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ABSTRACT

We present high resolution (0.2′′, 1000 AU) 1.3 mm ALMA observations of massive infrared dark
cloud clump, G028.37+00.07-C1, thought to harbor the early stages of massive star formation. Using
N2D+(3-2) we resolve the previously identified C1-S core, separating the bulk of its emission from
two nearby protostellar sources. C1-S is thus identified as a massive (∼ 50 M�), compact (∼ 0.1 pc
diameter) starless core, e.g., with no signs of outflow activity. Being highly deuterated, this is a
promising candidate for a pre-stellar core on the verge of collapse. An analysis of its dynamical state
indicates a sub-virial velocity dispersion compared to a trans-Alfvénic turbulent core model. However,
virial equilibrium could be achieved with sub-Alfvénic conditions involving ∼ 2 mG magnetic field
strengths.

1. INTRODUCTION

One way to distinguish between different theoretical
models of massive star formation is to study the initial
conditions of gas before formation of a massive protostar
(see, e.g., Tan et al. 2014, for a review). Core accretion
models, e.g., the Turbulent Core model of McKee & Tan
(2002, 2003, hereafter MT03), assume that this initial
condition is a massive pre-stellar core (PSC). By analogy
with low-mass PSCs (see, e.g., Caselli & Ceccarelli 2012;
Friesen et al. 2014), these cores are expected to be highly
deuterated and thus well-traced by species such as N2D+.
On the other hand, competitive accretion models (e.g.,
Bonnell et al. 2001; Wang et al. 2010) do not involve
massive PSCs as the initial conditions for massive star
formation.

Tan et al. (2013, hereafter T13) used N2D+(3-2) to
identify the C1-S core in a pilot survey with ALMA in
Cycle 0 at 2.3′′ resolution of four infrared dark cloud
(IRDC) clumps (see also Kong et al. 2017, for an ex-
tension of this survey to 32 more IRDC clumps). The
C1-S core is at the western end of the massive IRDC
G028.37+00.07 at a distance of about 5 kpc (Rathborne
et al. 2006). Kong et al. (2016) measured the deutera-

tion fraction, DN2H+
frac ≡ [N2D+]/[N2H+], in this “core”

(i.e., roughly 3.5′′in radius) to be ' 0.2 to 0.7, which, by
comparison with the models of Kong et al. (2015), may
indicate a relatively old astrochemical age compared to
the local free-fall time of the core.

Tan et al. (2016, hereafter T16) presented results from
the compact configuration (i.e., 1.5′′resolution) follow-up
of the C1-S region with ALMA in Cycle 2, in partic-
ular reporting the detection of two protostellar outflow
sources in the vicinity (i.e., within ∼ 0.1 pc) of the core
center (see also Feng et al. 2016). If these protostars are
embedded in the core, then this would obviously invali-
date its status as a PSC. Such a situation arose for the
massive IR-quiet core N63 (Bontemps et al. 2010), which
was later observed to host a powerful, collimated outflow
(Duarte-Cabral et al. 2013). The only other previously
reported candidate massive PSC is G11.920.61-MM2,
detected solely by its continuum emission (Cyganowski
et al. 2014). However, the non-detection of any molec-
ular lines toward this source is peculiar and makes it
difficult to assess the reliability of the structure, e.g., via
a dynamical mass measurement.

Here we present the full results of our Cycle 2 ob-
servations of C1-S, combining compact and extended
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configuration observations that achieve 0.2′′resolution.
With this higher-resolution data, we are able to spatially
and kinematically resolve the N2D+(3-2) core from the
nearby protostars, so we conclude it remains a promising
candidate to be a massive PSC.

2. OBSERVATIONS

2.1. ALMA Observations

The observations were carried out during ALMA Cycle
2, under the project 2013.1.00248.S (PI: Tan) using two
configurations of the 12m-array. The compact configura-
tion (C34-1) observation was performed on 05-Apr-2015
(UTC) with 34 12-m antennas and a total on-source in-
tegration time of 2087 seconds. The baselines range from
15m to 327m, corresponding to angular scales from 10′′ to
1′′. The angular resolution obtained from this observa-
tion is about 1.5′′. The bandpass calibrator was J1924-
2914; the flux calibrator was Neptune; the gain calibra-
tor was J1912-0804; and the delay calibrator was J1902-
0458. The system temperature was about 85 K. The ex-
tended configuration (C34-6) data were taken on 03-Jul-
2015 (UTC) with 43 12-m antennas and a total on-source
integration time of 4174 seconds. The baselines range
from 34m to 1574m, corresponding to angular scales
from 2.3′′ to 0.2′′. The angular resolution obtained from
this observation is about 0.25′′. The bandpass calibra-
tor was J1751+0939; the flux calibrator was Titan; the
gain calibrator was J1827-0405; and the delay calibrator
was J1912-0804. The system temperature was about 95
K. Both observations targeted R.A.=18h42m46.s585634,
DEC.=−04◦04′12.′′36111 (J2000), which is inbetween the
C1-N and C1-S (see T16). The primary beam FWHM
was ∼ 26′′, covering both sources.

The observations were carried out in ALMA band
6. Four basebands and seven spectral windows were
used. Baseband 1 was set to a single spectral window
centered on the source frame N2D+(3-2) line (rest fre-
quency is 231.32183 GHz; C1 source frame radial veloc-
ity is 79.4 km s−1), with a total bandwidth of 58 MHz
(76 km s−1) and a velocity resolution of 0.05 km s−1.
Baseband 2 was set to a single spectral window for a
continuum observation, centered at 231.00 GHz, with
a total bandwidth of about 2 GHz, but also includ-
ing coverage of 12CO(2-1) (rest frequency 230.538 GHz)
with a velocity resolution of 1.3 km s−1. This set-
up is especially useful for identifying CO outflows from
protostars. (The CO line is excluded from the con-
tinuum band and the final aggregate continuum band-
width is ∼ 1.4 GHz for imaging). Baseband 3 was
set to a single spectral window centered on C18O(2-
1) (rest frequency 219.56036 GHz) with a total band-
width of 58 MHz (80 km s−1) and a velocity resolution
of 0.05 km s−1. Baseband 4 was split into four spec-
tral windows at rest frequencies of: 216.11258 GHz for
DCO+(3-2); 216.94560 GHz for CH3OH(5(1,4)-4(2,2));
215.59595 GHz for SiOv=1(5-4); and 217.23853 GHz for
DCN(3-2). Each of these windows has a total bandwidth
of 58 MHz (∼ 81 km s−1) and a 0.2 km s−1 velocity res-
olution. The data are Hanning smoothed.

We performed the standard cleaning procedure in
CASA using the task clean. For the continuum and CO
data, we used the Briggs weighting with a robust num-
ber of 0.5 (restoring beam ∼ 0.25′′). To have the best

sensitivity, we used the natural weighting for the line
data, including N2D+(3-2), DCO+(3-2), C18O(3-2), and
DCN(3-2) (restoring beam ∼ 0.3′′). For the compact
data, we performed three iterations of phase-only self-
calibration, which improved the sensitivity by a factor
of two. The self-calibration solutions to the continuum
image were applied to other spectral windows. The final
continuum sensitivity achieved is 0.12 mJy beam−1 for
the compact-configuration data; 0.042 mJy beam−1 for
the extended-configuration data; 0.040 mJy beam−1 for
the combined data. The line sensitivity for the compact
configuration data is ∼ 10 mJy beam−1 per 0.1 km s−1;
for the extended configuration data is ∼ 8 mJy beam−1

per 0.1 km s−1; for the combined data is ∼ 6mJy beam−1

per 0.1 km s−1. In the following, all analysis are based
on the combined images.

2.2. VLA Observations

The Karl G. Jansky Very Large Array (VLA) of NRAO
was pointed towards C1-S in its D configuration on 2014
August 12 and September 11, with the same correlator
setup to observe NH3 (J,K) = (1,1) and (2,2) lines. We
used a bandwidth of 8 MHz with a channel width of 7.8
kHz (corresponding to ∼0.1 km s−1) in dual polarization.
The antenna gain, bandpass, and flux variations were
calibrated by standard calibrators J1851+0035, J1743-
0350, and 3C286, respectively, for both observing ses-
sions. Data reduction was performed in CASA 4.2.2.
The calibrated visibilities from the two sessions were im-
aged together. During imaging, we smoothed the channel
width to 0.2 km s−1 and used a natural weighting, in or-
der to optimize the signal-to-noise ratio. The resulting
data cubes have an rms noise of 4 mJy per 3′′ synthesized
beam.

