 3 Myr PMS isochrone from Bressan et al. (2012) in the r, r � i
CMD is indeed ⇠ 0.75, i.e. equal to the the shift in luminosity
due to unresolved binaries. This unfortunate fact is at the root of
why it is hard to distinguish between the binary hypothesis and
the multiple population scenarios5.

In order to assign ages to the stars belonging to the three
distinct PMS populations, we use the measurements presented
by Da Rio et al. (2016, D16 hereafter). D16 performed a spec-
troscopic study of the young stellar population of the Orion A
molecular cloud with the APOGEE spectrograph. In their work
they measured accurate stellar parameters (Te↵ , logg, vsini) and
extinctions and conclude that star formation in the ONC pro-
ceeded over an extended period of ⇠ 3 Myr age. We have cross-
correlated our stars with the catalog of stellar parameters (includ-
ing age, temperature, extinction) published in table 4 of D16. We
used these stellar parameters to study the properties of the three
candidate populations of PMS stars as selected in Fig. 2. In order
to have a sample which is as clean as possible from any contam-
ination we removed stars from their study that did not clearly
obey a PMS mass-luminosity relation and that, based on the ef-
fective temperature, mass and luminosity, cannot populate the
PMS region in the HRD. We were left with 111, 63, and 24 stars
for the three sequences (blue, green, and red), respectively.

5 And we have checked that using di↵erent combinations of filters
wouldn’t help in this respect.

Fig. 6. Distribution of the logarithm of the spectroscopically deter-
mined ages for stars from the three populations, old (in blue), young
(in green), and very young (in red) with the best Gaussian fits indicated.

Table 1. Properties of the three populations.

old young very young
Mean Log age (yr) 6.46±0.06 6.27±0.09 6.09±0.07
Mean age (Myr) 2.87 1.88 1.24
1-� age interval (Myr) 2.51–3.28 1.55–2.29 1.08–1.53
5–95% interval (Myr) 2.30–3.58 1.37–2.60 1.04–1.63
Rotational velocity (km/s) 14+6
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In Fig. 6 we show the distributions of the ages derived by
D16 of the stars in the three samples. These age histograms in-
dicate that the three sequences that we discovered in the photo-
metric study have distinct ages, with the bluer population being
the oldest. We have fitted the distributions with Gaussians, using
a �2-minimization technique, to derive the mean and standard
deviation (�). As these are distributions of the logarithm of the
ages, we then estimated the corresponding distributions of the
ages and computed the respective 1-� and 5–95% intervals. Our
results are shown in Table 1.

This finding is consistent with the hypothesis that the for-
mation of the population of PMS stars in the ONC that was
thought to be the outcome of a single episode extended over
3 Myr is instead best described by 3 discrete and sequential
episodes of star formation over the same time span.

D16 provide also stellar rotational velocities. However, spec-
troscopy only provides v sin i, where i is the unknown inclination
of the rotation axis on the plane of the sky. As we may assume
that i is isotropically distributed in the sky, it is possible to decon-
volve, using a Richardson-Lucy method (see Bo�n et al. 1993),
the v sin i distributions to obtain the distributions of v. These are
shown in Fig. 7 and Table 1, where it is clear that not only do
the three populations have di↵erent ages, but they have also
di↵erent rotational velocities: the younger the population, the
faster its members rotate.

Obviously it can be argued that the age and v sin i estimations
provided in D16 are incorrect were the redder stars entirely pop-
ulated by unresolved binaries belonging to the main population.
We investigated what it would need to obtain a broadening of
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Abstract

Complex organic molecules (COMs) have been observed toward several low-mass young stellar objects (LYSOs).
Small and heterogeneous samples have so far precluded conclusions on typical COM abundances, as well as the
origin(s) of abundance variations between sources. We present observations toward 16 deeply embedded (Class 0/
I) low-mass protostars using the IRAM 30 m telescope. We detect CH2CO, CH3CHO, CH3OCH3, CH3OCHO,
CH3CN, HNCO, and HC3N toward 67%, 37%, 13%, 13%, 44%, 81%, and 75% of sources, respectively. Median
column densities derived using survival analysis range between 6.0×1010 cm−2 (CH3CN) and 2.4×1012 cm−2

(CH3OCH3), and median abundances range between 0.48% (CH3CN) and 16% (HNCO) with respect to CH3OH.
Column densities for each molecule vary by about one order of magnitude across the sample. Abundances with
respect to CH3OH are more narrowly distributed, especially for oxygen-bearing species. We compare observed
median abundances with a chemical model for low-mass protostars and find fair agreement, although some
modeling work remains to bring abundances higher with respect to CH3OH. Median abundances with respect to
CH3OH in LYSOs are also found to be generally comparable to observed abundances in hot cores, hot corinos, and
massive YSOs. Compared with comets, our sample is comparable for all molecules except HC3N and CH2CO,
which likely become depleted at later evolutionary stages.

Key words: astrochemistry – ISM: molecules – stars: protostars

1. Introduction

Complex organic molecules (COMs), hydrogen-rich molecules
with six or more atoms, have been observed toward high- and
low-mass star-forming regions, molecular outflows, and prestellar
cores (e.g., Blake et al. 1987; Bottinelli et al. 2004b, 2007; Arce
et al. 2008; Öberg et al. 2010; Bacmann et al. 2012; Cernicharo
et al. 2012; Fayolle et al. 2015). COMs formed at these early
stages of star formation can become incorporated into proto-
planetary disks (Visser et al. 2009, 2011) and further into
planetesimals and planets, seeding nascent planets with complex
organic material. COM abundances around protostars are thus of
considerable interest for the study of origins of life. Low-mass
stars host most planetary systems, and so the molecular
inventories toward low-mass young stellar objects (LYSOs) are
most relevant for characterizing potentially habitable environ-
ments. Indeed, our own Sun is a low-mass star, and observations
of COMs toward LYSOs can inform our understanding of the
protostellar phase of our own solar system, as well as the
uniqueness of our solar system relative to others like it.

