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Figure 2. Images of the 3 mm dust continuum emission (in units of mJy beam−1) toward G0.253+0.016 showing the emission detected in the ALMA-only image
(left) and the recovery of the emission on the large spatial scales provided by the inclusion of the zero-spacing information (ALMA + single dish, right). These images
are shown in equatorial coordinates: the (0,0) offset position in R.A. and decl. is 17:46:09.59, −28:42:34.2 J2000.

sion assuming a β of 1.2 (right). The ALMA-only image clearly
shows the image artifacts from the missing flux on large scales,
while the combined image shows the significant improvement
and recovery of the large-scale emission. The removal of the
image artifacts justifies the value for β ∼1.2: higher values
underestimate the flux density on large scales which does not
remove the zero-spacing imaging artifacts. Thus, we assume β
of 1.2 ± 0.1.

Because the 3 mm emission is optically thin and traces all
material along the line of sight, it is proportional to the total
column density of dust. With Tdust of 20 K and assuming a gas
to dust mass ratio of 100, a dust absorption coefficient (κ3 mm)
of 0.27 cm2 g−1 (using κ1.2 mm = 0.8 cm2 g−1, and κ ∝ νβ ;
Chen et al. 2008; Ossenkopf & Henning 1994), and β of 1.2, the
intensity of the emission (I3 mm, in mJy) was converted to column
density, N(H2), by multiplying by 1.9 × 1023 cm−2 mJy−1. The
uncertainties for Tdust and β introduce an uncertainty of ∼10%
for the column density, volume density, mass, and virial ratio. In
log-normal fits to the N-PDF, there is an uncertainty of ∼10%
in the dispersion and ∼25% for the peak column density.

4. THE COLUMN DENSITY PDF

The sensitivity and angular resolution of the ALMA data
allow us to derive the N-PDF for G0.253+0.016 to high
accuracy.13 Figure 3 compares the N-PDF derived from the
ALMA-only data to that derived from the combined image
(left and right, respectively). Both N-PDFs are well fit by a
log-normal distribution. When using the combined image, the
shape of the N-PDF remains log-normal, however, the derived
dispersion is narrower and the peak column density higher
compared to using the ALMA-only image. These differences
are expected when including/excluding large-scale emission
(Schneider et al. 2014).

The deviation from log-normal at low column densities
arises from the large-scale diffuse medium and is a common

13 Recent work based on 1 mm Submillimeter Array observations toward
G0.253+0.016 has also measured its N-PDF; see Johnston et al. (2014).

feature in other PDFs (e.g., Lupus I, Pipe, and Cor A, see
Figure 4 from Kainulainen et al. 2009). Since the ALMA-only
image recovers a small fraction of the total flux (∼18%), its
PDF will characterize the highest contrast peaks within the
cloud. Thus, to make meaningful comparisons between the
N-PDF for G0.253+0.016 and to solar neighborhood clouds
and theoretical predictions requires the inclusion of the large-
scale emission. Thus, we use the values derived from that
N-PDF (i.e., Figure 3, right) but report both sets of values for
completeness.

There is a small deviation from the log-normal distribution
at the highest column densities which indicates self-gravitating
gas where star formation is commencing. This high-column-
density material arises from contiguous pixels that exactly
coincide with the location of previously known water maser
emission —the only evidence for star formation within the cloud
(Lis & Carlstrom 1994; Kauffmann et al. 2013). Because the
immediate vicinity of a forming star is heated, this deviation
may result from a higher temperature in this small region rather
than a higher column density. Nevertheless, in either case, this
deviation from the log-normal distribution indicates the effect
of self-gravity.

Assuming a dust temperature of 20 K, we calculate the mass
of this core (R ∼ 0.04 pc) to be 72 M⊙, and its volume density
to be >3.0 × 106 cm−3 (with Tdust = 50 K, M = 26 M⊙, and
ρ > 1.2 × 106 cm−3; the density is a lower limit since this core
is unresolved). To assess whether it is gravitationally bound and
unstable to collapse or unbound and transient, we determine the
virial parameter, αvir, defined as αvir = 3 kσ 2R/GM , where σ
is the measured one-dimensional velocity dispersion, R is the
radius, G is the gravitational constant, M is the mass, and k is a
constant that depends on the density distribution (MacLaren
et al. 1988). For high-mass star-forming cores with density
profiles of ρ ∝ r−1.8 (Garay et al. 2007), k is 1.16. Because the
core’s associated H2CS molecular line emission is unresolved in
velocity, σ< 1.4 km s−1. Thus, for a mass of 72 M⊙ αvir < 1.1
(for M = 26 M⊙, αvir < 2.8). Since αvir is ∼1, this star-forming
core is likely gravitationally bound and unstable to collapse.
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Figure 3. Normalized column density PDFs for G0.253+0.016 (histograms, left: derived using the ALMA-only image, right: derived using the combined image). The
error bars show the

√
number uncertainties. The solid curves are log-normal fits to the PDF: best-fit parameters are labeled. Vertical dashed lines show the fit range

(the limits mark the approximate point at which the distributions deviate from log-normal). Vertical dotted lines mark N(H2) = 1.4 × 1022 cm−2. The small deviation
at the highest column densities traces material that is self-gravitating and corresponds to the only location in the cloud where star formation is occurring.

5. DISCUSSION

5.1. Comparison to Solar Neighborhood Clouds

In this section, we show that both the similarities and
differences in the PDFs for solar neighborhood and CMZ
clouds agree with predictions of turbulent models given their
environments (for a summary, see Table 1 and references
therein).

The similarity in the measured dispersions of the N-PDFs
(σlog N = 0.28–0.59 in the solar neighborhood and 0.34 ± 0.03 in
G0.253+0.016) can be understood by considering their turbulent
Mach numbers. The gas temperatures in the solar neighborhood
and CMZ (∼10 K and ∼65 K) correspond to sound speeds
(cs) of ∼0.2 and 0.5 km s−1, respectively. Given the observed
velocity dispersions (σ ∼ 2 and ∼15 km s−1, respectively),
their M1D numbers are ∼10 and ∼30, which corresponds to
predictions of σlog ρ ∼ 2.08 and 2.55 for the solar neighborhood
and CMZ, respectively (assuming b = 0.5). Thus, while the
M1D for CMZ clouds compared to solar neighborhood clouds
is higher, the predicted values for σlog ρ differ by only a factor
of 1.2 due to the weak dependence of σlog ρ on M1D.

The difference in the mean column densities of the N-PDFs
(N0 = 0.5–3.0×1021 cm−2 in the solar neighborhood and 86 ±
20 ×1021 cm−2 in G0.253+0.016) is understood by considering
the relative gas pressures. The turbulent gas pressure is given
by Pturb = ρ σ 2. For typical values for solar neighborhood
(ρ ∼ 102 cm−3; σ ∼ 2 km s−1) and CMZ clouds (ρ ∼ 104 cm−3;
σ ∼ 15 km s−1), the turbulent gas pressures in units of P/k are

105 and 109 K cm−3, respectively. The hydrostatic pressure
from self gravity (Pgrav) is related to the gas surface density
(Σ) through Pgrav = (3/2)πGΣ2. Given the surface density
of solar neighborhood (Σ ∼ 102 M⊙ pc−2) and CMZ clouds
(Σ ∼ 5 × 103 M⊙ pc−2), the respective hydrostatic pressures in
units of P/k are also 105 and 109 K cm−3. As Pturb ≈ Pgrav, the
pressures are close to equilibrium on the cloud scale for both
environments. Because Pgrav ∼ Σ2, the condition of hydrostatic
equilibrium translates the factor of 104 difference in turbulent
pressure to a factor of ∼102 difference in column densities.
This explains the factor of 102 difference between the mean
column density for solar neighborhood clouds and the CMZ
cloud G0.253+0.016.

The conversion of an N-PDF to a ρ-PDF has not been con-
clusively solved. Theoretical work suggests that the conversion
is a multiplication by a factor ξ , where σlog ρ = ξ σlog N (Brunt
et al. 2010). The uncertainty on ξ is ∼15% for the values
of σlog N measured in solar neighborhood and CMZ clouds
(Brunt et al. 2010)—smaller than the observed spread of the
measured σlog N . The relative universality of ξ means that the
small relative change of the N-PDF dispersions ([σlog N ]CMZ ∼
[σlog N ]Solar) translates to the same relative change of the
ρ-PDF dispersions, thereby allowing a direct comparison of
the measurements to theory. Thus, within the uncertainties, the
N-PDF of G0.253+0.016 satisfies the theoretical prediction
that [σlog ρ]CMZ ∼ [σlog ρ]Solar, providing the first reliable test
of turbulence theory in a high-pressure environment. Because
we neglected magnetic fields, the similarity in the predicted
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but their separation is less than the observed linewidth for HCN
toward G0.253+0.016).

To include only the highest S/N emission in the moment
analysis, the peak intensity, intensity weighted velocity field,
and the intensity weighted velocity dispersion were only
computed at positions across the clump where the emission was
above an intensity threshold. For the emission from the
molecular species that are the brightest and include the large-
scale emission from the single dish data (i.e., HCN, HCO+,
C2H, SiO, and HNCO) we used a threshold in the integrated
intensity of>20% of the peak. Since the noise level is different
and the extended emission is included in these cases, this
threshold was chosen so that the moments were calculated only
when the emission was significantly detected above the noise.
The choice of this threshold was visually checked (the region
over which the moments were calculated are clearly outlined by
the edges of the moment maps) to ensure that it was
appropriate for the moment calculation. For the fainter lines
with a lower S/N that do not include the large-scale emission,
we used a threshold in the peak intensity of >3.8
mJy beam−1 (∼5σ).

