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Full-Synthesis Imaging
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G0.253+0.016
located in CMZ
(P/k > 107 K cm-3)
T~20 K
ρ > 104 cm-3
M ~ 2x105 M⊙
lack of prevalent
star formation

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
Rathborne et
al. 2014
(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.
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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.

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 largescale emission. Thus, we use the values derived from that
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5. DISCUSSION
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Tracers over All Spatial Scales
Rathborne et al.
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Figure 3. Dust continuum emission and molecular line integrated intensity images for G0.253+0.016. The molecular line images wereRathborne
generated by integrating
the
et al. 2015
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.

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,

Rathborne et a

Kinematics in G0.253+0.016
Outer layers likely unbound and
expanding
Central region likely bound and
collapsing
Insufficient central mass to form an
Arches-like cluster within 0.5 pc

Rathborne et al. 2015

Figure 3. Normalized
right: derived using the combined image). The
√ column density PDFs for G0.253+0.016 (histograms, left: derived using the ALMA-only image,
Rathborne et al. 2014
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.

105 and 109 K cm−3 , respectively. The hydrostatic pressure
from self gravity (Pgrav ) is related to the gas surface density
5.1. Comparison to Solar Neighborhood Clouds
(Σ) through Pgrav = (3/2)π GΣ2 . Given the surface density
of solar neighborhood (Σ ∼ 102 M⊙ pc−2 ) and CMZ clouds
In this section, we show that both the similarities and
(Σ ∼ 5 × 103 M⊙ pc−2 ), the respective hydrostatic pressures in
differences in the PDFs for solar neighborhood and CMZ
units
of P /k are also 105 and 109 K cm−3 . As Pturb ≈ Pgrav , the
clouds agree with predictions of turbulent models given their
pressures are close to equilibrium on the cloud scale for both
environments (for a summary, see Table 1 and references
environments.
Because Pgrav ∼ Σ2 , the condition of hydrostatic
therein).
equilibrium translates the factor of 104 difference in turbulent
The similarity in the measured dispersions of the N-PDFs
pressure to a factor of ∼102 difference in column densities.
(σlog N = 0.28–0.59 in the solar neighborhood and 0.34 ± 0.03 in
This explains the factor of 102 difference between the mean
G0.253+0.016) can be understood by considering their turbulent
The
Astrophysical
Journal,
802:125 (20pp), 2015 column
April 1 density for solar neighborhood clouds and the CMZ
Mach numbers. The gas
temperatures
in the
solar neighborhood
cloud G0.253+0.016.
and CMZ (∼10 K and ∼65 K) correspond to sound speeds
The conversion of an N-PDF to a ρ-PDF has not been con(cs ) of ∼0.2 and 0.5 km s−1 , respectively. Given the observed
clusively solved. Theoretical work suggests that the conversion
velocity dispersions (σ ∼ 2 and ∼15 km s−1 , respectively),
is a multiplication by a factor ξ , where σlog ρ = ξ σlog N (Brunt
their M1D numbers are ∼10 and ∼30, which corresponds to
et al. 2010). The uncertainty on ξ is ∼15% for the values
predictions of σlog ρ ∼ 2.08 and 2.55 for the solar neighborhood
of σlog N measured in solar neighborhood and CMZ clouds
and CMZ, respectively (assuming b = 0.5). Thus, while the
(Brunt et al. 2010)—smaller than the observed spread of the
M1D for CMZ clouds compared to solar neighborhood clouds
measured σlog N . The relative universality of ξ means that the
is higher, the predicted values for σlog ρ differ by only a factor
small relative change of the N-PDF dispersions ([σlog N ]CMZ ∼
of 1.2 due to the weak dependence of σlog ρ on M1D .
[σlog N ]Solar ) translates to the same relative change of the
The difference in the mean column densities of the N-PDFs
ρ-PDF dispersions, thereby allowing a direct comparison of
(N0 = 0.5–3.0×1021 cm−2 in the solar neighborhood and 86 ±
the measurements to theory. Thus, within the uncertainties, the
20 ×1021 cm−2 in G0.253+0.016) is understood by considering
N-PDF of G0.253+0.016 satisfies the theoretical prediction
the relative gas pressures. The turbulent gas pressure is given
that [σlog ρ ]CMZ ∼ [σlog ρ ]Solar , providing the first reliable test
by Pturb = ρ σ 2 . For typical values for solar neighborhood
of turbulence theory in a high-pressure environment. Because
(ρ ∼ 102 cm−3 ; σ ∼ 2 km s−1 ) and CMZ clouds (ρ ∼ 104 cm−3 ;
we neglected magnetic fields, the similarity in the predicted
σ ∼ 15 km s−1 ), the turbulent gas pressures in units of P /k are
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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