COMs are thought to mainly form within the ice mantles
coating interstellar dust grains (Herbst & van Dishoeck 2009).
First, hydrogenation of atoms or small molecules forms small
saturated COMs such as CH3OH, so-called “zeroth-generation”
species. Photolysis or radiolysis can then dissociate small
molecules to form radicals (reviewed in Öberg 2016). During
protostellar collapse the cloud material is heated, enabling
diffusion and recombination of these small molecules and
radicals to form larger complex molecules referred to as “first-
generation” species. Modeling has shown that this becomes
efficient above 30 K (Garrod & Herbst 2006). This mechanism

produces the same types of molecules that are commonly
observed in YSOs, although some COMs are still under-
produced in models compared to observations (Caselli &
Ceccarelli 2012). Once temperatures reach 100–300 K, large
molecules desorb and react in the gas phase to form “second-
generation” molecules. Gas-phase reactions may also play a
role in first-generation chemistry via the desorption of small
molecules, namely, CH3OH, followed by reaction in the gas
phase rather than on grain surfaces (e.g., Balucani et al. 2015).
Both the ice and gas-phase chemistry scenarios predict a close

connection between COMs and the original ice composition. Ice
composition is known to vary between sources, especially
CH3OH ice abundances (Öberg et al. 2011a). Furthermore, the
chemistry may depend on the stellar radiation field and the
evolutionary stage of the source in question. Observed variations
in chemical richness may then signify inherent variations between
different sources, or simply that objects are observed at different
evolutionary stages, or a combination of both. Which source of
variability dominates will affect predictions on the chemical
environment in which planets form during later stages of star
formation, and how much this can vary between different sources.
LYSOs are thought to undergo evolution from prestellar cores

to protostellar envelopes, which are termed hot corinos once the
center is warm enough to sublimate water ice (e.g., Caselli &
Ceccarelli 2012). COMs have been previously detected toward
both envelopes and hot corinos of LYSOs (e.g., Cazaux
et al. 2003; Bottinelli et al. 2004a, 2007; Öberg et al. 2011b).
Öberg et al. (2014) combined these results from the literature with
observations toward six young LYSOs and found that COM
column densities and abundances span orders of magnitude
between different sources. However, for several reasons it has
been difficult to draw firm conclusions on typical abundances and
the origin of variability between sources. These protostars span a
range of evolutionary stages, from prestellar cores to evolved
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protostars with hot envelopes and no ice absorption. Moreover,
the sample size is small (∼14 objects), and objects that were
chosen for hosting interesting chemistry may not be representative
of the true sample distribution.

Because of uncertainties in “typical” LYSO COM abundances,
it is unclear how LYSOs compare with their massive counterparts
(MYSOs) in terms of chemical richness. It has been claimed both
that LYSOs are more enhanced in COMs than MYSOs (Bottinelli
et al. 2007; Herbst & van Dishoeck 2009) and that LYSO
abundances are comparable to or smaller than MYSO abundances
(Bisschop et al. 2008; Öberg et al. 2011b). A better estimate of
typical COM abundances around LYSOs is required to resolve
whether these protostars indeed host distinct chemistries.

To both clarify the characteristic chemistry of LYSOs and
make meaningful comparisons with MYSOs, a homogeneous and
unbiased sample is required. Here we present an extension of the
pilot survey in Öberg et al. (2014), yielding a total of 16 low-mass
protostars. Both the six previously observed sources and the 10
new sources are Class 0/I protostars, enabling a direct comparison
of the chemistry between sources at a similar evolutionary stage.

In Section 2 we describe the observations and data reduction.
In Section 3 we present the results, first deriving column
densities and rotational temperatures for the observed COMs.
We derive median values for COM abundances from this
sample using survival analysis in order to estimate character-
istic abundance frequencies, as well as correlations between
different COM species. In Section 4, we describe a warm-up
model used to simulate chemistry around LYSOs, and we
present the model results. In Section 5 we comment on
implications for formation chemistry based on our findings. We
also compare our observational results with the chemical model
and with previous studies of different classes of objects.

2. Observations

Source selection and observation strategy are described in detail
in Graninger et al. (2016). Briefly, 16 Class 0/I YSOs, identified
by their IR spectral indices, were selected from the Spitzer c2d ice
sample presented in Boogert et al. (2008) based on their location
in the northern hemisphere and their ice abundances (Table 1).
The sources were observed with the IRAM 30m telescope using
the EMIR 90GHz receiver and the Fourier Transform Spectro-
meter (FTS) backend. B1-a, B5 IRS1, L1489 IRS, IRAS 04108
+2803, IRAS 03235+3004, and SVS 4-5 were observed on 2013
June 12–16 at 93–101GHz and 109–117 GHz. All other sources
were observed on 2014 July 23–28 at 92–100 GHz and
108–116GHz. All observations had a resolution of 200 kHz.
The telescope beam size ranges from 27″ at 92 GHz to 21″ at
117 GHz. Excluding the highest-frequency spectral window, the
rms values range from 2 to 7mK; for each source, the rms around
the CH3CN 60-50 transition at 110.383 GHz is listed in Table 1 to
show the variability in rms between the sources observed.
Spectra were reduced using CLASS.4 Global baselines were fit

to each 4GHz spectral window using several line-free windows.
Each individual scan was baseline subtracted and averaged. The
beam efficiency was modified using Ruze’s equation with scaling
factor 0.861 and sigma of 63.6 μm, resulting in beam efficiencies
at the first, middle, and last channel of 0.8106, 0.7975, and
0.7830, respectively. Together with a forward efficiency of 0.95,
the antenna temperature was converted to the main-beam
temperature Tmb. Literature source velocities were used to convert
spectra to rest frequency, with fine-tuning adjustments made with
the CH3OH 2-1 and CN 1-0 ladders.