At locations within the clump where the emission arises from
well separated velocity features within the range −10 km s−1

< VLSR < 70 km s−1, the first moment (intensity weighted
velocity field) will result in an intensity weighted average of
their individual velocities. In addition, the second moment
(intensity weighted velocity dispersion) will clearly be larger

than the velocity dispersion of the individual velocity
components. Thus, while this analysis may not describe well
every individual velocity component, it does provide a method
by which to easily characterize and compare the emission from
the various tracers and the dust continuum across the clump.
Figure 6, panel 6.1, shows the integrated intensity image

(zeroth moment, M0), peak intensity image, intensity weighted
velocity field (first moment,M1), and also the intensity weighted
velocity dispersion (second moment, M2) derived from the
HCN emission toward G0.253+0.016 (all other lines are
included in the extended version of Figure 6, panels 6.2–6.17).
Included on the latter three images are contours of the peak
intensity: these highlight the small regions within the clump that
are brightest and are included to aid in the comparison to the
velocity field and dispersion images. All images showing the
velocity field and dispersions use the same range of values for
the color coding (i.e., from −20 to 60 km s−1 and from 0 to
20 km s−1 respectively). This common color coding for the
different molecular transitions allows easy comparison and
readily highlights differences between them.
The images of the velocity field clearly show the well known

large-scale velocity gradient across the clump; most tracers of
the dense gas show blueshifted emission toward more positive
declination and redshifted emission toward more negative
declination (i.e., SiO, SO, HNCO, and H2CS). Some of the
more complex molecules (NH2CHO, CH3CHO, and H2CS) are
also consistent with this trend. In contrast to the molecular

Figure 3. Dust continuum emission and molecular line integrated intensity images for G0.253+0.016. The molecular line images were generated by integrating the
emission over the velocity range −10 km s−1< VLSR< 70 km s−1 and clearly shows the differences in excitation conditions and chemistry across the clump. The
continuum image is in units of mJy beam−1, while the integrated intensity images are in units of mJy beam−1 km s−1. The angular resolution is shown in the lower left
corner. All images in the top row have the large-scale emission included within them (i.e., ALMA+SD). The images in the lower panels are ordered from left to right
by increasing excitation energy. In all images the blue crosses mark the locations at which the spectra are plotted in Figure 5: the numbers are labeled on the HCO
image.
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For cores within molecular clouds to collapse into stars, they
need to be sufficiently dense that their self-gravity overcomes
the thermal pressure. The Jeans length, defined as the minimum
length scale for gravitational fragmentation to occur, was
determined for G0.253+0.016 using the relation
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where cs is the sound speed and n(H2) the volume density.
While the measured dust temperature toward G0.253+0.016 is
∼20 K (Longmore et al. 2012), recent observations indicate
that the gas temperature is considerably higher, ∼65 K (Ao
et al. 2013), leading to the speculation that the gas may be
heated by the dissipation of turbulent energy and/or cosmic
rays rather than by photon heating. These observations are
supported by smoothed particle hydrodynamics modeling of
the dust and gas temperature distribution in G0.253+0.016
which suggest that the gas and dust temperatures are not
coupled and that the high interstellar radiation field and cosmic
ray ionization rate in the CMZ are responsible for the
discrepant dust and gas temperatures (Clark et al. 2013).

Assuming a global gas temperature for G0.253+0.016 of
65 K (Ao et al. 2013) the corresponding gas sound speed, cs, is
0.5 km s−1. Using an average volume density for this material
of ∼105 -cm 3, we derive lJ to be 0.10 pc. This value is
comparable to the size scale derived from the break point in the
power spectrum of the dust continuum emission and of the size
of the self-gravitating core identified via the N-PDF.

Extrapolating the global size–linewidth relation in Figure 14
(top right panel) to smaller scales suggests that the line-widths
are subsonic on spatial scales of ∼0.1 pc (the sonic length is
∼0.2 pc). As such, since the sonic length exceeds the derived
break point in the power spectrum, the thermal Jeans length is
indeed the relevant quantity for describing the minimum size
scale for gravitational fragmentation. An absence of a similar
break in the power spectra derived from the molecular line
emission is consistent with the transitions being optically thick
and the dust continuum optically thin. Thus, the small, high-
column density features detected in the optically thin dust
continuum emission may have formed because gravity was able
to overcome the thermal pressure on these small scales.

6. IMPLICATIONS FOR THE FORMATION OF YMCs

Observations show that YMCs like the Arches are very
centrally condensed, with stellar masses of>104M: within their
central 0.5 pc (Portegies Zwart et al. 2010). If G0.253+0.016 is
the molecular cloud progenitor to a cluster like the Arches,
then its internal structure can reveal the initial conditions for
the formation of such high-mass clusters and whether or not the
central concentration of stellar densities arises directly from the
initial gas structure.
To determine its internal structure, we have calculated the

mass and volume density profiles of G0.253+0.016 as a
function of radius (left panels of Figure 14). We define each
region over which to calculate the mass and volume density
using contours of column density; they were calculated on
many spatial scales by varying the contour levels from the

Figure 14. The mass profile, volume density (n(H2)) profile, average velocity dispersion, and virial ratio as a function of effective radius (Reff; the labels on the right
panels mark the value from each molecular transition). We find that while the total mass for G0.253+0.016 is~105 M:, the mass contained within its central 0.5 pc is
~ ´6 103 M:(upper left panel): this is insufficient to form an Arches-like cluster within that volume. The volume density profile (lower left panel) follows well a
power-law over radii <2 pc and shows no flattening on small scales (the dotted line shows the power-law fit; the derived slope is marked). The average velocity
dispersion (upper right panel) derived for each detected molecular transition indicates that as the radius of the emission decreases, so too does the average velocity
dispersion. The virial ratio (lower right panel) derived for each detected molecular transition indicates that the outer layers of G0.253+0.016 may be unbound and
expanding, while its central region may be bound and collapsing.
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Figure 1. SMA 0.88 mm image of the G28.34-P1 region in contour overlaid on the Spitzer 24 µm image in color scale. The SMA image is made from the EXT
configuration data only, with synthesized beam 0.′′69 × 0.′′64, P.A. = −83.◦1, indicated as an ellipse in the lower left corner of the panel. The contours start at 4 mJy
(5σ ) and increase by a step of 1.6 mJy (2σ ). Assigned condensation names are also labeled on the image. The SMA image shown here is not corrected for the primary
beam attenuation.

Table 2
Properties of the Condensations

Name R.A. (J2000) Decl. (J2000) Size P.A. Fpeak Fint Mass/M⊙

(h:m:s) (d:m:s) a′′ × b′′ (◦) (mJy) (mJy) β = 1.5 β = 2

SMA1 18:42:51.19 −04:03:07.2 0.82 0.68 −63.6 25.3 31.6 10.6 19.8
SMA2a 18:42:50.85 −04:03:11.4 0.74 0.70 55.2 15.7 18.3 4.3 8.1
SMA2b 18:42:50.76 −04:03:11.5 1.18 0.68 56.8 8.5 15.5 3.6 6.8
SMA2c 18:42:50.79 −04:03:12.4 0.81 0.62 60.5 5.1 5.8 1.4 2.6
SMA2d 18:42:50.99 −04:03:09.5 0.94 0.63 62.2 5.1 6.7 1.6 3.0
SMA3 18:42:50.58 −04:03:16.3 0.76 0.63 −82.3 14.4 15.6 5.2 9.8
SMA4a 18:42:50.28 −04:03:20.2 0.78 0.75 38.1 12.2 16.0 5.3 10.0
SMA4b 18:42:50.32 −04:03:21.0 1.30 0.75 33.2 6.8 15.0 5.0 9.4
SMA4c 18:42:50.20 −04:03:20.3 0.93 0.55 −84.7 7.4 8.5 2.8 5.3
SMA5 18:42:49.83 −04:03:25.2 0.91 0.74 78.8 16.6 25.1 8.4 15.7

accordingly and label them in Figure 1. Refining the core po-
sitions using the positions of the dominant condensations, the
five cores are spaced by a projected distance of 0.16 ± 0.02 pc
(6.′′8 ± 1.′′0) and are well aligned at a position angle (P.A., east
of north) of 48◦. In cores SMA2 and SMA4, the three conden-
sations are spaced by 0.03 ± 0.007 pc (1.′′3 ± 0.′′3).

We estimate the mass of each condensation. Assuming
optically thin dust emission, the dust mass can be estimated
following

Mdust = Fνd
2

Bν(Tdust)κν

,

where Mdust is the dust mass, Fν is the continuum flux at fre-
quency ν, d is the source distance, Bν(Tdust) is the Planck func-
tion at dust temperature Tdust, and κν = 10(ν/1.2 THz)β cm2 g−1

is the dust opacity (Hildebrand 1983). We adopt the dust temper-

atures from Zhang et al. (2009), i.e., 16 K for SMA2 and 13 K
for other cores. The dust opacity at millimeter/submillimeter
wavelengths is uncertain. For dust in the interstellar medium,
β = 2 (Draine & Lee 1984). Rathborne et al. (2010) derived
β = 1.5 ± 0.3 for the entire P1 clump based on a global spec-
tral energy distribution. We generated a dust opacity map by
comparing the continuum image at 345 GHz and 230 GHz, and
found β to vary from 1.3 to 2.5 across the map. Given the un-
certainties, we adopt β = 1.5 for all the cores similar to Zhang
et al. (2009) and discuss the effect of different β on the mass
estimates.

Table 2 lists coordinates, size, peak flux, integrated flux, and
estimated mass of all the 10 condensations. These parameters are
determined by fitting a two-dimensional Gaussian function to
the observed flux distribution. Fluxes are then corrected for pri-
mary beam attenuation. The masses of the condensations range
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SMA (2 sub+2 com+2ext)

the integrated flux of 143 mJy in the SMA 1.3 mm image
reported in Zhang et al. (2009).

For convenience of cross-referencing, as well as following
the convention in the previous papers, we name the five groups
of sources in the ALMA continuum image Core 1 through Core
5, corresponding to SMA1 through SMA5 in Zhang et al.
(2009), respectively. To identify structures in the 1.3 mm
continuum emission, we employed a dendrogram algorithm to
decompose the continuum emission. However, the decomposi-
tion misses some obvious emission features. We then resort to
fitting an elliptical Gaussian to the continuum image, but using
the smallest features identified by the dendrogram as a starting
point of initial guesses for the Gaussian fitting. We identify a
total of 38 components in the simultaneous Gaussian fit. The
rms in the residual image is m´6 75 Jy, corresponding to a
detection limit of about 0.4 :M . We report the coordinates,
flux, and size of the objects in Table 1. The association with
previous reported SMA continuum peaks is also listed in the
table for cross-referencing. The brightest components with
peak fluxes >1.9 mJy beam−1 are also labeled in Figure 2.

Wang et al. (2012) derived a gas temperature of 9–22 K
using the higher angular resolution NH3 (1, 1) and (2, 2) data.
Adopting the dust opacity law in Hildebrand (1983) and a dust
emissivity index of β = 1.5, appropriate for massive dense
cores based on multi-wavelength observations at mm and
submm wavelengths (Beuther et al. 2007a), we obtained gas
masses of the objects ranging from 0.5 to 16 :M , assuming a
gas-to-dust mass ratio of 100. These parameters are also listed
in Table 1. The corresponding H2 densities in these sources
range from 106 to 107 -cm 3.