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 rig
panels mark the value from each molecular transition). We ﬁnd that while the total mass for G0.253+0.016 is ~10 5 M , the mass contained within its central 0.5 pc
~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 wel
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 veloc
dispersion (upper right panel) derived for each detected molecular transition indicates that as the radius of the emission decreases, so too does the average veloc
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 a
expanding, while its central region may be bound and collapsing.
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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

Extrapolating the global size–linewidth relation in Figure 1
(top right panel) to smaller scales suggests that the line-widt
are subsonic on spatial scales of ∼0.1 pc (the sonic length
∼0.2 pc). As such, since the sonic length exceeds the deriv
break point in the power spectrum, the thermal Jeans length
indeed the relevant quantity for describing the minimum si
-0.5
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æ
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Previous
While the measured dust temperature toward G0.253+0.016 is
continuum emission may have formed because gravity
ab
and 12was
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scales.respe
∼20 K (Longmore et al. 2012), recent observations indicate
that the gas temperature
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et al. 2013).
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9 andt
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initial gas structure.
Core 5 (see
65 K (Ao et al. 2013) the corresponding gas sound speed, cs, is
To determine its internal structure, we have the
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ALMA t
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density
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et al.
2011 for this material
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as
Despite the
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3
of ∼10 cm , we derive l J to be 0.10 pc. This value is
function of radius (leftZhang
panels
deﬁne eat
continuum,
et of
al. Figure
2015 14). We
comparable to the size scale derived from the break point in the
region over which to calculate the mass and volume
densi
different.
Th
power spectrum of the dust continuum emission and of the size
using contours of column density; they were from
calculated
Core 2.o
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
′′
′′
◦
of
the
self-gravitating
core
identiﬁed
via
the
N-PDF.
many
spatial
scales
by
varying
the
contour
levels
from
and SO is t
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
emission is
beam attenuation.
Figure 2. 1.3 mm continuum image of IRDC G28.34 P1 obtained with ALMA.
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environment
Data are plotted in logarithmic scale. The dashed–dotted circle outlines the
Table 2
in Zhang et
Properties of the Condensations
FWHM of the primary beam of the ALMA 12 m antenna. The shaded ellipse at
Core 5 may b
the lower
left corner of the panel marks the synthesized beam. The star symbols
Name
R.A. (J2000)
Decl. (J2000)
Size
P.A.
Fpeak
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Mass/M
⊙
and numbers
mark the brightest dust continuum components listed in Table 1.
gas phase b
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(mJy)
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Fragmentation to Cluster Formation

(mini-arm-A2w) have been resolved in the previous SMA
The Astrophysical Journal, 814:22 (7pp), 2015 November 20
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Core Mass Function

The Astrophysical Journal, 804:141 (16pp), 2015 May 10

Zhang et al.

observations (Liu et al. 2012b). There are mini-arms connecting A1 from the north and northwest (mini-arm-A1n, miniarm-A1nw), which can only be marginally seen in Figure 1
owing to blending with other structures. We will address these
11
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
15. Schematic
model of theeccentric
resolved region.gas
Gray ellipses are the
inclined ﬂattened structure Figure
or that
it possesses
projected isoradius contours of an inclined circular rotating plane. The near and
orbits. However, we cannot farrule
possibility
thatbythere
isline. The blue and
sides out
of thisthe
inclined
system are separated
the dashed
red arrows show the spiraling ∼0.5 pc scale molecular arms and the mini-arms
internal fragmentation in core
A1 or that there are more than
connected with cores A1 and A2, respectively. The ﬁlled circles are cores A1
and
A2,
with
color
scales
indicating
the
line-of-sight
velocity
two cores blended in the projected LOS. We cannot resolve the gradients caused
by their spinning motion. These two massive cores are rotating about each
internal structure of all detected
cores.
the
other, such that
core A1 Some,
is redshiftedor
with all,
respectof
to core
A2. Observationally,
the velocity distribution in A2 is confused with the blueshifted tidally
individual cores may eventually
a cluster
ofto A1,
stars.
interacting form
feature connecting
from A2
which The
is indicated as the ﬁlled
cyan area.
note that some
of the
arms can be off that
plane.
complex morphology resolved
byWeALMA
has
suggested
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).