Table 1
Source Information of the Complete 16-object c2d Embedded Protostar Sample with Ice Detections

Source R.A. Decl. Cloud Lbol Menv αIR
a N(CH3OH) N(H2O(ice))a ( )XCH OH ice3

b
( )XNH ice3

b rms
(J2000.0) (J2000.0) Le Me 1013 cm−2 1018 cm−2 % H2O % H2O (mK)

B1-ac 03:33:16.67 31:07:55.1 Perseus 1.3d 2.8d 1.87 10.21 [3.24] 10.39 [2.26] <1.9 3.33 [0.98] 3.6
B1-c 03:33:17.89 31:09:31.0 Perseus 3.7d 17.7d 2.66 1.69 [0.51] 29.55 [5.65] <7.1 <4.04 5.5
B5 IRS1c 03:47:41.61 32:51:43.8 Perseus 4.7d 4.2d 0.78 1.77 [0.46] 2.26 [0.28] <3.7 <2.09 7.0
HH 300 04:26:56.30 24:43:35.3 Taurus 1.27e 0.03f 0.79 0.24 [0.10] 2.59 [0.25] <6.7 3.46 [0.90] 5.8
IRAS 03235+3004c 03:26:37.45 30:15:27.9 Perseus 1.9d 2.4d 1.44 1.17 [0.08] 14.48 [2.26] 4.2 [1.2] 4.71 [1.00] 4.2
IRAS 03245+3002 03:27:39.03 30:12:59.3 Perseus 7.0d 5.3d 2.70 1.54 [0.29] 39.31 [5.65] <9.8 <4.40 3.7
IRAS 03254+3050 03:28:34.51 31:00:51.2 Perseus K 0.3d 0.90 K 3.66 [0.47] <4.6 6.66 [1.37] 3.9
IRAS 03271+3013 03:30:15.16 30:23:48.8 Perseus 0.8d 1.2d 2.06 0.42 [0.04] 7.69 [1.76] <5.6 6.37 [1.86] 4.8
IRAS 04108+2803c 04:13:54.72 28:11:32.9 Taurus 0.62e K 0.90 1.04 [0.44] 2.87 [0.4] <3.5 4.29 [1.03] 4.0
IRAS 23238+7401 23:25:46.65 74:17:37.2 CB244 K K 0.95 2.19 [1.01] 12.95 [2.26] <3.6 <1.24 2.7
L1014 IRS 21:24:07.51 49:59:09.0 L1014 K K 1.28 0.88 [0.56] 7.16 [0.91] 3.1 [0.8] 5.20 [1.43] 2.8
L1448 IRS1 03:25:09.44 30:46:21.7 Perseus 17.0d 16.3d 0.34 0.23 [0.04] 0.47 [0.16] <14.9 <4.15 3.7
L1455 IRS3 03:28:00.41 30:08:01.2 Perseus 0.32d 0.2g 0.98 1.46 [0.88] 0.92 [0.37] <12.5 6.21 [3.51] 3.9
L1455 SMM1 03:27:43.25 30:12:28.8 Perseus 3.1d 5.3d 2.41 1.48 [0.76] 18.21 [2.82] <13.5 <8.29 4.1
L1489 IRSc 04:04:43.07 26:18:56.4 Taurus 3.7e 0.1h 1.10 0.69 [0.14] 4.26 [0.51] 4.9 [1.5] 5.42 [0.96] 5.4
SVS 4-5c 18:29:57.59 01:13:00.6 Serpens 38i K 1.26 11.19 [4.29] 5.65 [1.13] 25.2 [3.5] ∼4.3 3.9

Notes. Adapted from Graninger et al. (2016).
a Boogert et al. (2008).
b Bottinelli et al. (2010).
c Sources were observed by Öberg et al. (2014).
d Hatchell et al. (2007).
e Furlan et al. (2008).
f Arce et al. (2008).
g Enoch et al. (2009).
h Brinch et al. (2007).
i Pontoppidan et al. (2004).

4 http://www.iram.fr/IRAMFR/GILDAS
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IRS1 and HH 300 have no detections. The majority of sources
exhibit a range of moderate column densities, with a few but not
all molecules detected in each source.

Abundances with respect to CH3OH are shown in Figure 4(b).
CH3OH column densities are taken from Graninger et al. (2016).
Because column densities of CH3OH are not available for IRAS

03254, we omit this source from comparison. Once normalized to
CH3OH, B1-a and SVS 4-5 molecule abundances are consistent
or underabundant compared with other sources, suggesting that
their high column densities do not signify a distinct chemistry.

3.3.2. Median Column Densities and Abundances

Median abundances were first calculated using detections only;
however, this neglects the information provided by upper limits
and thus risks overestimating the median occurrences. Survival
analysis using the Kaplan–Meier (KM) estimate of the survival
function with left censorship was performed in order to account
for this. In this method, all detections and nondetections are
ordered, and then the values of positive detections are used to
divide the total range of values into intervals. Upper limits within
an interval are counted as having the lower delimiting value of
the interval. In other words, each positive detection is weighted
by the number of upper limits that occur between it and the next
largest positive detection. Further details can be found in
Feigelson & Nelson (1985) and Miller et al. (1981).
Since the survival function is discrete, median abundances

are calculated by linear interpolation between the values above
and below where the cumulative density function is equal to
0.5. However, medians cannot be computed by the KM
estimate for samples with only upper limits in the lowest 50%
of values since the first positive detection occurs after the
cumulative density has already exceeded 0.5. In this sample,
this applies to CH3OCH3, CH3OCHO, and CH3CN. To
mitigate this, we calculate medians using the KM estimate
with the lowest value assigned a “detection” status, regardless
of its true identity as a detection or a nondetection. This may
result in slightly elevated estimates for median values, but as
seen in Figure 5, it is still a more realistic estimate of the
median than using detections only.
Median column densities for each molecule are shown in

Figure 5(a) and Table 4 for both methods. There is a clear
difference between the medians calculated from only detections
and those using survival analysis, demonstrating the impor-
tance of using the constraints provided by nondetections.