We will use these NH3 data to derive gas kinetic tem-
perature following the routines outlined in Wang et al.
(2012, 2014), which use the detailed method developed
by Ho & Townes (1983) and Rosolowsky et al. (2008).
We model the NH3 (J,K) = (1,1) and (2,2) spectra si-
multaneously with five free parameters, including kinetic
temperature, excitation temperature, NH3 column den-
sity, velocity dispersion, and line central velocity. The
model fitting is performed on pixels with > 6σ NH3

(J,K) = (1,1) integrated intensity. These temperature
measurements are discussed below in section 3.1, specifi-
cally for their use in providing partial constraints on the
temperatures needed for mass estimates from the mm
dust continuum emission, assuming coupling of gas and
dust temperatures.

3. RESULTS

3.1. 1.3 mm Dust Continuum Emission and
NH3-Derived Temperature Map

Figure 1 shows the 1.30 mm continuum images of the
C1-S region. Note, that T16 already presented compact
configuration images of the entire observed region and in
this paper we will focus mostly on the sub-region shown
in Figure 1. Panel (a) shows the compact-array data with
1.5′′ beam. The two protostellar cores C1-Sa and C1-Sb
from T16 are labeled with plus signs. Panel (b) presents
the extended-array data with a beam size of 0.2′′. Panel
(c) shows the combined data with a final resolution also
of 0.2′′. The synthesized beam corresponds to a phys-
ical scale of about 0.005 pc, i.e., ∼1000 AU, given the
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Figure 1. 1.30 mm continuum images of C1-S region: (a) Top left: compact-configuration (1σ rms 0.12 mJy beam−1); (b) Top right:
extended-configuration (1σ rms 0.042 mJy beam−1); (c) Bottom left: combined (1σ rms 0.040 mJy beam−1); (d) Bottom right: combined,
smoothed to 0.5′′(1σ rms 0.080 mJy beam−1). The black contours show 2, 3, 4, 5, 6, 7, 8, 8.5, 9, 10σ. The gray contours show 12, 15,
20, 30, 40, 50...σ. The color scale bars have units of Jy beam−1. The synthesized beams are shown as white filled ellipses in the lower-left
corners of each panel. The white plus signs in panel (a) show the protostellar sources, C1-Sa and C1-Sb, identified by T16. The white
dashed circles in panels (c) and (d) show the apertures we use later in the paper to measure fluxes from C1-Sa, C1-Sb and the inner and
outer regions of the C1-S candidate massive pre-stellar core.

adopted distance to the source of 5.0 kpc. Panel (d)
shows the same data as (c), but now smoothed to about
0.5′′ resolution. We also overlay contours for the contin-
uum emission in Panel (d). There is a small continuum
peak in C1-S.

We define C1-Sa and C1-Sb with two circular regions
(the dashed circles in Figures 1c and d). The C1-Sa core
shows a relatively smooth profile as a function of radius
from the center, resolved with & 10 beams and with no
sign of fragmentation. The bright central region shows
elongation in the direction of Galactic longitude. The
elongation is resolved with 3 synthesized beams. In the
continuum image of Figure 1c, a bipolar structure is seen
stretching out from C1-Sa in the approximately (Galac-
tic) north-south directions. This structure coincides with
the CO outflow axis (T16, and see, below, §3.3), indicat-

ing that there is dust in this outflow or along its cavity
walls that is likely heated to temperatures greater than
those of dust in the ambient environment.

Our defined core region of C1-Sb is much smaller in
size compared to C1-Sa, with only ∼ 4 beams across its
diameter. The peak flux density is also several times
smaller than that of C1-Sa.

The angular distance between C1-Sa and C1-Sb is
∼ 3′′, corresponding to about 15,000 AU (0.073 pc). In-
terestingly, in this region between C1-Sa and C1-Sb, we
see a diffuse distribution of 1.30 mm dust emission. At
least in projection, it appears to connect C1-Sa and C1-
Sb with an arc-like shape. It does not show any clear
centrally peaked profile. This structure spatially over-
laps with the N2D+(3-2) core C1-S defined in T13. In the
following, we show the new high-resolution N2D+ data
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and we make new definitions of the size of this core, i.e.,
with an inner and outer scale considered, which are also
shown in Figures 1c and d.

Our primary method of estimating masses is based on
1.3 mm dust continuum emission, following eq. (7) of
T13, i.e., using the opacities of the moderately coag-
ulated thin ice mantle model of Ossenkopf & Henning
(1994). The mass surface density from mm continuum
is:

Σmm =5.53× 10−3
(

Sλ/Ω

MJy/sr

)(
κλ

0.01 cm2 g−1

)−1
λ31.30

×
[
exp

(
1.106T−1d,10λ

−1
1.30

)
− 1
]

g cm−2

(1)

where λ1.30 = λ/1.30 mm and Td,10 = Td/10 K. We
choose κν = 5.95×10−3 cm2 g−1 and assume 30% uncer-
tainties in these opacities. This method of mass estima-
tion depends on the adopted dust temperature, which is
somewhat uncertain. We thus calculate core masses for
a range of temperatures.

Figure 2 shows the gas kinetic temperature Tk mea-
sured from the VLA NH3 observations. A temperature
of Tk ' 13 K to 16 K is observed towards the C1-S
region, with slightly warmer temperatures just to the
north. However, given the relatively low critical density
(∼ 103 cm−3) of the NH3 transitions (i.e., compared to
∼ 3× 106 cm−3 for N2D+(3-2)), we expect that the tem-
perature traced by NH3 is likely influenced by the lower
density envelope material around the C1-S N2D+ core .
The line width of the NH3 lines are also broader than
N2D+(3-2), discussed below. The protostellar cores are
not well resolved by the NH3 observations, so the ability
to see any warmer gas associated with these protostellar
envelopes is compromised by beam dilution.

T13 estimated Td = 10± 3 K, based on the region ap-
pearing dark at up to ∼ 100µm. Thus for the C1-S star-
less core, defined in the next subsection, we will adopt
Tdust = 10 ± 3 K. In the models of Zhang et al. (2014)
for high-mass protostellar cores and those of Zhang &
Tan (2015) for low-mass cores, the envelope gas temper-
ature is between ∼15 K to 30 K during the phases of
evolution relevant to C1-Sa (i.e., early phases, given the
expectation of it being a massive protostellar core, see
below) and to C1-Sb (i.e., most evolutionary phases rel-
evant to low-mass star formation, given the expectation
it is a lower-mass protostar, see below). Here we adopt
a fiducial temperature of 20 K for the protostellar cores
C1-Sa and C1-Sb, with lower and upper bounds of 15 K
and 30 K, respectively. The measured core flux density in
C1-Sa is 40.9 mJy and in C1-Sb is 2.31 mJy, with system-
atic uncertainties in these absolute values expected to be
. 10% so that overall mass uncertainties are dominated
by other factors, such as temperature and dust opacity
uncertainties. Table 1 shows the resulting core masses
based on the observed mm continuum fluxes, given these
temperature uncertainties. The 1σ continuum mass sen-
sitivity is 0.03 M� per beam at T = 20 K.

The mass estimates of the C1-S starless core are dis-
cussed below in the next subsection. The protostellar en-
velope of C1-Sa has an estimated mass of about 30M�,
with a range of values from ∼ 20 to 50M� given the tem-
perature uncertainties. Based on the momentum flux of

its CO outflow, T16 estimated the mass of the C1-Sa
protostar to be . 3 M�. Thus C1-Sa is consistent with
being a massive protostellar core that is in a relatively
early phase of collapse. We find that C1-Sb has about a
14 times smaller mm continuum flux and thus the mass
estimates for its envelope are just a few Solar masses.
Given that its CO outflow momentum flux is only mod-
erately smaller than that of C1-Sa, this suggests that
C1-Sb is a low or intermediate mass protostar at a more
advanced evolutionary stage of its collapse. This is also
consistent with C1-Sb’s larger outflow cavity opening an-
gle (T16, see also §3.3).

3.2. N2D+(3-2) Emission

3.2.1. Definition of the C1-S Pre-stellar Core

Figure 3 shows the N2D+(3-2) 0th-moment map of the
C1-S region, integrated from 76.9 to 81.9 km s−1 (i.e.,
centered on the 79.4 km s−1 measured for the C1-S core
by T13). Several versions of the map are shown. In panel
(a), we show the combined data of N2D+(3-2) with a fi-
nal synthesized beam size of 0.3′′. In panel (b), the same
N2D+ image is overlaid as contours on top of the 1.30
mm continuum image from Figure 1c. Since noise fea-
tures are quite visible across the image in panel (a), in
panel (c) we show a smoothed image, obtained by ap-
plying an outer uv-taper to the N2D+ data to have a
0.57′′ × 0.54′′ P.A. = 89.59◦ beam. Then in panel (d),
we show the smoothed N2D+ image on top of the con-
tinuum image. One can see from Figure 3, especially
panels (c) and (d), that there is centrally concentrated
N2D+ emission inbetween C1-Sa and C1-Sb. As we dis-
cuss below, this structure, which we will refer to as a
“core”, contains a large fraction of the N2D+(3-2) flux
of the C1-S core defined by T13. We remind that the
N2D+(3-2) flux of C1-S is the strongest source of such
emission in the wider region and is highly localized in
position and velocity space, i.e., to ∼ 0.1pc spatial and
. 0.5km s−1 velocity scales. In addition to the radial gra-
dient in N2D+(3-2) intensity, C1-S also shows some in-
ternal substructure in this emission at the factor of about
two to three level. Such variation is broadly consistent
with the astrochemical models of Goodson et al. (2016)
of a monolithic core that is partially supported by turbu-
lence. In these models the abundance of N2D+ increases
by several orders of magnitude and depends on local den-
sity, temperature and other gas properties, so fluctua-
tions of a factor of a few are readily explained as be-
ing in response to local transient turbulent fluctuations,
without necessarily implying that these structures will
fragment into separate entitites.