3.2. Molecular Line Emission

Previous arcsecond-resolution observations detected NH3
and 12CO emission in the G28.34 P1 region with the VLA and
SMA, respectively (Wang et al. 2008, 2011, 2012; Zhang
et al. 2009). Besides CO, the SMA observations in the
230 GHz band did not detect line emission at a s1 rms noise of
100 mJy beam−1 (at a resolution of1. 2 and a spectral resolution
of 1.3 km s−1). The ALMA observations in the same band
reveal line emission from 19 molecular species, including
C18O, 13CS, N2D

+, DCN, H2S, SiO 5-4, H2CO, CH3OH, and
SO, at a level of s>5 with a s1 rms noise of 2.5 mJy beam−1.
Figure 3 presents the line spectra from the SPW0 spectral

window covering 215.7 through 217.5 GHz toward Compo-
nents 9 and 38, the brightest continuum peaks in Core 2 and
Core 5 (see Table 1), respectively. The fluxes are corrected for
the ALMA primary beam attenuation for direct comparison.
Despite the fact that the two cores have a similar flux in dust
continuum, the molecular line emissions from the two are very
different. The line emission from Core 5 is much fainter than
from Core 2. Of particular note is that the emissions from C18O
and SO is nearly nondetected in Core 5. A lack of C18O
emission is consistent with CO depletion in cold and dense
environments at the very early stage of evolution as suggested
in Zhang et al. (2009). The fact that we do not detect SO in
Core 5 may be related to a lack of injection of ice mantles in the
gas phase by thermal desorption, i.e., by an increase of
temperature of dust in this core. The chemistry of SO is
initiated by the injection of H2S from mantles. H2S is destroyed
by H and H3O

+ to form S and H3S
+, which then react with O

and OH to form SO (Charnley 1997). A lack of SO emission in
Core 5 indicates that the protostar(s) embedded are at an even
earlier stage of evolution than those in Core 2.
Figure 4 presents the integrated emission of C18O, 13CS,

N2D
+, and H2S lines. The line emission of these molecules is

detected mostly near the dust cores. The C18O emission is
strongly detected toward Core 1 through Core 4. There is a
faint emission toward Core 5. On the other hand, emissions of
13CS and H2S are seen toward Core 2 through Core 4. The
N2D

+ emission is detected in the dense ridge along the
filament. However, the emission appears to avoid the dust
continuum peaks.
Besides the above-mentioned molecules that mainly trace

gas around dense cores, H2CO, CH3OH, and SO are also
present toward Cores 1 through 5 (see Figure 4). Strong
emission from H2CO, CH3OH, and SO line wings >3 km s−1

from the cloud systemic velocity is detected outside of dust
continuum emission. Their spatial coincidence with the
outflows in CO 3-2 (Wang et al. 2011) and 2-1 (see
Section 3.4) indicates their outflow origin. We will discuss
outflows in the region based on the CO 2-1 and SiO 5-4 data in
Section. 3.4. Cores 2, 3, and 4 are seen in C18O, 13CS, N2D

+,
H2S, H2CO, CH3OH, and SO and thus appear to be chemically
more active than Cores 1 and 5.

3.3. Core Structure and Dynamical State

At a much higher sensitivity than the previous high-
resolution studies of Zhang et al. (2009) andWang et al.
(2011), the 1.3 mm continuum data from ALMA reveal
additional fragments. Core 1, which is shown as a single dust
peak in the SMA observations, exhibits three additional
condensations. These structures are likely the outcome of

Figure 2. 1.3 mm continuum image of IRDC G28.34 P1 obtained with ALMA.
Data are plotted in logarithmic scale. The dashed–dotted circle outlines the
FWHM of the primary beam of the ALMA 12 m antenna. The shaded ellipse at
the lower left corner of the panel marks the synthesized beam. The star symbols
and numbers mark the brightest dust continuum components listed in Table 1.
The wedge at the top of the panel displays the color scales corresponding to
fluxes (Jy beam−1) in the logarithmic scale. Features toward the lower right of
the image are at the 10% response of the primary beam and thus are not robust
due to inadequate clean.
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SMA (Q. Zhang et al. 2015, in preparation). The SMA data
consist of compact and subcompact configurations with a
synthesized beam of 3″. We convolve the SMA data to the
same linear resolution as that of the G28.34 spectra in Figure 3
and scale the fluxes according to D(1 )2 to account for the
distance difference between the two sources. Here, we adopt a
distance of D = 1.5 k pc for DR21 (Girart et al. 2013). Figure 3
presents the template spectra of the intermediate-mass protostar
in the DR21 filament after the flux scaling. The template
spectra reveal line emission from molecules C18O, CH3OH,
H2CO, HC3N, and SO, indicative of protostellar heating in the
core. The line fluxes in the template spectra match the observed
fluxes in Core 2 well, but are stronger than the line emission in
Core 5. This comparison indicates that Cores 2, 3, and 4 harbor
intermediate-mass protostars, while Cores 1 and 5 are less
active chemically and may have low-mass protostars embedded
or are at an earlier stage of evolution, although this may be
inconsistent with the dynamical age of 104 yr of the outflow in
Core 5.

4.3. Formation of Low-mass Stars in a Cluster

The clump G28.34 P1, with a mass of 103 :M and an
average density of ´7 104 -cm 3, can potentially form a cluster
of stars with a total mass of 100–300 :M , assuming a
10%–30% star formation efficiency. If the stars follow a
Salpeter IMF, one expects 75–223 stars in the range of 0.5–20
:M . Among these stars, about 10% of them could possibly

have stellar masses greater than 10 :M , and 90% of stars have
stellar masses less than 10 :M , and 60% of stars have masses
between 0.5 and 1 :M .

The ALMA observations of G28.34 P1 reveal strong dust
continuum emission along the ridge of the filament. The
spectral line data and the presence of complex organic
molecules indicate that these cores have embedded intermedi-
ate-mass protostars. In addition, some of the lower-mass
fragments (see Table 1) may harbor low-mass stars. We use the
dust continuum data presented in Figure 2 and Table 1 to
construct the probability function of the mass distribution.
Figure 8 presents the cumulative mass function ( > ~N M M( ) ,
here N is the number of sources in the mass range>M) for the

38 objects identified. The dashed line denotes the slope of the
Salpeter IMF. As shown in Figure 8, if the cumulative mass
function follows the shape of the stellar IMF, then there is a
large deficit of lower-mass cores in G28.34 P1. In the mass
range of 1–2 :M the number of cores is more than 5 times
lower than the expected Salpeter slope.
If low-mass stars in a cluster arise from thermal Jeans

fragmentation (Bonnell & Bate 2002; Larson 2005; Palau
et al. 2013), G28.34 P1 has a global thermal Jeans mass of 2
:M and Jeans length of 0.1 pc. The ALMA continuum image at

1.3 mm reaches a s1 rms noise of 0.075 mJy beam−1. For an
average temperature of 15 K derived from NH3
observations (Wang et al. 2012), this flux corresponds to a
mass of 0.065 :M , assuming a dust opacity law of Hildebrand
(1983), a dust emissivity index of 1.5, and a dust-to-H2 ratio of
1:100. The s1 rms noise in the ALMA 1.3 mm continuum
image is a factor of 30 times lower than the global thermal
Jeans mass in the molecular clump. The linear resolution
afforded by ALMA observations is 0.02 pc, much smaller than
the Jeans length. Therefore, a lack of detection of cores 1–2 :M
is significant.
In order to examine the limitation of dynamic range in the

ALMA image, we perform simulated observations using the
clean model of the 1.3 mm continuum image shown in Figure 2,
derived from clean in CASA. To test the ability of recovering
low-mass class 0 protostars at the distance of G28.34, we also
include a low-mass protocluster NGC 1333 in the model. For
NGC 1333, we use the 870 μm continuum data from the JCMT
archive (Kirk et al. 2006) to derive the sky model at the 1.3 mm
dust continuum. While the 1.1 mm continuum data for NGC
1333 are also available in the literature (Enoch et al. 2006), and
the data are closer to the frequency of the G28.34 continuum
from ALMA, the 870 μm data are at a resolution of19. 9, which
offer better spatially resolved structure for the sky model.
Figure 9 presents the 870 μm continuum emission of NGC
1333. Marked in the figure are class 0 protostars identified
by Sadavoy et al. (2014). The masses of these cores are 0.5–3
:M .
To construct the sky model from the JCMT data, we first

scale the 870 μm fluxes to 1.3 mm by a factor of 3 derived from
the comparison of CSO and JCMT data. This scaling factor
corresponds to a dust emissivity index of approximately 1.5. In
addition, we scale the fluxes of NGC 1333 by D(1 )2 to account
for the distance difference between the two sources. From a
source distance of 235 pc for NGC 1333 to that of G28.34, the
fluxes are reduced by a factor of 417, i.e., (4800 235)2. The
flux-scaled image is then deconvolved with a Gaussian beam
with an FWHM of 19. 9 to derive a sky model. The linear scale
of19. 9 at the distance of NGC 1333 is approximately the linear
resolution achieved by the ALMA observations at the distance
of G28.34. Therefore, the JCMT data provide adequate source
structures that match the ALMA observations.
We perform simulated observations in casa using the sky

model. In the simulation, we adopt an array configuration with
a total of 29 antennas, a PWV = 1.5 mm, and an on-source
observing time of 34 minutes, the same parameters during the
G28.34 observations. We also change the coordinates of the
NGC 1333 sky model to the pointing center of G28.34 so that
the UV coverage is identical to the G28.34 data.
Figure 9 presents the simulated image using the clean

components of G28.34 only, and the one using the clean
components plus the sky model of a low-mass protocluster

Figure 8. Cumulative mass function of the fragments identified in G28.34 P1.
The data are plotted in logarithmic scales. The dashed line marks the slope of
the Salpeter initial mass function.
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HereDVFWHM is the FWHM of the line width along the line of
sight. Table 2 lists the gas mass, line width, radius, and virial
mass of the cloud features identified.

As shown in Table 2, the line width measured from the NH3
(1, 1) line decreases from the clump scale of 0.6 pc in diameter
to 0.05 pc in dense cores and then increases at scales of
0.017 pc at which the condensations are identified. The
decrease of line width toward smaller spatial scales in this
region is first reported byWang et al. (2008) when analyzing
the NH3 line width obtained from the VLA. They found that
the NH3 line width from the VLA alone is systematically
smaller than the line width from the NH3 spectra from the
combined VLA and the Effelsberg 100 m telescope. In
addition, Wang et al. (2008) found that the NH3 line width
is inversely correlated with the NH3 fluxes. The authors
interpret the change of line width as indications of turbulence
dissipation from the clump to core scales.