Figure 5. (a) Median column densities of each molecule, calculated using
detections only (light blue) and using survival analysis (dark blue). (b)
Abundances for each molecule calculated with survival analysis. In both
panels, CH3CN has been scaled by 10 for clarity. Error bars span the first and
third quartile determined using survival analysis.

Figure 4. (a) Observed column densities for each molecule. (b) Abundances with respect to CH3OH. For both panels, detections are shown in dark blue and upper
limits in light blue. For each molecule, sources are ordered alphabetically: B1-a, B1-c, B5 IRS1, HH 300, IRAS 03235, IRAS 03245, IRAS 03271, IRAS 04108, IRAS
23238, L1014 IRS, L1448 IRS1, L1455 IRS3, L1455 SMM1, L1489 IRS, SVS 4-5.
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Ø 小質量星のCOM	(水素リッチ 6原子以上)は生命の起源。
Ø ダスト表面で小さい飽和分子 (第0世代)
Ø 光解離でラジカル
Ø >30	Kで第1世代
Ø à 100-300	Kでガス反応 (第2世代)
Ø これまで14天体だがprestellar coreから水氷が
溶ける段階まで。

Ø 大質量星より多い、少ない両方の予想。

Ø おもしろい天体だけでなくClass	0/I	16個を選んだ。
Ø 北半球、氷吸収、IRAM	30	m,	27”-21”

Ø 光学的に薄いLTEで柱密度。CH3OHの柱密度は
文献から。

Ø 上限値を使わず、検出値だけだと過大評価
Ø àsurvival	analysis
Ø Kaplan-Meier推定（経過観察の中断など）・・・
全てを昇順にして、検出に挟まれた上限は小さ
い方の検出値とする(検出に上限で重み付け)。

柱密度（上）、CH3OHとの比%（下）
検出、上限

検出だけ
survival



Ø モデル。
Ø q=2/5,	n1000=1e6	cm–3,	α=1.5,	T=10-250	K。

Ø HNCO以外は桁では観測と同じ。
Ø HNCOの反応率を上げるべき(Belloche+’17)。
Ø CH3OHが系統的に高いのは外側でoveractive	

chemical	desorption(?)。

molecules in this sample. At first glance, CH3CN/CH3OH and
HNCO/CH3OH appear correlated with NH3/CH3OH ice
ratios; however, the presence of lower limit outliers, one for
CH3CN and two for HNCO, suggests that the complex cyanide
chemistry may be only weakly dependent on NH3 ice
abundances or altogether independent. Further ice observations
may reveal these lower limits to be anomalous, or may reveal
relationships between other nitrogen-bearing molecules and
NH3 ice. Figure 10(b) shows the abundances with respect to
H2O instead of CH3OH for NH3 ice versus gas-phase nitrogen-
bearing species. Again there is no obvious relationship,
indicating that the lack of dependency of cyanide chemistry
on NH3 is not an artifact of the normalizing species.

4. Chemical Model

4.1. Model Description

In order to compare our observational results for LYSO
chemical abundances with current theoretical predictions, we
have used the three-phase chemical kinetics code MAGICKAL
(Garrod 2013) to simulate LYSO chemistry. The model version
and the chemical network employed are those presented by

Garrod et al. (2017); however, for the molecules of interest
here, the differences between the work of Garrod (2013) and
more recent implementations are very minor. The model
considers both the gas-phase and grain-surface/ice-mantle
formation and destruction of molecules. COMs are largely
assumed to have only dust-grain-related formation mechan-
isms, in the absence of other information.
We run the model multiple times using a selection of

physical conditions that are representative of values at a range
of radial distances from the core center. We use results from
this grid of chemical models to produce a composite, spatially
dependent picture of the chemistry in the LYSO.
We begin with a spherically symmetric physical model of a

generic LYSO, with a power-law temperature profile adapted
from Chandler & Richer (2000):
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Based on the median values determined from radiative transfer
modeling of low-mass protostars in Jørgensen et al. (2002), we
assume n1000 au=106 cm−3 and α=1.5. We also assume an
inner radius where T=250K, again following Jørgensen et al.
(2002), and an outer radius where T=10K. In the Lbol=10 Le
case, a temperature of 250K is achieved at a radius of 3.8 au, with
a corresponding density of 4.27×109 cm−3 at that position. In the
Lbol=1 Le case, the peak temperature of 250K corresponds to a
radius of 1.2 au, at which a density of 2.89×1010 cm−3 is
achieved. The latter value is taken as the maximum density for
which chemical-model data are required (in either luminosity case).
To populate the radial density profile with chemical data, we

determine a total of 51 densities for which models are to be run,
ranging logarithmically from the maximum of 2.89×1010 cm−3

down to 3.45×104 cm−3. For each of these densities, we run a
dedicated hot-core-type model, using a two-stage approach
(following Garrod 2013): stage one consists of an isothermal
collapse from density 3000 cm−3 up to the final density chosen
for that run; in stage two, this density is fixed and the gas and
dust temperatures gradually rise to a maximum of 400 K, using
the “intermediate” warm-up timescale (which goes from 8 to
200 K in 2× 105 yr, producing a total warm-up timescale from 8
to 400 K of 2.85× 105 yr).
For either the Lbol=1 Le or 10 Le case, models with

densities that fall within the maximum and miminum values are
chosen and placed at the appropriate radius. Then, from within
each model, the abundances of all simulated molecules are
extracted according to the instantaneous temperature achieved
during warm-up, as determined by the temperature profile at
that specific radius. To obtain data at the precise temperatures
required, the model output data are interpolated between output
temperature values; the temperature resolution obtained in the
models is always less than 1% of the absolute value.
In this way, each model placed at a specific position in the

density profile is fixed in time according to the local temperature.
To account for uncertainties in the temperature profile, we also
extract chemical profiles corresponding to local temperature