We define “C1-S inner” as the circle centered approx-
imately on the peak N2D+(3-2) 0th-moment contours,
while extending out as far as possible to just reach, in
projection, the C1-Sa and C1-Sb protostellar cores. C1-
S inner contains 23% of the total N2D+(3-2) flux in the
high-resolution image (panel b). We also define “C1-
S outer” with a circular aperture that shares the same
center but expanded to cover a larger fraction (44%) of
the N2D+(3-2) flux in the region (see Figure 3b and d).
C1-S outer partially overlaps C1-Sa and fully overlaps
C1-Sb. In any later analysis, pixels in C1-Sa and C1-Sb,
e.g., containing mm continuum flux or N2D+(3-2) flux,
are excluded from contributing to C1-S outer.



Zooming in to Massive Star Birth 5

+00.0620◦

+00.0640◦

+00.0660◦

+00.0680◦

+00.0700◦

+00.0720◦

+00.0740◦

G
al

ac
tic

La
tit

ud
e

C1-N C1-S

(a) color:MIREX; contour:NH3(1, 1)

0.1 pc

0.00

0.08

0.16

0.24

0.32

0.40

0.48

0.56

0.64

0.72

0.80

C1-N C1-S

(b) color:MIREX; contour:NH3(2, 2)

0.1 pc

0.00

0.08

0.16

0.24

0.32

0.40

0.48

0.56

0.64

0.72

0.80

28.3200◦28.3220◦28.3240◦28.3260◦28.3280◦28.3300◦

Galactic Longitude

+00.0620◦

+00.0640◦

+00.0660◦

+00.0680◦

+00.0700◦

+00.0720◦

+00.0740◦

G
al

ac
tic

La
tit

ud
e

C1-N C1-S

(c) color:Tk from NH3

0.1 pc

6

8

10

12

14

16

18

20

28.3210◦28.3215◦28.3220◦28.3225◦28.3230◦

Galactic Longitude

C1-Sa

C1-S

C1-Sb

(d) color:zoom in to C1-S region

0.1 pc

6

8

10

12

14

16

18

20

Figure 2. (a) Zeroth moment map of NH3(1,1) integrated from 76.9 to 81.9 km s−1 (contours, shown from 3, 4, 5σ, etc., with σ being
4 mJy km s−1). The integration covers the main hyperfine structure. The background image shows the MIR+NIR extinction map (in
g cm−2) from Butler et al. (2014). The white plus signs represent the C1-N and C1-S cores from T13. The red circle in the lower-right
shows the resolution beam of the extinction map. The black ellipse in the lower-left shows the synthesized beam of the VLA observations.
(b) As panel (a), but now showing zeroth moment map of NH3(2,2). (c) Tk map derived from the VLA NH3 observations. The color scale
bar has the unit of K. The filled ellipse is the beam of the VLA observations. The dashed inset shows the zoom-in region of C1-S in panel
(d). (d) Zoom-in view to the C1-S region in the Tk map. The black dashed circles represent the C1-S, C1-Sa and C1-Sb core definitions
(see §3.1 and §3.2.1). The filled ellipse in the lower-right is the beam of the VLA observations.

Note here that we are defining C1-S inner and outer by
their centrally-peaked N2D+ emission, unlike C1-Sa or
C1-Sb that were defined by centrally-peaked continuum
emission. As shown in Figure 4, C1-Sa shows a centrally-
peaked 1.3 mm continuum intensity profile, while C1-S’s
profile is much shallower. The lack of a centrally peaked
continuum morphology in C1-S, compared to C1-Sa and
C1-Sb, is thus evidence for it being a starless, pre-stellar
core, rather than a protostellar core. Note also that the
extent of material that is dynamically associated with
C1-S, e.g., bound to it, may be larger than the example
aperture of C1-S outer. Fig. 3c shows this more extended
N2D+(3-2) emission, although a small part of this may
be associated with the C1-Sa and C1-Sb protostars.

The 1.3 mm continuum-derived mass estimates for C1-
S inner and outer shown in Table 1 range from about
25 to 60 M� for the fiducial choice of assumptions, i.e.,
a dust temperature of 10 K. Temperature uncertainties
from 7 to 13 K induce about a factor of two uncertainty
in the mass estimates. Note, however, that these mass es-
timates have so far been based on the total flux observed

towards a given aperture. Clump envelope substraction,
i.e., where the average flux density in an annular region
extending to twice the core radius (and excluding the
protostars C1-Sa and C1-Sb) is subtracted (see §3.2.4),
leads to modest reductions in these mass estimates by
factors of about 0.64 for C1-S inner and 0.83 for C1-S
outer in the fiducial case. Thus, the mass that is asso-
ciated with the observed N2D+(3-2) emission, especially
when considered at its outer scale, appears to be of suf-
ficient quantity to form a massive star, if this core were
to undergo quasi-monolithic collapse.

C1-S is a highly deuterated core. The deuteration
analysis of Kong et al. (2016), which was applied to

the 3.5′′radius C1-S aperture of T13 found DN2H+
frac ≡

[N2D+]/[N2H+] ' 0.2 to 0.7. We thus expect the ac-
tual deuteration level in C1-S outer and inner to be even
higher. Such high levels of deuteration are expected to
be achieved in gas that is kept in a cold (T . 20 K) and
dense state for a relatively long time, i.e., compared to
the local free-fall time. Such conditions are found to be
common in low-mass pre-stellar cores (Caselli & Cecca-
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Table 1
Core Masses

Protostellar Cores l b Rc Mc,mm (T = 15 K) Mc,mm (T = 20 K) Mc,mm (T = 30 K)
(deg) (deg) (0.01 pc) (M�) (M�) (M�)

C1-Sa 28.32209 0.06770 2.18 49.5 33.5a 20.2
C1-Sb 28.32168 0.06692 0.97 3.44 2.33a 1.41

Starless Core ld bd Rc Mc,mm (T = 7 K) Mc,mm (T = 10 K) Mc,mm (T = 13 K)
(deg) (deg) (0.01 pc) (M�) (M�) (M�)

C1-S inner (tot)b 28.32167 0.06734 2.67 53.5 25.5a 11.6
C1-S innerc ... ... ... 43.7 17.1a 4.97

C1-S outer (tot)b 28.32167 0.06734 4.48 123 58.8a 26.8
C1-S outerc ... ... ... 112 48.8a 19.0

a Fiducial case.
b Masses estimated using total mm continuum fluxes.
c Masses estimated using background subtracted mm continuum fluxes.
d Defined at the center of the circular core.

Table 2
Continuum flux measurement data for Figures 4 and 5.

RC1−Sa FC1−Sa(R) RC1−S outer FC1−S outer(R) FC1−S outer sub(R)
AU MJy sr−1 AU MJy sr−1 MJy sr−1

588 2266(25) 554.5 150.9(27.0) 117.7(36.4)
1205 1833(19) 1168.3 150.1(19.0) 116.9(30.9)
1800 1249(15) 1757.5 151.2(15.8) 118.0(29.0)
2397 798(13) 2349.2 136.6(13.4) 103.4(27.7)
2998 522(11) 2949.7 126.3(12.0) 93.1(27.1)
3597 346(10) 3549.2 130.3(10.9) 97.2(26.6)
4193 231(10) 4146.6 126.4(10.1) 93.3(26.3)

- - 4747.3 117.6(9.4) 84.4(26.1)
- - 5347.9 117.5(8.9) 84.4(25.9)
- - 5940.6 106.6(8.9) 73.4(25.9)
- - 6547.4 93.4(8.8) 60.3(25.9)
- - 7146.4 89.5(8.7) 56.4(25.8)
- - 7743.3 79.5(8.3) 46.3(25.7)
- - 8348.5 79.8(8.0) 46.6(25.6)
- - 8953.4 80.6(7.7) 47.5(25.5)

relli 2012) and may be expected to arise in more massive
pre-stellar cores also, assuming such cores exist.