The ALMA observations reveal for the first time spectral line
information in dust condensations identified with the SMA at
880 μm and ALMA at 1.3 mm. The line widths derived from
C18O in condensations are consistently larger than the NH3
line width in the cores. Since star formation has already taken
place in these condensations, the line width can be broadened
by infall and rotation in the envelope (e.g., Zhang & Ho 1997;
Zhang et al. 1998a, 1998b). The C18O line width can also be

enhanced due to an increase of turbulence thanks to the
injection of energy from protostellar outflows (see next
section).
The virial parameter, α, defined as M Mvir gas, is smaller than

1 in clumps, cores, and condensations for a constant density
distribution. Previous observations of G28.34 found a density
profile r µ -r a with the power-law index a = 2 (Zhang
et al. 2009; Wang et al. 2011) for detected cores. It is
reasonable to assume a similar density profile in condensations.
With a power-law index of 2, the virial masses reported in
Table 2 are reduced by a factor of 5/3. Applying this correction
to the α values in Table 2 leads to α much smaller than 1. Our
observations indicate that molecular gas is not in a virial
equilibrium from the clump to condensations.
The virial analysis presented above does not include

magnetic fields, which can in turn increase the virial mass.
Magnetic fields provide additional pressure in the medium.
Their contribution to the virial mass for a critical mass-to-flux
ratio of gravitational collapse is given by = p

p
MB

r B

G4

2

2
. Here

MB is the contribution to the virial mass from magnetic fields.
There are no direct measurements of magnetic fields in G28.34
cores. However, recently studies of dust polarization in regions
harboring HMPOs found that magnetic fields play an important
role in the fragmentation of molecular clumps (Koch et al.
2014; Zhang et al. 2014). Detailed analysis reports the plane-
of-sky component of magnetic fields of order of
1–10 mG (Girart et al. 2009, 2013; Tang et al. 2009; Qiu
et al. 2013, 2014; Frau et al. 2014), which can increase the
virial mass significantly (e.g., Frau et al. 2014). Recently, Pillai
et al. (2015) reported a magnetic field strength of 0.27 mG in
an IRDC clump G11.11 using the dust polarization data from
JCMT. Assuming the same magnetic field flux in the G28.34
P1 clump, we find the mass for a critical mass-to-flux ratio of

´1.6 103
:M . The virial parameter including the effect of

magnetic fields becomes 2 in the clump. We cannot evaluate
virial parameters for the cores detected here since there is no
direct estimate of magnetic fields in IRDC cores. However, for
the sake of argument we assume a magnetic field of 0.27 mG,

Figure 3. ALMA spectra from Cores 2 and 5 (Components 9 and 38 in Table 1, respectively) in G28.34. The flux scale is corrected for primary beam attenuation.
Also shown are spectra for an intermediate-mass protostar in the DR 21 filament obtained from the SMA, scaled to the distance of G28.34 for comparison.
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the same as that reported for IRDC G11.11; the virial
parameters derived for cores detected here are still smaller
than unity. We therefore suggest that a field strength of 2–5 mG
would be required to make virial parameters close to 1 for these
cores.

3.4. Molecular Outflows

Molecular outflows are detected using several tracers,
including CO, SiO, H2CO, CH3OH, and SO. Figure 5 presents
CO 2-1 and SiO 5-4 emission in outflows. As shown in
Figure 5, high-velocity line emission is detected around Cores

1, 2, 3, 4 and 5. There appears to be more than one outflow
originating from Cores 1, 2, 3, and 4, consistent with the
presence of multiple protostars indicated by multiple con-
tinuum peaks. We identify outflow pairs by inspecting the
channel maps of the CO, SiO, H2CO, CH3OH, and SO
emission. A total of 10 outflows are identified in the region. Of
them, three outflows (Outflows 3a, 3b, and 4c) were not seen in
the previous study byWang et al. (2011). Table 3 lists the
tracers through which they are identified. The CO emission is
the most effective tracer for most outflows. However, outflows
1a and 4b exhibit much stronger emission in SiO, CH3OH, and
H2CO emission. SiO and CH3OH are heavily depleted with

Figure 4. (a) Velocity integrated emission (Moment 0) of molecular lines from C18O, 13CS, N2D
+, and H2S. The range of integration covers the entire velocity range

of the line emission. The contours for C18O, 13CS, and N2D
+ emission are plotted in equal increments of 10 mJy km s−1 starting from 10 mJy km s−1. The contours for

H2S emission are plotted in equal increments of 6 mJy km s−1 starting from 6 mJy km s−1. The star symbols denote the brightest dust continuum peaks in Table 1. (b)
Velocity integrated emission (Moment 0) of molecular lines from SO, H2CO, and CH3OH. The range of integration covers the entire velocity range of the line
emission. The contours for SO emission are plotted in equal increments of 20 mJy km s−1 starting from 20 mJy km s−1. The contours for H2CO and CH3OH emission
are plotted in equal increments of 30 mJy km s−1 starting from 30 mJy km s−1. The star symbols denote the brightest dust continuum peaks in Table 1.
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Dynamical Cluster Formation 
IRDC G33.92+0.11 (face-on) 

spiral streamers feeding not yet 
virialized cores 

A1 A12 (arm-c5). The nomenclature here follows Watt &
Mundy (1999) and Liu et al. (2012b), if the referred structures
have been detected. Core A1 is harboring OB stars, which
create a UC H II region. We refer to Liu et al. (2012b) for a
preliminary study of the gas mass in the <0.1 pc scale
structures. The molecular arm-c4 appears spiraling out and
connected with the parsec-scale molecular arm-S1 and arm-S2.
The molecular arm-c2 may be connected with the previously
observed molecular arm-N in the north (Liu et al. 2012b),
which cannot be imaged well with our ALMA 12 m Array data
due to the smaller primary beam size.
Following the convention in Liu et al. (2012b), we refer to

the OB stars that are embedded in either core A1 or core A2 as
the central OB cluster hereafter. For the rest of localized
intermediate- or high-mass (proto)stars and their parent
molecular cores in G33.92+0.11 A, we refer to them as the
satellite high-mass stars and satellite cores. The previously
identified core A4 is now resolved into two components, A4n
and A4s. In addition to the aforementioned gas structures, we
also resolved the ∼0.1 pc scale gas mini-arms connecting with
the cores. The gas mini-arms connecting A2 from the west
(mini-arm-A2w) have been resolved in the previous SMA
observations (Liu et al. 2012b). There are mini-arms connect-
ing A1 from the north and northwest (mini-arm-A1n, mini-
arm-A1nw), which can only be marginally seen in Figure 1
owing to blending with other structures. We will address these
gas mini-arms based on the spectral line results in greater detail
(Section 3.2).
The high dynamic range of the ALMA observations

confirms that the two highest-mass cores, A1 and A2, in the
center are not round. Core A1 appears slightly elongated in the
southeast–northwest direction. This may imply that it is an
inclined flattened structure or that it possesses eccentric gas
orbits. However, we cannot rule out the possibility that there is
internal fragmentation in core A1 or that there are more than
two cores blended in the projected LOS. We cannot resolve the
internal structure of all detected cores. Some, or all, of the
individual cores may eventually form a cluster of stars. The
complex morphology resolved by ALMA has suggested that
the accretion flows in the massive molecular clump are highly
dynamical/chaotic. In fact, the resolved arm-like features may
resemble the scaled-down version of eccentric gas arms/arcs
connected with the 2–4 pc scale Galactic circumnuclear disk/
ring (Liu et al. 2012d).

3.2. Spectral Lines

We present the full spectral window spectra generated from
the central 10″ field of our ALMA 12 m+ACA observations in
Figure 3. The identified line species are listed in Table 1. In this
work, we focus on the discussion of the CH3CN J = 12–11 K-
ladders, the 13CS 5-4 line, and the DCN 3-2 line. The velocity-
integrated intensity maps (i.e., moment 0) of these lines are
shown in Figure 4. Figure 5 provides the side-by-side
comparison of the blown-up line images and the 1.3 mm dust
continuum image in the central parsec-scale area. The intensity-
weighted velocity maps (i.e., moment 1) and the intensity-
weighted velocity dispersion maps (i.e., moment 2) of these
lines are presented in Figures 6 and 7. We present the velocity
channel maps of the DCN 3-2 line and of the 13CS 5-4 line in
Figures 8 and 9. The position–velocity (PV) diagrams of these

Figure 1. SHARC2/CSO+SPIRE/Herschel 0.35 mm continuum image (qHPBW
= 9″. 6). The significant contours are not presented with identical intervals for
the sake of tracing the dust/gas column density. Black contours are 250
mJy beam−1 (5σ) × [4.5, 6.0, 7.5, 9.0, 12.0, 15.0, 18.0, 21.0, 27.0, 33.0]. White
contours are 250 mJy beam−1 (5σ) × [40, 60, 80, 100, 150, 200]. The circle
shows the ALMA 12 m array primary beamwidth at 15% power (∼37″ in
diameter). We refer to the two regions enclosed by the green dashed lines as
G33-north and G33-south. The color bar is in units of Jy beam−1.

Figure 2. Free–free model-subtracted dust continuum image, taken by the
ALMA 12 m+ACA array observations (q q´maj min= 0″. 75 × 0″. 50,
P.A. = 90°). Contour levels are 0.6 mJy beam−1 (3σ) × [−1, 1, 4, 8, 12, 24,
48, 60]. The peak emission in this image is 46.6 mJy beam−1 at core A2. The
color image does not present the full intensity range because the very bright
emission regions are compact. We label source C in the east and label the (A)
cores discussed in the text with numbers. Arrows indicate the molecular arms.
The color bar is in units of mJy beam−1.
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morphology of the molecular clumps and may therefore bias
the upper end of the core/stellar mass function.
Observationally, we have found clumpy rotating toroids and

spiral-like interacting gas features toward the low-mass cluster-
forming region L1287 (C. Juaréz et al. 2015, in preparation),
the OB cluster-forming molecular clumps (e.g., G10.6-0.4: Liu
et al. 2010; G35: Qiu et al. 2013; Sánchez-Monge et al. 2013;
NGC 6334 V: Juaréz et al. 2015, in preparation), and the
Galactic mini-starburst region W49N (Welch et al. 1987;
Galván-Madrid et al. 2013, etc). These results imply that this
physical problem is spatially scalable, and the previously
spatially resolved systems are the large-scale examples seen in
a closer to face-on projection. However, toroids may also be the
projected central OB cluster-forming cores surrounded by
satellite cores. The critical spatial scales to look at are the
centrifugal radius (or radii), where the centrifugal force
marginally balances the gravitational force from the enclosed
molecular and stellar mass. We expect more of these systems to
be discovered or be spatially resolved in high angular
resolution ALMA observations. We hypothesize that the
inward migration of satellite cores can explain the formation
of the extremely concentrated dense condensations, similar to
what was resolved in NH3 (3,3) satellite hyperfine line
absorption against the UC H II region G10.6-0.4 (Sollins &
Ho 2005; Liu et al. 2010).
Finally, we hypothesize that the spiraling arm-like asym-

metry is essential in the gravitationally dominated accretion
flow and needs to be considered in modeling frameworks.
These structures may either be induced at regions where the
eccentric accretion streams collide with each other or be created
by tidal interactions. We note that tidal accretion of eccentric
accretion streams, or tidally interacting hot cores, may deposit
the hot molecular gas tracers from the hot cores to the entire
parsec-scale massive molecular clump.
We would like to emphasize that the location of the objects

in the region discussed favor the idea of the convergence of
parsec-scale gas accretion flows onto a central clump. Our high
spectral resolution DCN 3-2 and 13CS 5-4 line observations
suggest that this massive molecular clump is fed by free-falling
exterior gas streams (or arms). Based on the resolved images,
we found that accretion flows in this region are highly
dynamical and spatially non-uniform. Individual accretion gas
streams likely carry different amounts of specific angular
momentum. Even in the case where the averaged specific
angular momentum on a large scale is negligibly small, it
remains uncertain how the specific angular momentum carried
by individual gas streams will alter the gas accretion and
fragmentation. High angular resolution molecular line observa-
tions to study a large ensemble may be required to elucidate
this issue.