Figure 9. Column densities plotted against bolometric luminosity. Upper limits
are due to molecule nondetections. Pearson correlation coefficients are shown
in brackets in the lower right corner.

Figure 10. (a) Abundances with respect to CH3OH for the nitrogen-bearing
species plotted against the observed NH3/CH3OH ice ratio. Lower limits due
to nondetections of CH3OH ice are shown in blue. (b) Abundances with respect
to H2O for the nitrogen-bearing species plotted against the observed NH3/H2O
ice ratio.
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ratios; however, the presence of lower limit outliers, one for
CH3CN and two for HNCO, suggests that the complex cyanide
chemistry may be only weakly dependent on NH3 ice
abundances or altogether independent. Further ice observations
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NH3 ice. Figure 10(b) shows the abundances with respect to
H2O instead of CH3OH for NH3 ice versus gas-phase nitrogen-
bearing species. Again there is no obvious relationship,
indicating that the lack of dependency of cyanide chemistry
on NH3 is not an artifact of the normalizing species.

4. Chemical Model

4.1. Model Description

In order to compare our observational results for LYSO
chemical abundances with current theoretical predictions, we
have used the three-phase chemical kinetics code MAGICKAL
(Garrod 2013) to simulate LYSO chemistry. The model version
and the chemical network employed are those presented by

Garrod et al. (2017); however, for the molecules of interest
here, the differences between the work of Garrod (2013) and
more recent implementations are very minor. The model
considers both the gas-phase and grain-surface/ice-mantle
formation and destruction of molecules. COMs are largely
assumed to have only dust-grain-related formation mechan-
isms, in the absence of other information.
We run the model multiple times using a selection of

physical conditions that are representative of values at a range
of radial distances from the core center. We use results from
this grid of chemical models to produce a composite, spatially
dependent picture of the chemistry in the LYSO.
We begin with a spherically symmetric physical model of a

generic LYSO, with a power-law temperature profile adapted
from Chandler & Richer (2000):

=
´

-

:
⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟( ) ( )T r

r L
L

60
2 10 m 10

K, 4
q q

15
bol
5

2

where we assume q=2/5 and Lbol is either 1 or 10 Le. For the
density profile, we assume the power law:

=
a-

⎜ ⎟⎛
⎝

⎞
⎠( ) ( )n r n

r
1000 au

. 5H 1000 au

Based on the median values determined from radiative transfer
modeling of low-mass protostars in Jørgensen et al. (2002), we
assume n1000 au=106 cm−3 and α=1.5. We also assume an
inner radius where T=250K, again following Jørgensen et al.
(2002), and an outer radius where T=10K. In the Lbol=10 Le
case, a temperature of 250K is achieved at a radius of 3.8 au, with
a corresponding density of 4.27×109 cm−3 at that position. In the
Lbol=1 Le case, the peak temperature of 250K corresponds to a
radius of 1.2 au, at which a density of 2.89×1010 cm−3 is
achieved. The latter value is taken as the maximum density for
which chemical-model data are required (in either luminosity case).
To populate the radial density profile with chemical data, we

determine a total of 51 densities for which models are to be run,
ranging logarithmically from the maximum of 2.89×1010 cm−3

down to 3.45×104 cm−3. For each of these densities, we run a
dedicated hot-core-type model, using a two-stage approach
(following Garrod 2013): stage one consists of an isothermal
collapse from density 3000 cm−3 up to the final density chosen
for that run; in stage two, this density is fixed and the gas and
dust temperatures gradually rise to a maximum of 400 K, using
the “intermediate” warm-up timescale (which goes from 8 to
200 K in 2× 105 yr, producing a total warm-up timescale from 8
to 400 K of 2.85× 105 yr).
For either the Lbol=1 Le or 10 Le case, models with

densities that fall within the maximum and miminum values are
chosen and placed at the appropriate radius. Then, from within
each model, the abundances of all simulated molecules are
extracted according to the instantaneous temperature achieved
during warm-up, as determined by the temperature profile at
that specific radius. To obtain data at the precise temperatures
required, the model output data are interpolated between output
temperature values; the temperature resolution obtained in the
models is always less than 1% of the absolute value.
In this way, each model placed at a specific position in the

density profile is fixed in time according to the local temperature.
To account for uncertainties in the temperature profile, we also
extract chemical profiles corresponding to local temperature

Figure 9. Column densities plotted against bolometric luminosity. Upper limits
are due to molecule nondetections. Pearson correlation coefficients are shown
in brackets in the lower right corner.