In summary, C1-S shows no obvious sign of star forma-
tion. It has no centrally peaked continuum profile. It has
no corresponding CO outflows (as will be shown below in
§3.3). In Herschel 70 µm and 100 µm images, this entire
region has no sign of point sources (Lim et al. 2016; Lim
et al., in prep.). While C1-Sa and C1-Sb have some level
of N2D+(3-2) emission, this tracer does not show obvious
concentrations at the locations of their continuum emis-
sion peaks. Meanwhile, C1-S has a strongly concentrated
N2D+(3-2) structure away from the protostars. We thus
conclude that C1-S is likely to be a highly deuterated
massive starless core.

3.2.2. Core Structure

Figure 5 shows the radial structure of C1-S outer as in-
ferred from thermal dust continuum emission. In panel
(a) we show the total S̄1.3mm(R) (averaged in annuli),
while in (b) we show the result after envelope subtrac-
tion. This background envelope level is assessed as the
average value of S̄1.3mm in an annulus from one to two
core radii (excluding the C1-Sa and C1-Sb regions). We
estimate the uncertainty associated with this process as
equal to the level of fluctuations seen in 8 independent

regions of the annulus, i.e., that have linear dimensions
comparable to the radius of the core. The standard devi-
ation of these mean values is adopted as the uncertainty,
which is about 70% of overall envelope value. In panel
(c), we calculate the mass surface density profile from
the total 1.3 mm flux density based on Eq.1. Since C1-S
is a candidate starless core, we first assume Tdust = 10 K
across the core (black dots). We also calculate two more
cases where Tdust = 7 K and Tdust = 13 K, which we
use to assess the uncertainty in the mass surface density
estimates.

Following the turbulent core model of MT03, we as-
sume a core volume density profile following a singu-
lar polytropic spherical structure: ρ ∝ r−kρ , where
kρ = 1.5 in the fiducial case. We project the volume
density to surface density Σ by integrating along the line
of sight. Then we find the best fitting model, first for the
case of kρ = 1.5 (black line in panel c). It has a density
at core surface (9250 AU) (i.e., the radius of C1-S outer)
of nH = 8.40 × 105 cm−3. However, this model is not
a very good fit to the data. We then allow kρ to vary,
which yields a best-fit model with kρ = −0.215 (blue
line), i.e., ρ increasing towards the core surface, which is
not expected for physically realistic models. We repeat
the analysis for the clump envelope-subtracted profiles
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Figure 3. N2D+ observations: (a) Combined N2D+(3-2) 0th-moment map. The integration is from 76.9 to 81.9 km s−1 (i.e., centered
on 79.4 km s−1 velocity measured by T13). The color scale bar has a unit of Jy beam−1 km s−1. The synthesized beam (∼ 0.3′′) is shown
as a red filled ellipse at lower-right. (b) N2D+(3-2) 0th-moment contours overlaid on the 1.3 mm continuum image. The continuum image
and color scheme is the same as Figure 1c. The N2D+(3-2) contours start from 3σ and increase in step of 1σ (σ = 3 mJy km s−1). The
red filled ellipse at lower-right is the synthesized beam for the continuum image. The white filled ellipse at lower-left is the beam for the
N2D+(3-2) contour map. The dashed circles are the core definitions for C1-Sa, C1-Sb, “C1-S inner” and “C1-S outer.” (c) Same as (a), but
now the N2D+(3-2) 0th-moment map is uv-tapered to ∼ 0.5′′ resolution. (d) Same as (b), but now the N2D+(3-2) 0th-moment contour
map is uv-tapered to ∼ 0.5′′ resolution.

shown in panel (d). Now the best-fit kρ is 0.283. This
has density declining with radius, but is still much shal-
lower than the fiducial case of MT03.

In panels (e) and (f), we also investigate models with
a temperature gradient in the core. As an example, we
consider a linear gradient with T = 7K at the core cen-
ter and T = 13K at the core surface, similar to the
range of values seen in some lower-mass pre-stellar cores
(Crapsi et al. 2007). The newly-derived Σ profile are
shown as dots. One can see Σ is more centrally-peaked
compared to the isothermal case. Again we model the
core and the best-fit kρ = 0.414 for the total flux case
and kρ = 0.717 for the envelope-subtracted case. Opac-
ity variations within the core, e.g., due to grain growth
in the denser central regions, could also lead to changes

in the derived density structures. Lacking any good con-
straints on temperature and opacity variations within the
core, we conclude that it is difficult to determine the core
structure from the current data. We also note that as a
starless core contracts to becoming a pre-stellar core on
the verge of forming a protostar, its density profile is
expected to steepen (Shu 1977).

3.2.3. Core Kinematics

Figure 6 shows the spectra of N2D+(3-2), DCO+(3-
2), C18O(2-1) and DCN(3-2) from the C1-Sa, C1-Sb and
C1-S inner cores. The spectra are averaged over the cir-
cular core apertures and converted to Tmb. Consider-
ing the spectra of the C1-Sa protostar, one can see that
most of its emission from dense gas tracers is close to the
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Figure 4. (a) 1.3 mm continuum flux density S̄1.3mm as a function of projected radius, R, for C1-S outer (dots) and C1-Sa (stars).
The measurement is averaged within concentric annuli that have widths equal to the beam size. The error bars show uncertainties due to
observational noise (image rms noise normalized by the square root number of independent beams inside the annuli). (b) Same as panel
(a), but the radii are normalized to the core radii.

79.4 km s−1 velocity component identified in N2D+(3-2)
by T13 (hereafter vlow). There is a relatively weak ve-
locity component in C18O(2-1) at 81.2 km s−1 (hereafter
vhigh). Like T16, we argue the protostellar core C1-Sa
is at the vlow velocity. We note that multiple velocity
components are commonly seen in IRDCs (e.g., ?).

For the C1-Sb protostar, from the spectra of DCO+(3-
2) and C18O(2-1) we see that the main velocity com-
ponent is at 81.2 km s−1 (vhigh). There is a relatively
weak component in DCO+(2-1) at vlow and a hint of a
feature in N2D+(3-2) at vlow. We argue the protostellar
core C1-Sb is at vhigh. T16 also suggested a higher radial
velocity for C1-Sb based on the low velocity resolution
channel maps of 12CO(2-1).

The C1-S core, defined by N2D+(3-2), is at 79.4
km s−1 (vlow). This C1-S component is also seen in
DCO+(3-2) and DCN(3-2), but not in C18O(2-1). We
also see the vhigh component in DCO+(3-2) and C18O(2-
1).

Overall, these spectra suggest that C1-Sa is likely to
be part of the same cloud enclosing C1-S, while C1-Sb
is a core that is part of a separate larger scale structure,
potentially connected to C1-N (T13). We note that in
the C1 region, we generally see these two velocity com-
ponents in a variety of datasets. The velocity difference
is typically 1.8 km s−1. It remains to be seen whether
these components are interacting, i.e., via a collision, or
are simply overlapping in the plane of the sky but are
physically separated in the third spatial dimension.

Figures 7 and 8 show the channel maps of the N2D+(3-
2) data, with the latter uv-tapered to ∼ 0.5′′resolution.
The three cores C1-Sa, C1-Sb and C1-S are shown with
white dashed circles. The velocity range of the channels
covers essentially all of the detected N2D+(3-2) emis-
sion (above 3σ). N2D+(3-2) in C1-Sa is more promi-
nent in channels . 79.1 km s−1, while in C1-S it is
more dominant in channels & 79.1 km s−1. From 79.1
km s−1 to 80.0 km s−1, C1-S is filled with widespread
N2D+ features, with little indication of any large scale

velocity gradients.
To examine this further, Figure 9 shows the 1st-

moment map of the combined N2D+(3-2) data, with ve-
locity measurements shown for those pixels with a 2σ
and 3σ detection of the species, i.e., to illustrate the ef-
fect of the choice of this threshold. C1-S shows a quite
coherent structure around 79.4 km s−1. No clear sign of
global rotation is seen in C1-S. There is a stronger ve-
locity gradient seen across C1-Sa, equivalent to about a
0.8 km s−1change across the diameter of the core (see
Figure 9(j) and (n)). The direction of the gradient (E-
W) is consistent with the continuum elongation. Figure 9
shows the 2nd-moment map of the combined N2D+ data
(the last two columns). In the fourth column, we sub-
tract the intrinsic dispersion of the N2D+(3-2) hyper-
fine structure in quadrature from the 2nd-moment map
(calculated at 2σ and 3σ). Consequently, the number of
available pixels is limited by the sensitivity. C1-Sa shows
moderately enhanced 2nd-moment, which may be caused
by its outflow (§3.3).

We performed hyperfine-structure spectral fitting to
the N2D+(3-2) spectrum using the HFS method of
the CLASS software package1 in Figure 10, assum-
ing the line is optically thin (see the optical depth
check in Kong et al. 2016). The thermal component of
N2D+ is subtracted in quadrature from the line disper-
sion, and the thermal component of H2 gas (assuming
10± 3 K) is added back in quadrature to obtain the to-
tal velocity dispersion of the core as derived from the
N2D+ observations (σN2D+) (see T13). These results are
listed in Table 3. The observed line profiles of N2D+ are
dominated by turbulent motions, although the total ve-
locity dispersions are under 0.4 km s−1.