5. SUMMARY

We observed the approximately face-on young OB cluster-
forming region G33.92+0.11, using SHARC2/CSO, Herschel,
and ALMA. On the >1 pc scale, the SHARC2 0.35 mm dust
continuum image traces the filamentary gas streams converging
to the central ∼104 :M massive molecular gas clump G33.92
+0.11 A. The high-resolution ALMA 1.3 mm dust continuum
images reveal abundant dense satellite cores, which are closely
associated with the ∼0.5 pc scale molecular gas arms orbiting
the two central highest-mass cores. We found that the DCN 3-2

Figure 15. Schematic model of the resolved region. Gray ellipses are the
projected isoradius contours of an inclined circular rotating plane. The near and
far sides of this inclined system are separated by the dashed line. The blue and
red arrows show the spiraling ∼0.5 pc scale molecular arms and the mini-arms
connected with cores A1 and A2, respectively. The filled circles are cores A1
and A2, with color scales indicating the line-of-sight velocity gradients caused
by their spinning motion. These two massive cores are rotating about each
other, such that core A1 is redshifted with respect to core A2. Observationally,
the velocity distribution in A2 is confused with the blueshifted tidally
interacting feature connecting from A2 to A1, which is indicated as the filled
cyan area. We note that some of the arms can be off plane.

Figure 16. Estimated one-dimensional virial velocity dispersions (vvir) and
observed line-of-sight velocity dispersions (σv) of satellite cores A3, 4 n, 4 s, 5,
6, 9, 10, 11, 12, and 13 (Section 4.2). The blue symbols are the measurements
based on the ALMA 12 m+ACA Arrays 1.3 mm dust continuum image, and
gray symbols are the measurements based on the ALMA 12 m Array 1.3 mm
dust continuum image. The red dashed line shows vvir = σv. The horizontal
error bars are ±0.34 km s−1 (i.e., half of the velocity channel spacing). The
upper and lower bounds of the vertical error bars are derived by assuming the
inverse-square radial density profile and the uniform density distribution,
respectively. We note that core 12 is seriously confused with the negative
sidelobes in the 12 m Array alone image, and therefore its flux cannot be
measured.
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Inverse P-Cygni Profile
B335  

redshifted absorption 
w.r.t. the vLSR   
Strong evidence of infall 
motions 
explained by inside-out 
collapse

Once the excitation and radiative transport have been
calculated, we remove a baseline using velocities outside the
range of emission to produce the model spectra because the
continuum was subtracted from the data. Thus absorption
against the continuum will go below zero in the models, as well
as in the observations.
Based on optimizing the fit to many lines observed with

resolutions ranging from 16″ to 89″, Evans et al. (2005)
confirmed the best-fit infall radius found by Choi et al. (1995),
after scaling to the new distance of 100 pc, of rinf =0.012 pc.
Similarly, the luminosity is scaled down to 0.72 L: at the new
distance. The ALMA data for HCN and HCO+ and the
predictions of the model with rinf =0.012 pc are shown in
Figure 5. The model produces a reasonably good fit to the
double-peaked lines, the absorption dip, and even the line
wings. Models of the off-source spectra (right panels in
Figure 5) are also reasonably close to the observations; they
show self-absorption, but no absorption against the continuum
(a weak continuum, measured from the observations, of about
10 mJy/beam was included in the model). These features of
both observations and models match the expectations for line
models discussed in Section 4.1. The simple, spherical models
do not perfectly match the observations. More flexible models

Figure 3. Channel maps of HCN toward B335, spaced by 0.5 km s−1, after Hanning smoothing to an effective resolution of 0.2 km s−1. The intensity range runs from
−0.12 Jy/beam to 0.6 Jy/beam and scaling power cycle was set to −0.2 to display negative intensity as purple. Rainbow 1 color scheme in CASA was used. The red
ellipse at lower left is the beam and the black ellipse near center is the half-power contour for the continuum emission.

Figure 4. Spectra toward the continuum peak, after continuum subtraction, and
scaling to the TR scale. The blue horizontal line is at zero and the blue vertical
line indicates the systemic velocity of 8.30 km s−1 found by Evans
et al. (2005).
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Always a (Large) Disk?
B335  

No sign of Keplerian rotation > 10 AU 
Magnetic braking suppress disk 
formation?
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east–west direction. Therefore, the gas motion in the innermost
region over 40 AU traced by the SO emission is likely different
from that in the outer region over 180 AU traced by the C18O
emission.

Figure 3(b) presents the moment 0 map of the high-velocity
SO emission at V 1.2D > km s−1, to separate the features of
the central compact component from the contamination of the
extended component. Two-dimensional Gaussians are fitted to
the redshifted and blueshifted components to measure their
peak positions. The redshifted velocities show a peak that is
located more to the northeast with respect to the peak of the
blueshifted velocities. Their separation is ∼0 045 ± 0 004
(∼6.8± 0.6 AU) with a position angle of the axis passing
through their peaks of ∼30° ± 6°. From the velocity difference
of the high-velocity redshifted and blueshifted components
(∼4.1 km s−1) and their separation, the magnitude of this
velocity gradient is estimated to be ∼0.6 km s−1 AU−1. The
high-velocity redshifted and blueshifted SO emission is aligned
along the major axis of the 1.3 mm continuum emission and
perpendicularly to the outflow, different from the high-velocity
C18O emission. The presence of high-velocity components
within a 100 AU scale aligned perpendicularly to outflows is
considered as a signature of dominant rotational motion in the
vicinity around protostars, as observed in other protostellar
sources, such as VLA 1623 A (Murillo et al. 2013) L1527 IRS
(Ohashi et al. 2014), and L1489 IRS (Yen et al. 2014).
However, the separation between the high-velocity redshifted
and blueshifted components in B335 is an order of magnitude
smaller than those in VLA 1623 A, L1527 IRS, and L1489 IRS
which show a separation of ∼0 5–1″ (∼70–120 AU). There-
fore, the results of the SO emission suggest that compact
rotational motion is likely present on small scales of ∼40 AU in
B335. Moreover, its velocity magnitude is smaller than those in
other protostellar sources.

4. GAS KINEMATICS

4.1. Infalling and Rotating Envelope Traced by the
C18O (2–1) Emission

4.1.1. Observed C O18 P–V Diagrams

Figure 4 presents the position–velocity (P–V) diagrams of
the C18O emission along the major and minor axes of the
1.3 mm continuum emission to reveal the details of the velocity
structures. The P–V diagram along the minor axis shows a
velocity gradient, where the southeastern region (offset > 0) is
more blueshifted and the northwestern region (offset < 0)
redshifted (Figure 4(a)). In addition, the low-velocity emission
at V 1D < km s−1 is more extended (1″) than the high-
velocity emission, suggesting that the velocities of the C18O
component increase as the radii decrease. This is different from
the velocity structures of the outflow in B335 traced by the
12CO (2–1) emission in the SMA observations (Yen
et al. 2010). The low-velocity (V 61 km s−1) 12CO outflow
observed with the SMA exhibits higher velocities at its outer
radii, as shown in its P–V diagram along the outflow axis.
Hence, the velocity structures of the C18O emission in the inner
1″ region likely have minimum contamination from the
outflow, while the C18O emission at the offset  1″ to the
east shows a different velocity structure, which is possibly due
to the outflow contamination. In the P–V diagram along the
major axis (Figure 4(b)), both the redshifted and blueshifted
C18O components are distributed in both the northeastern
(offset > 0) and southwestern (offset < 0) regions and show a
triangle-shaped structure. These features are also observed with
ALMA in the C18O (2–1) line in L1527 IRS (Ohashi
et al. 2014) and in the HCO+ (4–3) line in HH 212
(Lee et al. 2014) and can be explained with models of
infalling flattened envelopes. Furthermore, the presence of the
relative positional offset between redshifted and blueshifted

Figure 3. (a) Moment 0 map (contours) overlaid on the moment 1 maps (color scale, units in km s−1) of the SO (56–45) emission in B335. Contour levels are 3σ, 6σ,
9σ, 12σ, 15σ, and then in steps of 10σ, where 1σ noise level is 5.1 mJy beam−1. (b) Moment 0 map of the high-velocity redshifted and blueshifted SO emission in
B335 at V 1.2D > km s−1. Contour levels are from 3σ in steps of 3σ, where 1σ noise level is 2.7 and 3.1 mJy beam−1 in the redshifted and blueshifted emission,
respectively. In both panels, crosses indicate the protostellar positions. Filled ellipses at the bottom-right corners present the beam size. Red and blue arrows denote the
directions of the redshifted and blueshifted outflows, respectively. The green line shows the direction of the major axis of the 1.3 mm continuum emission.
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SO (56-45)

position and has a size and orientation similar to the 1.3 mm
continuum emission.

The extended SO component is unlikely related to proto-
stellar heating or accretion shocks. The infalling velocity at a
radius of 100 AU is ∼0.9 km s−1. Even if there is a dense
structure with a density of 109 cm−3 at a radius of ∼100 AU for
the infalling material to collide, the infalling velocity is not
high enough to form a shock that can increase the dust
temperature to more than 60 K. Such an increase would require
an infalling velocity of 22 km s−1 (Aota et al. 2015). Besides,
the temperature on a 100 AU scale is expected to be less than
60 K (e.g., Shirley et al. 2000, 2002). In contrast to that, the
velocity of the jet in B335 seen in the 12CO line is larger than
several tens of km s−1. At such a high velocity, the temperature
can be increased to more than 100 K by shocks even with a pre-
shock density of 104 cm−3 (e.g., Kaufman & Neufeld 1996).
Besides, the photons from inner accretion disks around
protostars can also heat the walls of outflow cavities on a
1000 AU scale to more than 60 K (e.g., Spaans et al. 1995).
Therefore, the extended SO component is more likely related to
the outflow or photons escaping from the outflow cavity.

The central compact components of the 1.3 mm continuum
and SO emission have similar sizes and orientations, suggest-
ing that the central SO component likely also traces the inner
flattened structure around the protostar as the 1.3 mm
continuum emission does. In the envelope at a radius of
20 AU, the infalling velocity is estimated to be ∼2 km s−1,
which is high enough to form shocks that can rise the dust
temperature to more than 60 K (Aota et al. 2015). In addition,
radiative transfer models of infalling envelopes show that the
dust temperature can reach 100 K within a radius of ∼25 AU
(Visser et al. 2009). Hence, this component is more likely
related to protostellar heating or accretion shocks. Here, we
discuss the velocity structures of this central compact SO
component.