Figure 10. (a) Abundances with respect to CH3OH for the nitrogen-bearing
species plotted against the observed NH3/CH3OH ice ratio. Lower limits due
to nondetections of CH3OH ice are shown in blue. (b) Abundances with respect
to H2O for the nitrogen-bearing species plotted against the observed NH3/H2O
ice ratio.
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Abstract

Complex organic molecules (COMs) have been observed toward several low-mass young stellar objects (LYSOs).
Small and heterogeneous samples have so far precluded conclusions on typical COM abundances, as well as the
origin(s) of abundance variations between sources. We present observations toward 16 deeply embedded (Class 0/
I) low-mass protostars using the IRAM 30 m telescope. We detect CH2CO, CH3CHO, CH3OCH3, CH3OCHO,
CH3CN, HNCO, and HC3N toward 67%, 37%, 13%, 13%, 44%, 81%, and 75% of sources, respectively. Median
column densities derived using survival analysis range between 6.0×1010 cm−2 (CH3CN) and 2.4×1012 cm−2

(CH3OCH3), and median abundances range between 0.48% (CH3CN) and 16% (HNCO) with respect to CH3OH.
Column densities for each molecule vary by about one order of magnitude across the sample. Abundances with
respect to CH3OH are more narrowly distributed, especially for oxygen-bearing species. We compare observed
median abundances with a chemical model for low-mass protostars and find fair agreement, although some
modeling work remains to bring abundances higher with respect to CH3OH. Median abundances with respect to
CH3OH in LYSOs are also found to be generally comparable to observed abundances in hot cores, hot corinos, and
massive YSOs. Compared with comets, our sample is comparable for all molecules except HC3N and CH2CO,
which likely become depleted at later evolutionary stages.

Key words: astrochemistry – ISM: molecules – stars: protostars

1. Introduction

Complex organic molecules (COMs), hydrogen-rich molecules
with six or more atoms, have been observed toward high- and
low-mass star-forming regions, molecular outflows, and prestellar
cores (e.g., Blake et al. 1987; Bottinelli et al. 2004b, 2007; Arce
et al. 2008; Öberg et al. 2010; Bacmann et al. 2012; Cernicharo
et al. 2012; Fayolle et al. 2015). COMs formed at these early
stages of star formation can become incorporated into proto-
planetary disks (Visser et al. 2009, 2011) and further into
planetesimals and planets, seeding nascent planets with complex
organic material. COM abundances around protostars are thus of
considerable interest for the study of origins of life. Low-mass
stars host most planetary systems, and so the molecular
inventories toward low-mass young stellar objects (LYSOs) are
most relevant for characterizing potentially habitable environ-
ments. Indeed, our own Sun is a low-mass star, and observations
of COMs toward LYSOs can inform our understanding of the
protostellar phase of our own solar system, as well as the
uniqueness of our solar system relative to others like it.

COMs are thought to mainly form within the ice mantles
coating interstellar dust grains (Herbst & van Dishoeck 2009).
First, hydrogenation of atoms or small molecules forms small
saturated COMs such as CH3OH, so-called “zeroth-generation”
species. Photolysis or radiolysis can then dissociate small
molecules to form radicals (reviewed in Öberg 2016). During
protostellar collapse the cloud material is heated, enabling
diffusion and recombination of these small molecules and
radicals to form larger complex molecules referred to as “first-
generation” species. Modeling has shown that this becomes
efficient above 30 K (Garrod & Herbst 2006). This mechanism

produces the same types of molecules that are commonly
observed in YSOs, although some COMs are still under-
produced in models compared to observations (Caselli &
Ceccarelli 2012). Once temperatures reach 100–300 K, large
molecules desorb and react in the gas phase to form “second-
generation” molecules. Gas-phase reactions may also play a
role in first-generation chemistry via the desorption of small
molecules, namely, CH3OH, followed by reaction in the gas
phase rather than on grain surfaces (e.g., Balucani et al. 2015).
Both the ice and gas-phase chemistry scenarios predict a close

connection between COMs and the original ice composition. Ice
composition is known to vary between sources, especially
CH3OH ice abundances (Öberg et al. 2011a). Furthermore, the
chemistry may depend on the stellar radiation field and the
evolutionary stage of the source in question. Observed variations
in chemical richness may then signify inherent variations between
different sources, or simply that objects are observed at different
evolutionary stages, or a combination of both. Which source of
variability dominates will affect predictions on the chemical
environment in which planets form during later stages of star
formation, and how much this can vary between different sources.
LYSOs are thought to undergo evolution from prestellar cores

to protostellar envelopes, which are termed hot corinos once the
center is warm enough to sublimate water ice (e.g., Caselli &
Ceccarelli 2012). COMs have been previously detected toward
both envelopes and hot corinos of LYSOs (e.g., Cazaux
et al. 2003; Bottinelli et al. 2004a, 2007; Öberg et al. 2011b).
Öberg et al. (2014) combined these results from the literature with
observations toward six young LYSOs and found that COM
column densities and abundances span orders of magnitude
between different sources. However, for several reasons it has
been difficult to draw firm conclusions on typical abundances and
the origin of variability between sources. These protostars span a
range of evolutionary stages, from prestellar cores to evolved
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no single molecule stands out as particularly well correlated with
Lbol. This suggests that the weak correlations are not driven
by chemistry, but rather excess excitation and ice desorption
(affecting all molecules) around hotter protostars. The most
obvious outlier in Figures 8 and 9 is L1448 IRS1, toward which

no COMs are detected despite being one of the most massive and
luminous of our sample. Massive sources are more likely to be
young sources (e.g., Hatchell et al. 2007), so its unusual
characteristics could be related to an early evolutionary stage.
All sources in the sample have been detected in water ice and

in at least one of the minor ice constituents NH3, CH3OH, and
CH4 (see Table 1). In the context of COM formation, it is
especially interesting to test whether the relative abundances of
O- and N-bearing COMs are related to the relative ice
abundances of CH3OH (the theoretical starting point of O-rich
COM chemistry) and NH3 (the main observed carrier of
nitrogen in interstellar ices (Öberg et al. 2011a); N2 is also a
possible reservoir of nitrogen in ices but cannot be observed
directly). The number of sources with both CH3OH and NH3

detections is unfortunately small: only 10 sources have both
detections, or one detection and one low upper limit, for
CH3OH and NH3 ice columns. Of this, only a subset are rich in
COMs, which limits the conclusiveness of any correlation
studies. Figure 10(a) shows the abundances with respect to
CH3OH gas for the nitrogen-bearing species, plotted against the
NH3/CH3OH ice ratio toward the same sources. HC3N/
CH3OH gas-phase ratios are clearly not correlated with NH3/
CH3OH ice ratios. Otherwise, there are no conclusive relation-
ships between the abundance of NH3 ice and nitrogen-bearing