Figure 11 shows the C1-S outer core velocity dispersion
σ as a function of projected radius, R. The core is dis-
sected into the same set of annuli as in Figure 5. Within
each annulus, we extract the averaged N2D+(3-2) flux
density and form a spectrum. Then we fit the hyperfine

1 http://www.iram.fr/IRAMFR/GILDAS
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Figure 5. (a) 1.3 mm continuum flux density S̄1.3mm as a function of projected radius, R, for C1-S outer. The measurement is averaged
within concentric annuli that have widths equal to the beam size. The error bars show uncertainties due to observational noise. (b) Same
as panel (a), but after subtraction of the clump envelope, as evaluated from an annulus from Rc to 2Rc. (c) Mass surface density, Σ, as
a function of projected radius R for C1-S outer assuming isothermal conditions. The fiducial dust temperature is 10 K (black dots). Also
shown are cases with 7 K and 13 K. The solid lines show Σ profiles of model cores with power-law volume density profiles ρ ∝ r−kρ , with
best-fit case of kρ = −0.215 shown with a blue line and fiducial reference case of kρ = 1.5 shown with a black line. The normalization
of these profiles is based on a χ2 minimization to the data. (d) Same as panel (c), but with clump envelope subtracted. The best-fit
kρ = 0.283. (e) A linear temperature profile with 3D radius from 7 K (at core center) to 13 K (at core surface) is adopted for the mass
surface density estimation. Two Σ profiles are shown for the fiducial MT03 turbulent core (kρ = 1.5) and for the best-fit value of kρ. The
black curve is the model for kρ = 1.5, and the blue curve is the model involving kρ, which gives the best-fit kρ = 0.414. (f) Same as panel
(e), but with clump envelope subtracted. The best-fit kρ = 0.717.
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Figure 6. Spectra extracted from the cores (circular regions in Figure 3). The average main beam temperatures Tmb are estimated from
the mean pixel values (in unit of Jy beam−1) within the regions defining the cores. The data cubes are primary beam corrected. Columns
from left to right: spectra for C1-Sa, C1-Sb and C1-S. The C1-S column shows both C1-S inner (black) and C1-S outer (blue). Rows
from top to bottom: spectra of N2D+(3-2), DCO+(3-2), C18O(2-1) and DCN(3-2). The N2D+(3-2) and C18O(2-1) spectra have a velocity
resolution of 0.05 km s−1. The DCO+(3-2) and DCN(3-2) spectra have a velocity resolution of 0.2 km s−1. The two vertical dashed lines
label the two velocity components reported in this vicinity by T13. The line at 79.4 km s−1 corresponds to the vLSR of the C1-S core in
T13 (vlow), while the line at 81.2 km s−1 corresponds to the C1-N core in T13 (vhigh). The spectra of C1-Sb are relatively noisy because
of its small size.

structure of N2D+(3-2) and derive σN2D+ , as described
above.

We first model the core velocity dispersion following
the MT03 model, where the core volume density fol-
lows ρ(r) ∝ r−kρ and the velocity dispersion follows
σ(r) ∝ rkσ . The fiducial MT03 model has kρ = 1.5
and kσ = 0.25. We project the σ(r) to the sky plane by
summing the line-of-sight mass-weighted σ(r) in quadra-
ture (this is the same as the emission-weighted averaging
in the optically thin, isothermal limit). Finally we nor-
malize the 2D σ −R model based on a χ2 minimization
to the data (converted to σN2D+ , following the methods
described above). The model curve (black) is shown in

Figure 11. It has a velocity dispersion at core surface of
σs = 0.306 km s−1. We also try a shallower density pro-
file with kρ = 0.3. This time we allow kσ to vary, finding
a best-fit result kσ = −0.201 and σs = 0.245 km s−1.

These results indicate that velocity dispersion is fairly
constant with radius in the C1-S core. The fiducial tur-
bulent core model is consistent with the observed veloc-
ity dispersion versus projected radius profile, although
its continuum flux profile is too concentrated (unless one
invokes strong temperature and/or opacity gradients).
A flatter density profile, i.e., kρ = 0.3, which is more
favored by the continuum flux profile, still implies a rel-
atively flat velocity dispersion profile, although now de-
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Figure 7. Channel maps of the N2D+(3-2) highest resolution data of the C1 region (the same as shown in Figure 1; core apertures are
marked with dashed circles). The channel velocity is shown in the upper-left corner of each panel. The color scheme is from 2σ (in this
case σ = 0.011 Jy beam−1) to the maximum with a linear scale. The color bar has a unit of Jy beam−1. The synthesized beam is shown
as a red filled ellipse at lower-left.

clining with radius. However, these results assume a con-
stant abundance of N2D+ in the core, which is a caveat
that needs to be borne in mind.

3.2.4. Core Dynamics

We follow T13 to measure the C1-S core properties
at both the inner and outer scales and investigate its dy-
namics. We first use the MIREX image from Butler et al.
(2014) to estimate the mass surface density of the core
(Σc) and its clump envelope (Σcl,MIREX), evaluated from
an annulus extending out to twice the core radius. How-
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Figure 8. The same as Figure 7, but with the N2D+(3-2) data uv-tapered to ∼ 0.5′′resolution. In this case, σ = 0.008 Jy beam−1.

ever, we note that the C1-S region may be “saturated” in
the MIREX map, i.e., it may only provide a lower limit
to the actual mass surface density (see discussion in But-
ler & Tan 2012; Butler et al. 2014; Lim & Tan 2014). For
the C1-S core we find Σc,MIREX ' 0.5 g cm−2 for both
the inner and outer core regions. We also find quite sim-
ilar values for the clump mass surface density via this
method, i.e., Σcl,MIREX. This indicates that saturation

in the map is indeed a problem. Another potential dif-
ficulty with estimates based on the MIREX map is that
its angular resolution is only 2′′.

As a result of these potential problems with the
MIREX map of this region, we also measure mass sur-
face densities of the core and clump envelopes based on
their mm continuum emission, i.e., Σc,mm,tot and Σcl,mm.
The subscript “tot” means no envelope subtraction (see
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Figure 9. N2D+(3-2) moment maps. Columns from left to right: 0th-moment, 1st-moment (relative to 79.4 km s−1 ), 2nd-moment
without intrinsic dispersion subtraction, and 2nd-moment with the N2D+(3-2) hyperfine structure dispersion subtracted. Rows from top to
bottom: combined data with 2σ cut, combined data with 3σ cut, uv-tapered data (0.5 ′′) with 2σ cut, and uv-tapered data with 3σ cut. All
moment calculations are carried out within the velocity range 79.4±1.5 km s−1 to avoid any contribution from the 81.2 km s−1 component.
The subtraction of the intrinsic dispersion of 0.242 km s−1 from the N2D+(3-2) hyperfine structure in the 4th column limits the number
of available pixels in the final image. The beam is shown as the gray filled ellipse on the lower-right corner. The color bars for the 1st
column have the unit Jy beam−1 km s−1, for the rest columns km s−1.

below). Following T13, we adopt T = 10 ± 3 K for
the core, which results in lower and upper limits de-
noted as sub- and superscripts. For the clump we adopt
T = 15 ± 5 K, i.e., with such temperatures being ex-
pected to be relevant for larger-scale regions in IRDCs
(e.g., Pillai et al. 2006, see also Fig. 2). With these
methods we find that C1-S core has Σc,mm,tot ' 2.41
and 1.96 g cm−2 at its inner and outer scales, respec-
tively. The surrounding clump envelopes around these
apertures have Σcl,mm ' 0.80 and 0.34 g cm−2, respec-
tively. Given these results, we focus our attention on
core properties for the dynamical analysis using the mm
continuum derived mass surface densities.

We consider two cases for estimating core physical
properties: (1) no envelope subtraction, i.e., using to-
tal mm continuum fluxes, for which we use the subscript

“tot”, e.g., Sc,mm,tot, Σc,mm,tot, Mc,mm,tot, etc.; (2) with
envelope subtraction, for which we use variable names
with no additional subscript, e.g., Σc,mm, Mc,mm, etc.
The resulting physical properties of C1-S, including vol-
ume densities (assuming spherical geometry and adopt-
ing a mean molecular weight of 2.33mH), are listed in
Table 3. With the fiducial dust temperature estimates,
the derived masses of C1-S inner areMc,mm,tot = 25.5M�
and Mc,mm = 17.1 M�, i.e., background subtraction
makes a substantial difference in the mass estimate. For
C1-S outer, the masses are Mc,mm,tot = 58.8 M� and
Mc,mm = 48.8 M�, i.e., the effects of background sub-
traction are more modest (in a relative sense). The im-
plied volume densities in C1-S, also listed in Table 3, are
nH ∼ several ×106 cm−3.