Figure 6 presents the P–V diagrams of the SO emission
along the major and minor axes of the 1.3 mm continuum
emission. We derive peak positions in all velocity channels that

have emission above 5σ in these P–V diagrams (shown as data
points). From these data points—identical to the analysis in the
previous section—we find a possible velocity gradient at
velocities V 1.71D km s−1 in the P–V diagram along the
minor axis (Figure 6(a)), where the eastern region (offset > 0)
is more redshifted and the western region (offset < 0) more
blueshifted (light blue data points). The direction of this
velocity gradient is different from that of the infalling motion
seen in the C18O emission. It is more likely associated with the
extended SO emission and not originating from the inner
flattened structure (Figure 3). At higher velocities, the
structures are less clear. Including these higher-velocity data
points in our analysis, we find that there is no detectable
velocity gradient along the minor axis in the central compact
SO component. The absence of a velocity gradient along the
minor axis could suggest that there is no clear infalling motion
in the inner 10 AU region, if the central compact SO
component indeed traces the inner flattened structure.
The P–V diagram along the major axis (Figure 6(b)) shows

an overall velocity gradient, where the northern region
(offset > 0) is more redshifted and the southern region
(offset < 0) more blueshifted. A linear relation V rLSR µ is
fitted to the data points at V 1.2D > km s−1 to measure the
velocity gradient in the central compact component. The data
points at the lower velocities (light blue crosses) are excluded
to avoid a possible contamination from the extended
component. The magnitude of the velocity gradient along the
major axis is measured to be 0.51 ± 0.11 km s−1 AU−1.
Different from that along the minor axis, the presence of the
velocity gradient is clear and is not sensitive to the velocity
range included in the fitting of the linear relation. The direction
of this velocity gradient is consistent with the rotational motion
on larger scales. Hence, a rotational motion is likely present in
the inner envelope on a 10 AU scale.
As shown in the P–V diagrams, the velocity structures in the

SO emission are not well resolved and only show linear-like
features (V rLSR µ ). In addition, the SO emission in protostellar
sources is likely related to warm regions, where the excitation

Figure 6. P–V diagrams of the SO emission along the minor (left panel) and major (right panel) axis of the 1.3 mm continuum emission. The vertical axis presents
position in arcseconds. The horizontal axis is velocity in units of km s−1. Blue and light blue crosses present the peak positions measured in different velocity channels
in the P–V diagrams. The peak positions shown as blue crosses are used to derive velocity gradients. The red solid line presents the velocity gradient derived from the
peak positions. Green vertical and horizontal lines denote the systemic velocity and the protostellar position, respectively. Contour levels are from 3σ in steps of 3σ,
where 1σ is 4.8 mJy beam−1.
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Figure 3. Moment 0 map (contour) overlaid on the moment 1 map (color) of the C18O (2–1) emission in L1489 IRS. A filled ellipse in the bottom right corner denotes
the beam size. A cross shows the protostellar position. Contour levels are from 3σ to 15σ in steps of 3σ , from 15σ to 50σ in steps of 5σ , and then from 50σ to 90σ
in steps of 10σ , where 1σ is 10 mJy beam−1 km s−1.
(A color version of this figure is available in the online journal.)

Figure 4 shows the velocity channel maps of the C18O
emission in L1489 IRS. The C18O emission is detected above the
3σ level over 62 velocity channels from V = −5.1 to 5.0 km s−1,
and we binned 3 channels together to reduce the total number of
panels for presentation. At V ! −2.9 km s−1 and "2.6 km s−1,
the C18O emission shows a compact, single-peaked blob to
the east and the west of the protostar, respectively. From V =
−2.4 to −1.4 km s−1, an additional emission component to the
northeast of the inner compact blob becomes apparent. Around
the systemic velocity (V = −0.88 to 0.12 km s−1), the C18O
emission is elongated toward the southeast, the direction of
the blueshifted molecular outflow, and thus in these velocities
the C18O emission is likely contaminated by the outflow. The
brightest emission peaks at these velocities, however, appear
to be associated with the central protostar. At V = 0.62 and
1.1 km s−1, the C18O emission shows an extended, curved
structure to the southwest. At V = 1.6 and 2.1 km s−1, two
emission components appear; the one closer to the protostar
appears to be the same component as that seen in the highest
redshifted velocities (V " 2.6 km s−1), and the other is originated
from the curved feature.

To present the main features of the C18O emission at different
velocities, in Figure 5 we show the moment 0 maps of the C18O
emission integrated over three velocity regimes, high velocities
(V = −5.1 to −2.5 km s−1 and 2.5 to 5.0 km s−1), medium
velocities (V = −2.4 to −1.0 km s−1 and 0.6 to 2.3 km s−1),
and low velocities (V = −0.9 to 0.5 km s−1). The high-velocity
C18O emission shows blueshifted and redshifted compact blobs

with sizes of ∼0.′′7 (∼100 AU) and positional offsets of ∼0.′′6
(∼80 AU) to the east and the west of the protostar, respectively.
The position angle of the axis passing through the peak positions
of these two blobs is ∼70◦, consistent with the elongation of the
observed 1.3 mm continuum emission. The high-velocity 12CO
(Figure 2) and C18O emission show similar elongations and
directions of the velocity gradients, and both likely trace the
inner part (∼100 AU scale) of the rotational motion seen on
hundreds of AU scale (Brinch et al. 2007b; Yen et al. 2013).
The medium-velocity C18O emission exhibits blueshifted and
redshifted peaks located at ∼2′′ (∼280 AU) to the northeast
and the southwest, respectively, and shows an elongation with
a position angle of ∼55◦. The protrusions seen in Figure 3 are
clearly seen at the medium velocities. The low-velocity C18O
emission shows a central component close to the protostar as
well as extensions toward the direction of the blueshifted outflow
at both the redshifted and blueshifted velocities. The extensions
at the low velocities are likely related to the outflow.

3.4. SO (56–45) Emission

Figure 6 shows the moment 0 and 1 maps of the SO (56–45)
emission in L1489 IRS. The SO emission is elongated from
northeast to southwest and exhibits a clear velocity gradient
along the major axis as in the case of the C18O emission.
Figure 7 shows the velocity channel maps of the SO emission.
The SO emission is detected above the 3σ levels over 35 velocity
channels from V =−2.6 to 3.1 km s−1, and we binned 3 channels
together to reduce the total number of the panels for presentation.
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Figure 12. P-V diagrams along the disk major axis in the C18O (left) and SO (right) emission (contours) overlaid on the model P-V diagrams (color). (a) A model of
a flared Keplerian disk and (b) a model of a ring in the flared Keplerian disk. Contour levels are from 5σ in steps of 5σ in the C18O P-V diagram and are from 3σ in
steps of 3σ in the SO P-V diagram, where 1σ is 8 mJy.
(A color version of this figure is available in the online journal.)

relation b = 1.5 + q/2 (Guilloteau & Dutrey 1998), which is
approximately consistent with the expectation for a flared disk,
b ∼ 1.29 (Chiang & Goldreich 1997). The density profile is
modified from the surface density profile as

ρ(r, z) = ρ0 ·
! r

100 AU

"a

exp
#

− z2

2h(r)2

$
, (16)

ρ0 = Σ0 · cos i√
2πh0

, (17)

where a = −3.05 from the relation a = −1.5 + p − q/2
(Guilloteau & Dutrey 1998), and Σ0 and i are 2 × 1023 cm−2

and 66◦, respectively, which are the best-fit values derived from
our geometrically thin disk model fitting. The C18O abundance
is adopted to be 3 × 10−7 (Frerking et al. 1982). In the case of a
flared disk, the line of sight tilted with respect to the disk mid-
plane intersects different layers of the disk at different radii.
The radii (rl) and the vertical distances to the mid-plane (zl)
of different layers of the disk along the line of sight can be
expressed as

rl = l sin i + r0, (18)

zl = l cos i, (19)

where l is the distance to the mid-plane along the line of sight and
r0 is the disk radius of the intersection between the mid-plane
and the line of sight. The density profile along the line of sight
can be evaluated with r = rl , z = zl , and Equations (15)–(17).
The rotational velocity at rl and zl is

Vrot(rl, zl) =
%

GM∗rl&
rl

2 + zl
2
' . (20)

For our model of the flared disk, we adopt the LTE condition
and an isotropic power-law temperature profile with the same
power-law index as the best fit of our geometrically thin disk
model, T (r) = 44 × (r/100 AU)−0.3 K for simplicity. Such a
simple model can demonstrate the overall gas distribution and
kinematics to compare with our observational data, although
flared disks are expected to have a vertical temperature gradient

(e.g., D’Alessio et al. 1998; Dullemond 2002; Dullemond et al.
2002), and our model intensities may not be accurate due to
the lack of sophisticated temperature structures. The model
images are computed in Cartesian coordinates, and the grid size
is ∼2 AU, which is ∼60 times smaller than the observational
beam size. Therefore, the smearing of the velocity structures
within a grid is unlikely to affect the prediction of the observed
velocity structures. The C18O emission is detected at velocities
! 5 km s−1, suggesting that it primarily traces the disk at radii
" 50 AU, where the scale height is expected to be ∼10 AU.
Hence, the grid size in our model is sufficiently small to capture
the vertical velocity gradient. By comparing our model images
of the flared disk and the geometrically thin disk, we found
that the C18O spectra of the inner part of the flared disk (r !
200 AU) tend to have a higher peak velocity and a broader line
width than those of the geometrically thin disk, which is due
to the contribution of the emission from the upper layer of the
flared disk at inner radii. The broader line width due to the
disk flaring can be compensated by the increase in vturb in a
geometrically thin disk model. The difference in peak velocities
of the C18O spectra of the flared and geometrically thin disks
is less than 15% with the range of the inclination angles we
searched in our disk fitting (35◦–75◦). Therefore, we expect that
the protostellar mass can be overestimated in our fitting with
a geometrically thin disk model by !23%. Such uncertainty is
comparable to the uncertainty of our disk fitting and does not
affect our main discussion and results. Figure 12 (left) shows the
P-V diagram of our model of the flared disk, and the model can
reproduce the main velocity structures of the observed C18O
emission, including the linear velocity gradient at the lower
velocities (|V | ! 2 km s−1).

The P-V diagram of the SO emission predominantly shows
the linear velocity gradient without clear high-velocity compact
emission (Figure 9), suggesting that the SO emission does not
trace the inner part of the Keplerian disk. The moment 0 maps of
the C18O and SO emission at lower velocities (|V | ! 2.5 km s−1)
show the similar elongation and peak positions (Figure 8),
suggesting that the SO emission traces similar structures to those
of the C18O emission at the lower velocities. One possibility of
the nature of the SO emission is that it primarily arises from
a ringlike region in the flared Keplerian disk around L1489
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Rotation of Disk or Envelope?

12CO component are similar to those of C18O (J = 2–1), as will
be shown later.

The compactness of the continuum emission with its position
angle perpendicular to the outflow axis suggests that the
continuum emission arises from a compact disk and the major
axis of the expected disk should be at P.A. = 73° (white dashed
line in Figure 1). Although the uncertainty of the elongation
direction of the continuum emission is relatively large (±16°),
we hereafter adopt this position angle as the disk major axis
around TMC-1A. The ratio of minor axis to major axis
corresponds to the inclination angle of i = 42° and 55° if
assuming a geometrically thin disk and H/R = 0.2,
respectively.