Figure 7. Column densities (cm−2) of each molecule plotted against one another. Detections are shown as black circles and upper limits are shown as gray arrows.
Pearson correlation coefficients are listed in brackets.

Figure 8. Column densities plotted against envelope mass. Upper limits due to
molecule nondetections are shown in blue. Pearson correlation coefficients are
shown in brackets in the lower right corner.
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COMs, discussed in Section 3.5. The tight correlation between
envelope mass and HC3N abundance and the obvious lack of
correlation with NH3 ice further support this. These observa-
tions support the general notion that hydrocarbon species are
mainly gas-phase products and do not require grain-surface
chemistry to explain their abundances. Interestingly, Graninger
et al. (2016) found a positive correlation between the carbon
chain C4H and CH3OH in these LYSOs; this suggests that
nitrogen-bearing carbon chains have distinct gas-phase forma-
tion chemistries from unsubstituted carbon chains.

5.2. Modeled versus Observed Chemistry

Figure 13(a) compares beam-averaged COM abundances with
respect to CH3OH for our observations and modeling results
(Section 4). For the observations, median values are shown as
pink stars, with error bars spanning the first and third quartile. For
the model, we show results from both 1 Le (light blue) and 10 Le

(dark blue) temperature profiles. Triangles represents results from
the fiducial temperature profiles, and error bars show the results
for temperature profiles 10% higher and 10% lower.
Apart from HNCO, the model abundances are within an order

of magnitude of the observations. Agreement within an order of
magnitude is very reasonable given modeling uncertainties in the
reaction rates, as well as observational uncertainties in the
different excitation properties of the molecules being compared. In
particular, the systematic underestimation of most molecules by
the model may be due in part to an excess of CH3OH in the model
at large radii, caused by overactive chemical desorption of
methanol at cold temperatures. The underproduction of HNCO by
several orders of magnitude is likely a result of an overestimated
barrier for the grain-surface process of + lNH CO HNCO,
which impedes efficient grain-surface formation of HNCO in the
model. While there are no strong constraints on this barrier from
laboratory work, recent modeling work by Belloche et al. (2017)
tested several values ranging from 1000 to 2500 K, the latter value
being the one used in our present study. They found that the
barrier is required to be no greater than ∼1500K in order to
produce sufficient HNCO to explain observed abundances of
CH3NCO. The value of around 2500K used in the present model
was adopted by Garrod et al. (2008), when this reaction was first
introduced into the network, and was based on the barrier found
for the analogous reaction + lH CO HCO. Reducing the
current value of 2500 K to the 1500 K recommended by Belloche
et al. may therefore improve agreement with our observational
data in future model iterations.
Figure 14 shows the fraction of each molecule’s total column

density coming from different temperature ranges in the model,
which can be compared with measured rotational temperatures.
We note that if the observed line transitions are not in LTE,
then the measured rotational temperatures will underestimate
the kinetic temperature. To assess how much this impacts our
observations, we run RADEX models for molecules with both
collisional constants and rotational temperatures (HC3N,
CH3CN, and CH3OH; van der Tak et al. 2007) using the
measured rotational temperatures and column densities as
inputs and assuming the density and temperature profiles in
Section 4.1. We find that CH3CN and HC3N observations are
well reproduced by the simulated RADEX emission while
CH3OH is not. Therefore, for some molecules (especially
oxygen-bearing species), the measured rotational temperatures
and column densities may be affected by non-LTE effects.
We also estimate the temperature above which HC3N,

CH3CN, and CH3OH should be in LTE. This is done using the
collisional constants for these molecules (Schöier et al. 2005),
again assuming the model density and temperature profiles. We
find that most lines transition to non-LTE conditions at
densities corresponding to 10–25 K. Most molecules have
observed rotational temperatures around or below this range;
this suggests that at least some component of our observed
emission is subthermal, consistent with the RADEX results.
Therefore, in comparing with the model emission temperatures,
we emphasize that the measured rotational temperatures should
be regarded as broadly corresponding to inner, outer, and
intermediate emission origins and likely do not correspond
exactly to the actual kinetic temperature.
CH3OCHO and CH3OCH3 are both found at warm to hot

temperatures (>50 K) in the model, compared with rotational
temperatures of 16 and 17K, respectively. However, these
molecules are detected toward only two sources, and only in a