Now with estimates of the radii, masses and velocity
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Figure 10. N2D+(3-2) core spectra (black) and their HFS fit
results (magenta). All spectra are in the rest frame of 79.4 km s−1.
The spectral resolution is 0.05 km s−1.
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Figure 11. Velocity dispersion σ as a function of projected ra-
dius, R, for C1-S outer. The observational measurement is av-
eraged within concentric annuli at a step of beam size. Within
each annulus, the observed σN2D+ is derived following §3.2.3. The

black model curve shows the 2D projection (mass-weighted sum in
quadrature) of σ(r) ∝ rkσ (kσ = 0.25) with the density profile

ρ(r) ∝ r−kρ (kρ = 1.5), following the fiducial MT03 model. The
profile is normalized based on a χ2 minimization to the observa-
tion so that the σ at core surface (9250 AU) is σs = 0.306 km s−1.
The blue model curve shows the model with a shallower density
profile ρ(r) ∝ r−0.3 and the best fit kσ = −0.201. In this case,
σs = 0.245 km s−1.

dispersions of the C1-S inner and outer core structures,

Table 3
Physical properties of C1-S

Core property (% error) C1-S inner C1-S outer

Angular radius, θc (′′) 1.10 1.85
d (kpc) (20%) 5.0 5.0

Rc (0.01 pc) (20%) 2.67 4.48

VLSR,N2D+ (km s−1) 79.30±0.0200 79.30±0.0200

σN2D+,obs (km s−1) 0.242±0.0251 0.212±0.0179

σN2D+,nt (km s−1) 0.236±0.0257 0.205±0.0185

σN2D+ (km s−1) 0.302±0.0267 0.279±0.0231

Σcl,MIREX (g cm−2) (30%) 0.490 0.445

Scl,mm (mJy) 17.5±0.577 23.8±1.04
Scl,mm/Ω (MJy/sr) 78.7±2.60 33.1±1.44

Σcl,mm (g cm−2) 0.7981.48
0.541 0.3360.624

0.228

Σc,MIREX (g cm−2) (30%) 0.492 0.491

Mc,MIREX (M�) (50%) 5.22 14.7

nH,c,MIREX (105cm−3) (36%) 19.0 11.3

Sc,mm,tot (mJy) 11.4±0.365 23.2±0.577
Sc,mm,tot/Ω (MJy/sr) 128±4.10 104±2.60

Σc,mm,tot (g cm−2) 2.414.83
1.43 1.963.93

1.16

Mc,mm,tot (M�) 25.553.5
11.6 58.8123

26.8

nH,c,mm,tot (105cm−3) 93.0190
51.6 45.192.1

25.0

Σc,mm (g cm−2) 1.614.03
0.628 1.633.60

0.826

Mc,mm (M�) 17.143.7
4.97 48.8112

19.0

nH,c,mm (106cm−3) 6.2215.8
2.24 3.738.39

1.77

The superscripts (low temperature) and subscripts (high
temperature) indicate the variations resulting from dust
temperature uncertainties (7 to 13 K for core; 10 to 20 K for
clump).

along with their clump envelope mass surface densities,
we are able to compare these to predictions of the Turbu-
lent Core Model of MT03. Our general methodological
approach follows that of T13. The mass-weighted av-
erage velocity dispersion of a virialized core, including
pressure equilibrium with its surroundings, is given, in
the fiducial case by (MT03; T13):

σc,vir → 1.09

(
φB
2.8

)−3/8(
Mc

60M�

)1/4(
Σcl

1 g cm−2

)1/4

km s−1,

(2)
where φB = 1.3 + 1.5m−2A → 2.8 is a dimensionless pa-
rameter that accounts for the effects of magnetic fields,
mA ≡

√
3σ/vA → 1 is the Alfvén Mach number and

vA = B/
√

4πρ is the Alfvén speed. The fiducial case
considered by MT03 (indicated by the → values, above)
involved approximately equal support in the core by tur-
bulence and large-scale magnetic fields. If magnetic fields
play a more important role, then this is represented by
a smaller Alfvén Mach number, i.e., sub-Alfvénic turbu-
lence, and a larger value of φB . In this case, a virial equi-
librium core would have a smaller turbulent line width.

Thus our basic procedure is to evaluate σc,vir using
equation (2) and compare it with the observed 1D veloc-
ity dispersion inferred from the N2D+(3-2) line, σN2D+ .
We do this for the C1-S inner and outer scales and for
the case of no clump envelope background subtraction
and with such background subtraction. These results
are listed in Table 4. The ratio σN2D+/σc,vir,mm is found
to be approximately equal to 0.4 for both C1-S inner and
outer, which is similar to the results of T13 based on the
lower resolution observations of C1-S and of Kong et al.
(2017) for other N2D+ cores in IRDCs.
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There are two possible interpretations for these results.
The first possibility is that the core really is in a sub-
virial state, i.e., it is on the verge of undergoing fast
collapse because it lacks sufficient internal pressure sup-
port. Evaluation of the Bertoldi & McKee (1992) virial
parameter (see Table 4), which is often used to assess
the dynamical state of cores, would also seem to indi-
cate such a situation. However, the high densities of
the core imply short free-fall times (also listed in Ta-
ble 4), which are ∼ 2 × 104 yr. Gas in the core would
be expected to relatively quickly acquire infall velocities,
which would approach the free-fall speed and thus give
the core an apparent velocity dispersion that is compa-
rable to that of virial equilbrium. It seems unlikely that
all the core material is slowly moving and on the verge
of fast collapse, especially on the different scales of C1-S
inner and outer. In addition, the astrochemical modeling
of the deuteration process that increases the abundance
of N2D+ compared to N2H+ is thought to take a rel-
atively long time compared to the local free-fall time.
The results of Kong et al. (2016); Goodson et al. (2016)
indicate that the C1-S core should be contracting at a
rate smaller than 1/3 of that of free-fall collapse in or-
der to have enough time to reach the observed levels of
deuteration.

The second possibility is that the C1-S core is quite
close to a state of virial equilibrium and is only undergo-
ing relatively slow contraction compared to that of free-
fall collapse. This would then require stronger magnetic
fields compared to those of the fiducial (mA = 1) tur-
bulent core model. The values of these fiducial B-field
strengths are about 0.5 mG on the scale of C1-S outer
and 0.8 mG at C1-S inner. The values of φB to achieve
virial equilibrium, φB,vir, are several times larger than
that of the fiducial case (Table 4). These correspond
to conditions of sub-Alfvénic turbulence with mA ' 0.2
and magnetic field strengths of ∼ 2 to 3 mG. We note
that such B-field strengths are consistent with the values
predicted by the empirical relation for median values of
Crutcher et al. (2010), Bmed ' 0.22(nH/105 cm−3)0.65

(valid for nH > 300 cm−3), given the observed densi-
ties of C1-S inner and outer. This relation predicts B-
field strengths of 3.2 and 2.7 mG using the envelope-
subtracted densities of C1-S inner and outer, respec-
tively. Finally, such values of B-field strengths can also
help to explain why C1-S does not appear to have frag-
mented significantly, i.e., based on its mm continuum
morphology2. Table 3 lists the magnetic field strengths,
Bc,crit, that would be needed for the magnetic critical
mass Bertoldi & McKee (1992) to equal the observed
core masses: at the scale of C1-S outer we see that
Bc,crit ' Bc,vir ' 2 mG.

In summary, given the above results, we conclude that
the second case of core dynamics regulated by relatively
strong, ∼ 2 mG, magnetic fields appears to be the more
likely scenario. Such magnetic field strengths are reason-
able given the observed densities. They help explain the

2 Note the order unity fluctuations in N2D+ column density
within C1-S are easily within the range expected from abundance
variations (Goodson et al. 2016). Furthermore, we have carried out
a similar dynamical analysis on local N2D+ peaks and find these
to be relatively more gravitationally stable compared to C1-S at
its inner and outer scales.