3.2. C18O J = 2–1

C18O (J = 2–1) is detected at more than a 3σ level at LSR
velocities ranging from 2.7 to 10.4 km s 1- . In Figure 4, the
moment 0 (MOM0) map integrated over this velocity range is
shown in white contours, overlaid on the moment 1 (MOM1)
map shown in color. The overall distribution of the C18O
integrated intensity exhibits an elongated structure almost
perpendicular to the molecular outflow, with a peak located at
the protostar position. The deconvolved size of MOM0 map is
3 3 ± 0 1 × 2 2 ± 0 1 with P.A. = 67° ± 2°. This
morphology showing elongation perpendicular to the outflow
axis (P.A. = −17°) indicates that the C18O emission mainly
traces a flattened envelope around TMC-1A, as was also
suggested by Yen et al. (2013). In addition, there are weak
extensions to the north, the northwest, and the east. The overall
velocity gradient is seen from northeast to southwest, which is
almost perpendicular to the outflow axis. These results are quite
consistent with previous observations in C18O (J = 2–1) using
SMA (Yen et al. 2013), although their map did not show the
weak extensions detected in our ALMA observations.
In order for us to see more detailed velocity structures, channel

maps shown in Figure 5 are inspected. At high velocities, VLSR �
4.9 km s 1- and �7.9 km s 1- (which are blueshifted and red-
shifted, respectively, by more than 1.5 km s 1- with respect to
the systemic velocity of 6.4 km s 1- ), there are compact emissions
with strong peaks located nearby the protostar position. The
sizes of these emissions are smaller than ∼3″ or 420 AU. The
peaks of these emissions are located on the east side of
the protostar at blueshifted velocities, while those for
redshifted velocities are located on the west side, making a
velocity gradient from east to west. This direction is roughly
perpendicular to the outflow axis (P.A. = −17°). On the other
hand, at lower blueshifted and redshifted velocities (5.0 km s 1- �
VLSR � 6.0 km s 1- ), extended structures become more dominant.
At lower blueshifted velocities, structures elongated from
northwest to southeast with additional extensions to the north-
eastern side and the southern side appear, while at lower

Figure 2.Moment 0 (white contours) and 1 (color) maps of the 12CO (J = 2–1)
emission in TMC-1A. Contour levels of the moment 0 map are −3, 3, 6, 12,
24, ... × σ, where 1σ corresponds to 0.034 Jy beam 1- km s 1- . A plus sign
shows the position of the central protostar (continuum emission peak). A filled
ellipse at the bottom left corner denotes the ALMA synthesized beam;
1 02 × 0 90, P.A. = −178°. 12CO clearly traces the molecular outflow from
TMC-1A, and the axis of the outflow (∼ −17°) is shown with a dashed line.

Figure 3. PV diagrams of the 12CO (J = 2–1) emission in TMC-1A along the
outflow axes (PA = −17°). Contour levels are 6σ spacing from 3σ (1σ = 20
mJy beam 1- ). Central vertical dashed lines show the systemic velocity
(Vsys = 6.4 km s 1- ), and central horizontal dashed lines show the central
position.

Figure 4.Moment 0 (white contours) and 1 (color) maps of the C18O (J = 2–1)
emission in TMC-1A. Contour levels of the moment 0 map are −3, 3, 6, 12,
24, ... × σ, where 1σ corresponds to 8.1 mJy beam 1- km s 1- . A plus sign
shows the position of the central protostar (continuum emission peak). A filled
ellipse at the bottom left corner denotes the ALMA synthesized beam;
1 06 × 0 90, P.A. = −176°. Blue and red arrows show the direction of the
molecular outflow from TMC-1A observed in 12CO (J = 2–1) line (Figure 2).
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By using the break point (Rb, Vb) = (67 AU, 2.4 km s 1- ), the
dynamical mass of the central protostar and the specific angular
momentum at Rb, which are not inclination corrected, can be
calculated at M M i Msin 0.43p

2
* *= = : and j j isinp = =

7.7 10 km s pc,4 1´ - - respectively. We should note, however,
that the analysis using certain representative points on a PV
diagram presented here may systematically underestimate Rb
when the spatial resolution is not high enough, as discussed in
Appendix A. Taking this point into consideration, the real

break radius can be estimated to be ∼90 AU from the apparent
break radius of 67 AU. Rb ∼ 90 AU leads toM M0.6p* ~ :
and jp ∼ 1 × 10−3 km s 1- pc.

4.3. Rotating Disk Models

In the previous section, the detailed analysis of the PV
diagram cutting along the disk major axis was presented to
characterize the nature of rotation, which suggests the existence
of a Keplerian disk in the innermost part of the envelope. In this
section, physical conditions of the Keplerian disk are
investigated based on model fittings to the C18O channel
maps. To quantify physical parameters of the disk around
TMC-1A, we performed a χ2

fitting to the C18O J = 2–1
channel maps based on a standard rotating disk model (e.g.,
Dutrey et al. 1994). When a standard disk model is compared
with these observed C18O channel maps, it is important to note
that the observed C18O emission arises not only from the
diskbut also from the envelope having rotation and additional
motions as discussed in Section 4.1. Because of this, it is
required that only the velocity channels where rotation is
dominant should be used for comparison with a disk model. As
shown in Figure 9, there is a velocity range showing the power-
law index close to the Keplerian law, suggesting that the C18O
emission in this range with V 2.4 km s 1∣ ∣D > - is thought to
arise from the possible Keplerian disk. We intend, therefore, to
fit the channel maps within this velocity range, with rotating
disk models.
We use a disk model with a code described in Ohashi et al.

(2014). The model disk can be described with 10 parameters
summarized in Table 2. The radial dependence of the disk
temperature T(R) and the disk surface density Σ(R) are
described as
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R
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Figure 8. PV diagrams of the C18O (J = 2–1) emission in TMC-1A along (a) the major axis and (b) the minor axis (the major axis corresponds to the white dashed line
in Figure 1, PA = 73°). These PV diagrams have the same angular and velocity resolutions as those of the channel maps shown in Figure 5. Contour levels are 6σ
spacing from 3σ (1σ = 7.1 mJy beam 1- ). Central vertical dashed lines show the systemic velocity (Vsys = 6.4 km s 1- ), and central horizontal dashed lines show the
central position. Points with error bars in panel (a) are mean positions derived along the position (vertical) direction at each velocity. Curves in panel (b) show escape
velocities along the outflow-axis direction for i = 70° and 40°.

Figure 9. Mean positions of the PV diagram along the major axis plotted on a
log R−log V plane. The ordinate is not deprojected. Blue and red points show
blueshifted and redshifted components, respectively. Dashed lines show the
best-fit lines with a double power law. In addition to the inner and outer power,
the “break” radius and velocity are included as free parameters. The best-fit
parameters are Rb = 67 AU, Vb = 2.4 km s 1- , pin = 0.54 ± 0.14,
andpout = 0.85 ± 0.04. The error for (Rb, Vb) is ∼1%.
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By using the break point (Rb, Vb) = (67 AU, 2.4 km s 1- ), the
dynamical mass of the central protostar and the specific angular
momentum at Rb, which are not inclination corrected, can be
calculated at M M i Msin 0.43p
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Appendix A. Taking this point into consideration, the real

break radius can be estimated to be ∼90 AU from the apparent
break radius of 67 AU. Rb ∼ 90 AU leads toM M0.6p* ~ :
and jp ∼ 1 × 10−3 km s 1- pc.

4.3. Rotating Disk Models

In the previous section, the detailed analysis of the PV
diagram cutting along the disk major axis was presented to
characterize the nature of rotation, which suggests the existence
of a Keplerian disk in the innermost part of the envelope. In this
section, physical conditions of the Keplerian disk are
investigated based on model fittings to the C18O channel
maps. To quantify physical parameters of the disk around
TMC-1A, we performed a χ2

fitting to the C18O J = 2–1
channel maps based on a standard rotating disk model (e.g.,
Dutrey et al. 1994). When a standard disk model is compared
with these observed C18O channel maps, it is important to note
that the observed C18O emission arises not only from the
diskbut also from the envelope having rotation and additional
motions as discussed in Section 4.1. Because of this, it is
required that only the velocity channels where rotation is
dominant should be used for comparison with a disk model. As
shown in Figure 9, there is a velocity range showing the power-
law index close to the Keplerian law, suggesting that the C18O
emission in this range with V 2.4 km s 1∣ ∣D > - is thought to
arise from the possible Keplerian disk. We intend, therefore, to
fit the channel maps within this velocity range, with rotating
disk models.
We use a disk model with a code described in Ohashi et al.

(2014). The model disk can be described with 10 parameters
summarized in Table 2. The radial dependence of the disk
temperature T(R) and the disk surface density Σ(R) are
described as
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Figure 8. PV diagrams of the C18O (J = 2–1) emission in TMC-1A along (a) the major axis and (b) the minor axis (the major axis corresponds to the white dashed line
in Figure 1, PA = 73°). These PV diagrams have the same angular and velocity resolutions as those of the channel maps shown in Figure 5. Contour levels are 6σ
spacing from 3σ (1σ = 7.1 mJy beam 1- ). Central vertical dashed lines show the systemic velocity (Vsys = 6.4 km s 1- ), and central horizontal dashed lines show the
central position. Points with error bars in panel (a) are mean positions derived along the position (vertical) direction at each velocity. Curves in panel (b) show escape
velocities along the outflow-axis direction for i = 70° and 40°.

Figure 9. Mean positions of the PV diagram along the major axis plotted on a
log R−log V plane. The ordinate is not deprojected. Blue and red points show
blueshifted and redshifted components, respectively. Dashed lines show the
best-fit lines with a double power law. In addition to the inner and outer power,
the “break” radius and velocity are included as free parameters. The best-fit
parameters are Rb = 67 AU, Vb = 2.4 km s 1- , pin = 0.54 ± 0.14,
andpout = 0.85 ± 0.04. The error for (Rb, Vb) is ∼1%.
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the centrifugal barrier (Fig. 1c). On the other hand, the latter component
seems to come from the inner disk, although it is much fainter than the
ring component. These features are essentially the same for the other SO
line (JN 5 76–65). We conclude that a drastic chemical change occurs
at the centrifugal barrier. (See the Methods and Extended Data Figs 2,
4, 5, 6 and 7 for details.)

We observed four lines of cyclic-C3H2 and two lines of SO in total
(Extended Data Table 1). We analysed them to derive physical conditions of
emitting regions for both molecules by using a non-local-thermodynamic-
equilibrium (non-LTE) large-velocity-gradient (LVG) code (Methods
and Extended Data Fig. 8). The gas kinetic temperatures of the cyclic-
C3H2 emitting region are derived to be 23–33 K, 30 K and 23 K, for the
199 3 199 region at the centre, 199 north of the centre and 199 south of
the centre, respectively, where the H2 density ranges from 6 3 106 to
13 108 cm23. These values are almost consistent with the reported model9

(H2 density of 1.3 3 108 cm23 and the temperature of 30 K at 100 AU).
On the other hand, the gas kinetic temperature of the SO-emitting region
is constrained to be higher than 60 K, and the H2 density to be higher than
3 3 106 cm23 for the 1993 299 region centred at the protostar position.

Given that the sublimation temperature of SO is 50 K, it is most likely
that SO is liberated into the gas phase from grain mantle at the centrif-
ugal barrier. Although the iced SO is not identified by infrared obser-
vations, it is predicted by the chemical model10,11. Liberation of the S
atom into the gas phase followed by the reaction with OH may also
contribute to enhancement of SO (ref. 12). Possible mechanisms for
the SO liberation are accretion shock in front of the centrifugal barrier,

outflow shock on the disk surface, and the protostellar heating. These
possibilities are described in the Supplementary Information.