Figure 13. COM abundances with respect to CH3OH across different types of
objects. For all panels, LYSOs are shown as pink stars. Scatterpoints represent
median values, and error bars span the first and third quartiles. (a) Comparison
with abundances from the protostellar warm-up model described in Section 4
for 1 Le (light blue) and 10 Le (dark blue) profiles. Error bars span the results
for temperature profiles 10% higher and 10% lower than the fiducial run. (b)
Comparison of different star formation environments. Hot corinos (van
Dishoeck et al. 1995; Cazaux et al. 2003) are shown in dark pink, MYSOs
(Fayolle et al. 2015) in light blue, and hot cores (Bisschop et al. 2007) in dark
blue. (c) Comparison with observations of solar system comets (Crovisier
et al. 2004; Mumma & Charnley 2011; Goesmann et al. 2015).
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few detected lines, so it is difficult to assess how serious these
constraints are. They seem to rule out, however, that the
emission is coming exclusively from the hot material as
predicted by the model. HC3N, HNCO, CH2CO, and CH3CN
are all dominated by temperatures colder than 50K in the model.
The available rotational temperatures (14K for HC3N and 27 K
for CH3CN) are fully consistent with this. Thus, the model
successfully reproduces the envelope-dominated, low-temper-
ature chemistry seen in these LYSOs, without the need for hot-
core chemistry. This is true even for CH3CN, which is typically
considered a hot-core molecule. The gas-phase pathway
described in Section 5.1 is mainly responsible for this lukewarm
formation in the model and is driven by an enhancement of gas-
phase HCN. This in turn is due to either sublimation of HCN
from grains in warmer regimes (∼40 K) or purely gas-phase
HCN formation in cooler regimes. The observed rotational
temperature of 27K is consistent with some combination of
low- and intermediate-temperature production of CH3CN.

CH3CHO is found entirely at warm temperatures (50–100 K) in
the model, due to desorption of CH3CHO formed on grain
surfaces; this is much higher than its observed 8K rotational
temperature. Unlike methyl formate and dimethyl ether, acetalde-
hyde has very well populated rotational diagrams, and therefore
the rotational temperature is more secure. It seems, then, that the
observed CH3CHO is being produced through some cold
formation pathway other than the radical recombination chemistry
included in the model.

The majority of CH3OH in the model is found at cold
temperatures (10–20K). Cold CH3OH in the model is likely
somewhat overabundant, due to an overactive chemical desorption,
contributing to the systematic underestimation of other COM

abundances seen in Figure 13. Even so, observational rotational
temperatures for CH3OH in these sources are ∼5–6K (Graninger
et al. 2016), consistent with a mainly cold origin. This suggests that
while the magnitude of cold CH3OH in the model may be too high,
the trend of dominantly cold emission is appropriate.
The high efficiency of cold chemical desorption of methanol

is a result of the rapid abstraction of hydrogen from methanol
by H atoms, followed by re-hydrogenation by another H atom.
Chemical desorption occurs in 0.24% of re-hydrogenation
cases, as determined by the method of Garrod et al. (2007),
using an efficiency factor a=0.01. The abstraction and re-
hydrogenation of methanol on the grains in this model are
sufficiently fast to produce an excess of gas-phase methanol,
while the total remaining on the grains is affected only to a
relatively small degree. The CO-H2CO-CH3OH system on
grains is complex, with reactions that allow interconversion in
both directions. The barriers and branching ratios for many of
these processes are poorly defined. The return of grain-surface-
formed methanol to the gas phase is therefore a function of
both its formation/reformation on grains and the efficiency of
desorption, which is also poorly constrained.
In addition to gas-phase abundances, the model also provides

ice abundances. In practice, observations of ices are made in
absorbance and therefore trace a pencil beam of protostellar
material rather than the entire envelope. To compare with
observed ice column densities, therefore, the number density of
each ice species in the model is simply integrated out to the
maximum radius. The model produces fairly consistent values
with the measured ice columns in Table 1, with H2O column
densities on the order of 1019 cm−2 compared with observed
values of 1018–1019 cm−2. CH3OH model ice abundances with
respect to water are around 7%, which is consistent within a factor
of a few of measured values, while NH3 model abundances of
19% are somewhat high compared to observations.
In the model, the number densities of ice species peak just

outside of the ice sublimation line around 130 K, corresponding
to 6 au in the 1 Le case and 21 au in the 10 Le case. This is a
much smaller spatial scale than our gas-phase observations, and
therefore ice absorption measurements are likely not probing
the same radius as the gas-phase observations. Nonetheless,
observed gas and ice abundances should still be related for
molecules that form primarily in the ice phase, assuming that
ice compositions do not evolve substantially between the outer
and inner envelope. Indeed, in the model the ice abundance
profiles are essentially flat from the 10 K radius in to the
sublimation line. Ices observed in absorption close to the
sublimation line should therefore preserve a similar composi-
tion to ices in the outer envelope, from which many of the
observed gas-phase COMs likely originate.

5.3. Massive versus Low-mass Protostellar Chemistry

We next compare observations of COMs toward different
types of protostars. We consider our sample of low-mass
protostars without clear evidence for hot corinos (subsequently
termed LYSOs), the hot corino source IRAS 16293-2422, and
analogously high-mass protostars without and with hot cores
(termed MYSOs and hot cores, respectively). Abundance
measurements for the hot corino are taken from van Dishoeck
et al. (1995) and Cazaux et al. (2003), the MYSO sample is
from Fayolle et al. (2015), and the hot-core sample is from
Bisschop et al. (2007). Survival analysis was performed on the

Figure 14. Model results showing the fraction of each molecule’s total column
density that comes from different temperature ranges. For each molecule, the y
scale is the same as is indicated for CH3OH.
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Ø 反応温度分布。
cf.,	回転温度 CH3OH~8	K,
CH2CO~8	K,	CH3CHO~8	K,	
CH3OCHO~16	K,	CH3CN~27	K,	
HC3N~14	K,	HNCO~14	K。
HC3N以外はnon	LTE。

Ø Menvとの相関。HC3N:	cold	envelopeで反応。
CH3CN:	高温反応、HNCO:	両温度。CH3OH:	ダスト反応。

大質量星

彗星

Ø 大質量星とはおよそ同じ。
Ø 彗星とも同じなので太陽は典型的。
Ø HC3NとCH2COは後期になくなるかも。