Table 4
Dynamical properties of C1-S

Core property C1-S inner C1-S outer

Rc (0.01 pc) 2.67 4.48
σN2D+ (km s−1) 0.302±0.0267 0.279±0.0231

Σcl,mm (g cm−2) 0.7981.48
0.541 0.3360.624

0.228

Mc,mm,tot (M�) 25.553.5
11.6 58.8123

26.8
Mc,mm (M�) 17.143.7

4.97 48.8112
19.0

σc,vir,mm,tot (km s−1) 0.8321.03
0.606 0.8261.02

0.602
σc,vir,mm (km s−1) 0.7520.973

0.500 0.7880.994
0.557

σN2D+/σc,vir,mm,tot 0.3630.499
0.293 0.3370.463

0.272

σN2D+/σc,vir,mm 0.4020.604
0.311 0.3540.500

0.280

nH,c,mm,tot (105cm−3) 93.0190
51.6 45.192.1

25.0
nH,c,mm (105cm−3) 62.2158

22.4 37.383.9
17.7

tc,ff,tot (105yr)a 0.1430.192
0.100 0.2060.276

0.144
tc,ff (105yr)a 0.1750.291

0.110 0.2260.328
0.151

αc,tot ≡ 5σ2
N2D+Rc/(GMc,mm,tot)b 0.1100.245

0.0457 0.06830.152
0.0286

αc ≡ 5σ2
N2D+Rc/(GMc,mm)b 0.1650.568

0.0554 0.08240.213
0.0315

Bc,tot (mG) (mA = 1) 0.8651.24
0.632 0.5550.798

0.406
Bc (mG) (mA = 1) 0.7081.13

0.418 0.5060.761
0.343

φB,vir,tot 41.773.7
17.9 50.889.8

21.8
φB,vir 31.963.3

10.7 44.883.2
17.8

mA,vir,tot 0.1930.301
0.144 0.1740.270

0.130
mA,vir 0.2210.399

0.156 0.1860.302
0.135

Bc,vir,tot (mG) 4.496.98
2.47 3.194.95

1.77
Bc,vir (mG) 3.195.54

1.27 2.724.43
1.36

Bc,crit,tot (mG) 3.245.42
1.95 2.644.42

1.59
Bc,crit (mG) 2.174.19

0.873 2.193.90
1.15

The superscripts (low temperature) and subscripts (high tem-
perature) indicate the variations resulting from dust temperature
uncertainties (7 to 13 K for core; 10 to 20 K for clump).
a Core free-fall time, tc,ff = [3π/(32Gρc)]

1/2 = 1.38 ×
105(nH,c,mm/105 cm−3)−1/2 yr.
b Virial parameter (Bertoldi & McKee 1992).

fragmentation scale of C1-S outer, i.e., ∼ 50 M�. They
would allow C1-S outer to be virialized and thus poten-
tially relatively old compared to its free-fall time, which
helps to explain its observed high level of deuteration of
N2H+ , i.e., high abundance of N2D+. We return to this
point in §4, where we consider the implications of the
observed C1-S properties for astrochemical models. The
predictions of there being dynamically important mag-
netic fields are: (1) strong Zeeman splitting of species,
such as CN, if they are present in the gas phase within
the core; (2) ordered dust continuum emission polariza-
tion angles, assuming dust grains can align with the B-
fields; (3) relatively small infall rates compared to free-
fall. Again, we return to discussion of these predictions
below in §4.

3.3. CO Outflows

Figure 12 shows the new high-resolution CO(2-1) data,
which can be compared to the compact configuration re-
sults presented by T16. In the figure we show both the
extended-only data (Figure 12a), which emphasizes the
finest structures, and the combined data (Figure 12b).
In panel (a), we can see a very narrow and collimated
bipolar outflow launched from C1-Sa. We draw a white
line to roughly represent the outflow axis. We also draw
a yellow line to show the approximate orientation of the
continuum elongation. The position angle between the
two lines is about 60◦, which means the angle between
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Figure 12. CO(2-1) 0th-moment contours overlaid on the continuum images (grayscale with unit of Jy beam−1, showing combined data
from Figure 1). Blue contours show emission integrated from 33.8 to 72.8 km s−1; red contours show emission integrated from 85.8 to 124.8
km s−1. The displayed contour levels are 5, 7.5, 10, 12.5σ... (a) Left panel: Outflow contours from extended-configuration only data (max
contour level 25σ with σ = 16 mJy beam−1 km s−1). (b) Right panel: Outflow contours from combined data (max contour level 45σ with
with σ = 12 mJy beam−1 km s−1). The synthesized beams are shown in the lower left corners as filled gray ellipses.

the normal direction to the continuum elongation and
the outflow axis is approximately 30◦. Also relevant is
that the origin of the outflow appears to be slightly offset
from the continuum peak (by one beam). The outflow is
only marginally resolved in the direction perpendicular
to the flow axis (by ∼ 3 beams). An upper limit on the
half opening angle of the outflow cavity is estimated to
be . 10◦. One can see clumpy structures in both the
blue and red lobes. The redshifted outflow appears to
change the orientation of its flow axis by a small angle,
∼ 10◦, once it is about 0.1 pc away from the protostar.
The blueshifted side does not show evidence for such a
deflection, however, its overlap with the C1-Sb outflow
makes this harder to discern. The observed extent of
the outflow appears to be set by sensitivity, rather than
being a real, physical limit.

The outflow from C1-Sb shows a wider opening angle
at its base. The cavity walls, i.e., outflow lobe bound-
aries, are apparent in the extended configuration image.
The blue lobe overlaps with that from C1-Sa, but it is not
clear if this involves a physical interaction or is simply a
projection effect.

There appear to be some high-velocity CO(2-1) emis-
sion features in the wider region. However, some of these
features may be artifacts resulting from imperfect clean-
ing of the image, given the strong sources of the C1-Sa
and C1-Sb outflows. Or these features could be out-
flows from other nearby protostars or other ambient high-
velocity gas in the IRDC or projected along the line of
sight.

Finally and most importantly for the purposes of this
paper, neither panel (a) or panel (b) of Figure 12 show
any hint of CO outflows from C1-S. This is further evi-
dence that the C1-S core is likely to be starless.

3.4. Ancillary Molecular Lines

Figure 13 shows the 0th-moment maps of C18O(2-1),
DCO+(3-2), and DCN(3-2). The integrations are cen-
tered on 79.4 km s−1 and within a range from 76.9 to
81.9 km s−1. Note in Figure 6 there is another velocity
component at about 75 km s−1seen in C18O(2-1), but

this is not included in these maps. C18O(2-1) emission is
nearly absent in C1-S (see also the spectra shown in Fig-
ure 6), but is rather mostly concentrated in C1-Sa and
C1-Sb.

The lack of C18O(2-1) emission in C1-S can be ex-
plained by CO depletion from the gas phase. In the C1-
S core and much of its clump envelope, we expect that
the temperature is . 15 K (see, e.g., Figure 2). At such
temperatures, CO is mostly frozen-out onto dust grains
(Caselli & Ceccarelli 2012). As shown in Figure 6(3c),
C1-S inner has no detected C18O(2-1) flux (i.e., at veloc-
ities immediately around 79.4 km s−1 overlapping with
the N2D+(3-2) emission). We use the 3σ 0th-moment
C18O(2-1) noise level (0.446 K km s−1 for C1-S in-
ner) to calculate an upper limit of C18O column den-

sity NC1−S inner
C18O < 3.00 × 1014 cm−2, assuming an ex-

citation temperature of 10 K and optically thin condi-
tions. This corresponds to an abundance constraint of
[C18O]/[H]= 2.91× 10−10 (using Σc,mm,tot from Table 3
and assuming 1.0 g cm−2 corresponds to NH = 4.27×1023

cm−2. Assuming [12CO/H] = 10−4 and [16O/18O] = 557
(Wilson 1999), the above abundance constraint in C1-S
inner corresponds to a CO depletion factor of fD > 616.
Such high CO depletion factors have also been found to-
ward the center of the lower-mass pre-stellar core L1544
(Caselli et al. 1999, 2002), suggesting similarity of astro-
chemical properties of this source with C1-S.

C18O(2-1) emission is observed towards the protostars
C1-Sa and C1-Sb. This is to be expected, since in the
protostellar models of Zhang et al. (2014); Zhang & Tan
(2015), early-stage protostellar cores can have mean tem-
peratures up to T ∼ 30 K, which is significantly above
the CO sublimation temperature of 17 K (van Dishoeck
et al. 1993).

The 0th-moment map of DCO+(3-2) shows emission
from C1-Sa, a relative lack of emission from C1-S inner
(consistent with the large amount of CO freeze-out), and
hints of emission from the envelope around C1-S inner.
DCN(3-2) shows strong emission only from the C1-Sa
protostar, though with enhancement slightly offset from
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Figure 13. From left to right: 0th-moment maps of C18O(2-1), DCO+(3-2) and DCN(3-2). All panels show the combined data. The
integrations are from 76.9 to 81.9 km s−1. The color scale bars have unit of Jy beam−1 km s−1. The synthesized beams (∼ 0.3′′) are shown
as gray filled ellipses in the lower-left corners.
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Figure 14. From left to right: 1st-moment maps of C18O(2-1), DCO+(3-2) and DCN(3-2). The integration is over 79.4±2.5 km s−1.
Only cells above 3σ are considered. The 1st-moment is then normalized to the rest frame of 79.4 km s−1. The beams are shown as the
black filled ellipses in the lower-right corners. The colorbar has the unit km s−1.

the peak of the continuum emission.
Figure 14 shows the 1st-moment maps of C18O(2-1),

DCO+(3-2) and DCN(3-2), evaluated using the same
velocity range as the 0th-moment maps shown in Fig-
ure 13. Only cells above 3σ values are included. The
C18O(2-1) 1st-moment map clearly shows two veloc-
ity components. Much of the region is filled with
the 81.2 km s−1 component, while in C1-Sa the 79.4
km s−1 component dominates.