Further in the mid-plane of the inner disk, SO is probably depleted
again onto dust grains. The depletion timescale is as short as 10–200 years
for the H2 density of 6 3 106 cm23 to reach 1 3 108 cm23. Therefore, SO
mainly exists around the centrifugal barrier. However, the PV diagram
of the SO emission also shows a weak broad component inward of the
centrifugal barrier. This suggests that SO partly survives even inward
of the barrier. The gas infalling directly onto the inner disk surface may
also contribute to the broad component13. We predict the velocity of the
Keplerian rotation as a function of the radius from the estimated pro-
tostellar mass derived from the cyclic-C3H2 data (Fig. 2c). The expected
velocity can roughly explain the PV diagram inward of the centrifugal
barrier.

Similarly, cyclic-C3H2 is depleted onto dust grains in the mid-plane
of the disk as in the case of SO. Cyclic-C3H2 may also be destroyed in
the transition region by a gas-phase reaction with the oxygen atom.
Although the fresh gas containing cyclic-C3H2 is continuously supplied
outside the centrifugal barrier, it is not supplied efficiently within the
disk. Hence, the abundance of cyclic-C3H2 in the gas phase becomes
much lower inward of the centrifugal barrier than in the infalling rotat-
ing envelope, as observed.

These results demonstrate a drastic chemical change at the centri-
fugal barrier in the course of the formation of the inner disk. It does not
mean that SO and cyclic-C3H2 are chemically related to each other directly;
the change is caused by the discontinuous infalling motion of the gas at
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Figure 1 | IRAS 0436812557 in
the cyclic-C3H2 (523–432) and SO
(JN 5 78–67) lines. a, Integrated
intensity distributions of
cyclic-C3H2 (colour) and SO
(contours). Contours are every
10s (90 mJy beam21 km s21),
starting from 5s (the outermost
contour). The red and white
ellipses represent the synthesized
beam sizes for cyclic-C3H2 and
SO, respectively. b, The PV
diagram of cyclic-C3H2 along a
north–south line passing through
the protostar position. Contours
are every 3s (12 mJy beam21),
starting from 3s. The white
rectangle represents the
resolution. c, A schematic of the
envelope geometry. d, The PV
diagram of SO along the same
line as b. Contours are every 4s
(28 mJy beam21), starting from
2s. White contours represent
negative values. VLSR denotes the
velocity with respect to the local
standard of rest. The white
rectangle represents the
resolution.
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Episodic molecular outflow in the very young 
protostellar cluster Serpens South
Adele L. Plunkett1, Héctor G. Arce1, Diego Mardones2, Pieter van Dokkum1, Michael M. Dunham3, Manuel Fernández-López4, 
José Gallardo5 & Stuartt A. Corder5

The loss of mass from protostars, in the form of a jet or outflow, is 
a necessary counterpart to protostellar mass accretion1,2. Outflow 
ejection events probably vary in their velocity and/or in the rate 
of mass loss. Such ‘episodic’ ejection events3 have been observed 
during the class 0 protostellar phase (the early accretion stage)4–10, 
and continue during the subsequent class I phase that marks the 
first one million years of star formation11–14. Previously observed 
episodic-ejection sources were relatively isolated; however, the 
most common sites of star formation are clusters15. Outflows link 
protostars with their environment and provide a viable source of 
the turbulence that is necessary for regulating star formation in 
clusters3, but it is not known how an accretion-driven jet or outflow 
in a clustered environment manifests itself in its earliest stage. This 
early stage is important in establishing the initial conditions for 
momentum and energy transfer to the environment as the protostar 
and cluster evolve. Here we report that an outflow from a young, 
class 0 protostar, at the hub of the very active and filamentary 
Serpens South protostellar cluster16–18, shows unambiguous  
episodic events. The 12C16O (J = 2−1) emission from the protostar 
reveals 22 distinct features of outflow ejecta, the most recent having 
the highest velocity. The outflow forms bipolar lobes—one of the 
first detectable signs of star formation—which originate from the 
peak of 1-mm continuum emission. Emission from the surrounding 
C18O envelope shows kinematics consistent with rotation and an 
infall of material onto the protostar. The data suggest that episodic, 
accretion-driven outflow begins in the earliest phase of protostellar 
evolution, and that the outflow remains intact in a very clustered 
environment, probably providing efficient momentum transfer for 
driving turbulence.

We used the Atacama Large Millimeter/sub-millimeter Array 
(ALMA) in Chile to observe the J = 2−1 emission line of carbon mon-
oxide isotopologues (12CO, 13CO and C18O) near the class 0 source 
CARMA-7 (hereafter C7), in the young protostellar cluster Serpens 
South. C7 is the strongest of several millimetre-wavelength continuum  
sources that are densely packed within Serpens South, located at a 
distance of 415 parsecs (pc) from Earth19. Its relative proximity to 
Earth allows for observations with high spatial resolution; our obser-
vations resolve features with physical sizes of greater than about  
370 astronomical units (au).

The 12CO emission extends north–south of C7, spanning about 80″ 
(or 0.16 pc) along an axis with a position angle of roughly 4° (Fig. 1). 
The emission is clumpy, and the strongest emission features to the 
north (south) are mostly redshifted (blueshifted), relative to the sys-
temic cloud velocity (Vc) of 8 km s−1 (refs 20, 21). The emission fea-
tures near the origin are only around 1–2″ (about 400–800 au) wide, 
and the width increases to about 8″ (roughly 3,000 au) at the widest 
point. The opening angle of the emission decreases with velocity, 
with a maximum of about 23° (at 10″, or 0.02 pc, from the source) 

at velocities of a few kilometres per second, and a minimum of about 
10° at the same distance and higher velocities. Figure 2a shows the 
position–velocity diagram, with a saw-like pattern along the extent of 
the 12CO emission; and emission features corresponding to the highest 
velocities (|VLSR − Vc| = ∼ 20 km s−1, where VLSR is the local standard 
of rest velocity) are found closest to C7 (Fig. 2a, b). The 12CO emission 
is optically thick—especially, according to our data, near the cloud  
velocity—and therefore it traces outflow features with velocities greater 
than a few kilometres per second with respect to Vc.

1Astronomy Department, Yale University, New Haven, Connecticut 06511, USA. 2Departamento de Astronomía, Universidad de Chile, Casilla 36-D, Santiago, Chile. 3Harvard-Smithsonian Center for 
Astrophysics, 60 Garden Street, MS 78, Cambridge, Massachusetts 02138, USA. 4Instituto Argentino de Radioastronomía, CCT-La Plata (CONICET), C.C.5, 1894, Villa Elisa, Argentina. 5Joint ALMA 
Observatory, Av. Alonso de Córdova 3107, Vitacura, Santiago, Chile.
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Figure 1 | 12CO molecular outflow emission centered at the class 0 
protostar CARMA-7 (C7). C7 is marked by the yellow cross at right 
ascension RA = 18 h 30 min 04.1 s, declination dec. = − 02° 03′ 02.6′′. The 
numbers on the x axes are truncated to show seconds only, omitting hours 
and minutes for brevity. The y axes are likewise simplified. a, c, High-velocity 
blueshifted and redshifted channels, respectively. b, Low-velocity channels, 
to show the cavity surrounding collimated ejecta. Contours in a and c begin 
with 8σ and increment by 4σ and 8σ, respectively. Labels B1–B11 and  
R1–R11 indicate 22 ejecta features. The grey lines mark the 4° position angle 
of the C7 outflow lobes. The yellow ‘plus’ symbol marks a neighbouring 
protostar, CARMA-6 (ref. 21), which provides contaminating emission, 
especially for the blueshifted southern outflow lobe.
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The C18O emission is optically thin and therefore probes deeper than 
does the 12CO emission, to trace denser material that is closer to the 
protostar (see Fig. 3 and the channel maps in Extended Data Fig. 1). 
Together, these molecular lines and continuum (Extended Data Fig. 2) 
trace two related components of the protostellar system: the outflow 
and the envelope. Material accretes onto a protostar from an infalling 
envelope via a disk, with the envelope providing the main mass reser-
voir for the star. While the protostar is still obscured by the surrounding 
envelope, a bipolar outflow represents one of the first observational 
signs of star formation, and it carries away mass and angular momen-
tum from the system.

Our observations show two molecular outflow lobes emanating 
from the C7 envelope, and we conclusively identify an outflow-driving 

source in this region. When this region was studied with lower- 
resolution CO observations21,22, prevalent outflow emission from sev-
eral young sources appeared to coincide. However, the 12CO emis-
sion traces cool (less than about100 K) swept-up outflow material 
and provides a record of the timing history of mass-loss events for 
a given source. The C7 outflow comprises cavity walls that surround 
22 knots (observed clumps of emission from a single ejection event), 
11 to the north and 11 to the south, within 24″ of the source. Beyond 
this distance, we see outflow morphology that can be attributed to 
C7, but there is contaminating cloud emission to the north and an 
interfering outflow to the south (driven by a protostar southwest of 
C7; Extended Data Fig. 2). The outflow’s high collimation, and the 
presence of redshifted and blueshifted emission coinciding along the 
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Figure 3 | Protostellar envelope. a, Integrated C18O intensity (moment 0, 
greyscale) >13σ, with |VLSR − Vc| < 3 km s−1. Blue (red) contours represent 
blueshifted (redshifted) channels, with 0.4 < |VLSR − Vc| < 3 km s−1,  
beginning at 30% of peak integrated intensity (165 mJy beam−1 km s−1 
and 155 mJy beam−1 km s−1, respectively), with increments of 10% of 
peak. The blue oval represents the beam size. b, Intensity-weighted mean 

velocity (moment 1, colour scale). Black dashed contours show integrated 
intensity (greyscale in a) with 8σ steps. Grey contours show 15%, 30% and 
80% of peak continuum emission (93.9 mJy beam−1). c, Position–velocity 
perpendicular to the outflow axis. Contours show levels of 4σ of the 
position–velocity intensity. Spatial and velocity resolution elements are 
shown with grey and black (solid) bars, respectively.

Figure 2 | Outflow ejecta from C7. a, Position–velocity diagram along the 
outflow axis (see Fig. 1). Points correspond to velocity maxima where we 
identified outflow knots. Northern emission features are mostly redshifted 
and are shown in red; southern emission features are mostly blueshifted and 
are shown in blue. The scale bar shows 370 au, or 0.9″. The dashed pink line 
marks the location of the protostar; the dashed green line shows the cloud 
central velocity, Vc, in the same units as those of VLSR. b, Knot velocity (Vflow) 

versus distance relative to C7 (in arcsecs or parsecs). Blue (red) points mark 
southern (northern) features, as in a. c, Dynamical timescales (τdyn) for 
each knot, with no correction for inclination angle. d, Histogram showing 
the number (N) of ejecta that have been emitted at the given times since the 
previous ejection (∆τdyn), with 200-year bins. e, ∆τdyn as a function of τdyn 
for northern (red) and southern (blue) knots. Recent northern ejecta (solid 
points) are fit with a linear trend (orange line).
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