A plausible overall picture of the C1 region is the fol-
lowing. There are two overlapping clouds, one at 79.4
km s−1 and the other at 81.2 km s−1. The first one
has strong CO depletion (except in a local region around
the protostar C1-Sa) and deuteration (especially with
N2D+), while the latter still has abundant CO but little
N2D+. C1-Sa and C1-S are in the 79.4 km s−1 cloud,
while C1-Sb is in the 81.2 km s−1 cloud. While C1-S
shows a narrow line width in N2D+(3-2), C1-Sa line pro-
files are broader (i.e., dispersion of 0.32 km/s from an
HFS fit, 1.3 times larger than that of C1-S inner), per-
haps being caused by its outflows (Figure 6). It is unclear
if the 79.4 km s−1 and 81.2 km s−1clouds are interacting
or not.

3.5. Astrochemical Modeling of C1-S

We carry out an astrochemical model of C1-S inner
given its observed properties. The chemical model is
from Kong et al. (2015): it follows the time-dependent
change of more than 100 species, including N2D+. We
adopt nH = 6 × 106 cm−3, i.e., the envelope-subtracted

estimate based on mm continuum emission. We set gas
and dust temperatures to 10 K and the heavy element
depletion factor to 600 (based on C18O abundance es-
timation in §3.4). Note we are assuming this depletion
factor for the elemental abundances of Carbon, Oxygen,
and Nitrogen. The model results show that the equilib-
rium abundance of N2D+ is [N2D+]/[H] = 1.94×10−11.
If we decrease/increase nH by a factor of 2, the equi-
librium value of [N2D+]/[H] = (1.84, 1.90)×10−11, re-
spectively. If we set T = (7, 13) K, the equilibrium
[N2D+]/[H] = (1.70, 2.10)×10−11, respectively. If we
decrease/increase fD by a factor of 2, the equilibrium
[N2D+]/[H] = (3.11, 0.94)×10−11, respectively. If we
decrease/increase cosmic ionization rate by a factor of
2, the equilibrium [N2D+]/[H] = (1.91, 1.84)×10−11, re-
spectively. These results illustrate the sensitivity of the
theoretical equilibrium abundance of N2D+to astrochem-
ical model parameters.

On the observational side, if we assume an N2D+(3-
2) excitation temperature Tex = 10 K, the C1-S in-
ner N2D+ column density is 1.39×1012 cm−2. Using
the Σc,mm = 1.61 g cm−2 from Table 3, we derive an
N2D+ abundance [N2D+]/[H] = 2.02×10−12. Consid-
ering the possibility of sub-thermal excitation, we also
try Tex = 6.4 K (Fontani et al. 2011), which yields
[N2D+]/[H] = 4.90×10−12. For Tex = 4.1 K, which was
the low end of the range considered by Kong et al. (2016),
[N2D+]/[H] = 2.82×10−11.

Given these results, we conclude that if Tex ' 4 K,



18 Kong et al.

then the observed abundance of N2D+ in C1-S inner is
consistent with the equilibrium value predicted by our
astrochemical model for the observed density, tempera-
ture and depletion factor. The timescale to reach 90%
of the equilibrium is 1.36×105 yr for an initial ortho-to-
para ratio of H2 of 3. This is about a factor of 8 longer
than the free-fall time of C1-S inner. If the initial ortho-
to-para ratio of H2 is 0.1, the timescale will be shortened
by a factor of 1.3 (Kong et al. 2015).

4. DISCUSSION AND CONCLUSIONS

We have presented higher angular resolution follow-
up observations of the C1-S core, first identified by its
N2D+(3-2) emission by T13. The CO observations of
T16 identified two protostellar outflow sources near C1-
S and it was speculated that one of these, C1-Sa, may
be forming from the core. However, now with about
10× better angular resolution we are able to see that C1-
S, as traced by its N2D+(3-2) emission, is distinct from
the C1-Sa and C1-Sb protostars. Thus C1-S remains a
good candidate to be a massive (∼ 50M�) starless core,
being highly deuterated and CO depleted (fD & 600)
and lacking concentrated mm continuum emission and
any sign of CO outflows (see the summary Figure 15).

The velocity dispersion of C1-S, as traced by N2D+(3-
2), indicates either sub-virial conditions in the trans-
Alfvénic case, or else that the core is in approximate
virial equilibrium with stronger magnetic fields (∼ 2mG)
that dominate over turbulent pressure support, i.e., tur-
bulence is sub-Alfvénic within the core. We favor the
latter interpretation, since such B-field strengths are con-
sistent with an extrapolation of the B versus density rela-
tion of Crutcher et al. (2010). They also help explain the
mass of C1-S at its outer scale as being set by the mag-
netic critical mass. Astrochemical modeling indicates
that a relatively long core age compared to the free-fall
time is needed to reach the observed highly deuterated
state, and once a core is older than a few free-fall times,
it is expected to be able to approach approximate virial
equilibrium. Predictions of this scenario are that the con-
tinuum emission from C1-S will show strong polarization
and that Zeeman splitting may be observed from species
such as CN, if they remain in the gas phase at a level
high enough to be observed. Unfortunately the weak-
ness of the dust continuum emission and the apparent
high heavy element depletion factor in C1-S may make
these tests difficult to carry out. Another prediction is
that infall velocities, i.e., as traced by inverse P-Cygni
profiles from suitable species (e.g., the N2H+(1-0) line,
as has been observed in lower-mass pre-stellar cores; Keto
& Caselli 2010), will show infall speeds that are a small
fraction of the local free-fall speed.

These observations break new ground in being able to
resolve the kinematic structure of the massive starless
core. We have been able to measure the radial profile
of turbulence in the core, which is seen to have a rela-
tively constant velocity dispersion with radius. We have
presented high resolution first moment maps of the inter-
nal velocity structure. The statistics of these kinematic
properties can be compared against numerical simula-
tions of such cores (Goodson et al. 2016). We defer a
detailed comparison with such simulations to a future
paper.

The observations presented here have also revealed

more details about the C1-Sa and C1-Sb protostars. C1-
Sa is consistent with being a massive protostellar core
(∼ 30 M�) that is in a very early stage of formation. It
exhibits a very collimated outflow with a half-opening an-
gle of . 10◦. The presence of N2D+ in C1-Sa is consistent
with the findings by Emprechtinger et al. (2009), who

found that the DN2H
+

frac can be as large as 20% in young
low-mass protostars, while it declines in more evolved
sources. C1-Sb appears to be a lower mass protostellar
core (∼ 2M�), but at a later stage of development, e.g.,
with a wider outflow cavity opening angle.

The overall presence of a massive starless core along-
side a relatively massive protostellar core and lower mass
protostellar core gives interesting clues about the early
stages of massive star formation, at least in one case. The
environment within this region of about 0.1 pc projected
scale, is not especially crowded, particularly considering
that C1-Sb seems to be at a quite different velocity and
may be physically separated along the line of sight. This
leaves just the C1-S and C1-Sa sources, both relatively
massive, monolithic objects. There is no evidence so far
for a cluster of protostars that all drive outflows, which
is an expectation of Competitive Accretion models (e.g.,
Bonnell et al. 2001; Wang et al. 2010). The current ob-
servations can easily detect sources like C1-Sb that have
about a 2M� protostellar core and its level of protostellar
outflow activity, if they are present. The 5σ continuum
mass sensitivity is 0.15M� per beam (for T = 20 K).

Deeper, more sensitive observations with ALMA will
lead to improved understanding of these sources. For ex-
ample, higher sensitivity N2D+ observations can better
probe the kinematic subtructure of the C1-S core. Other
transitions should be observed to constrain the excita-
tion temperature of this species. Similar observations
of N2H+are needed to map the deuteration structure.
Higher sensitivity and angular resolution observations in
high velocity CO(2-1) and in mm dust continuum will
enable more stringent constraints to be placed on the
protostellar content of this region. A search for cm con-
tinuum emission is needed to better constrain models
(Tanaka et al. 2017) of the potentially massive protostar
C1-Sa.
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Figure 15. (a) Zoom-in view of Figure 3c. The synthesized beam (∼ 0.5′′) is shown as a white filled ellipse at lower-right. (b) CO(2-1)
0th-moment contours overlaid on Figure 3c. The contour map is the same as Figure 12b, except for starting from 15σ. The synthesized
beam is shown in the lower right corner as a filled white ellipse. The dotted square shows the zoom-in region of panel (a).
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