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.

Dynamical Cluster Formation

38 objects identiﬁed. The dashed line denotes the slope of the

Salpeter IMF.
shown in Figure 8, low-mass
if the cumulative mass
Lack
of As
distributed
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
cores
range of 1–2 M the number of cores is more than 5 times
lower than >
the 10
expected
slope.
M
MSalpeter
Ifcore
low-mass stars in Jeans
a cluster arise from thermal Jeans

IRDC G33.92+0.11 (face-on)

spiral streamers feeding not yet
virialized cores

turbulence and perhaps B
fields important

Sa

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 1s rms noise of 0.075 mJy beam−1. For an
average temperature of 15 K derived from NH 3
vir
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 1s 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
Figure 8. Cumulative
massal.
function
of the fragments identiﬁed in G28.34 P1.
Zhang
et
2015
afforded by ALMA observations is 0.02 pc, much smaller than
The data are plotted in logarithmic scales. The dashed line marks the slope of
the Salpeter initial mass function.
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
SMA (Q. Zhang et al. 2015, in preparation). The SMA data
ALMA
image, we perform simulated observations using the
consist of compact and subcompact conﬁgurations with a
clean model of the 1.3 mm continuum image shown in Figure 2,
synthesized beam of 3″. We convolve the SMA data to the
derived from clean in CASA. To test the ability of recovering
same linear resolution as that of the G28.34 spectra in Figure 3
low-mass class 0 protostars at the distance of G28.34, we also
and scale the ﬂuxes according to (1 D)2 to account for the
include a low-mass protocluster NGC 1333 in the model. For
distance difference between the two sources. Here, we adopt a
NGC 1333, we use the 870 μm continuum data from the JCMT
distance of D = 1.5 k pc for DR21 (Girart et al. 2013). Figure 3
archive (Kirk et al. 2006) to derive the sky model at the 1.3 mm
presents the template spectra of the intermediate-mass protostar
dust continuum. While the 1.1 mm continuum data for NGC
in the DR21 ﬁlament after the ﬂux scaling. The template
18
10and
1333 are also available in the literature (Enoch et al. 2006),
spectra reveal line emission from molecules C O, CH3OH,
the data are closer to the frequency of the G28.34 continuum
H2CO, HC3N, and SO, indicative of protostellar heating in the
from ALMA, the 870 μm data are at a resolution of 19. 9, which
core. The line ﬂuxes in the template spectra match the observed
Astrophysical
Journal, 804:141
(16pp),
2015 May 10
better spatially
resolved
structure
for the sky model.
ﬂuxes in Core 2 well, but are stronger than the line emission in Theoffer
Figure
9 presents the 870 μm continuum emission of NGC
Core 5. This comparison indicates that Cores 2, 3, and 4 harbor
rophysical Journal,
804:141
(16pp),
2015
May
10
Zhang
et
al.
1333.
Marked
in
the
ﬁgure
are
class
0
protostars identiﬁed
intermediate-mass protostars, while Cores 1 and 5 are less
by Sadavoy et al. (2014). The masses of these cores are 0.5–3
active chemically and may have low-mass protostars embedded
M .
or are at an earlier stage of evolution, although this may be
To construct the sky model from the JCMT data, we ﬁrst
inconsistent with the dynamical age of 104 yr of the outﬂow in
scale the 870 μm ﬂuxes to 1.3 mm by a factor of 3 derived from
Core 5.
the comparison of CSO and JCMT data. This scaling factor
corresponds to a dust emissivity index of approximately 1.5. In
4.3. Formation of Low-mass Stars in a Cluster
addition, we scale the ﬂuxes of NGC 1333 by (1 D)2 to account
3
for the distance difference between the two sources. From a
The clump G28.34 P1, with a mass of 10 M and an
source distance of 235 pc for NGC 1333 to that of G28.34, the
average density of 7 ´ 10 4 cm-3, can potentially form a cluster
ﬂuxes are reduced by a factor of 417, i.e., (4800 235)2 . The
of stars with a total mass of 100–300 M , assuming a
ﬂux-scaled image is then deconvolved with a Gaussian beam
10%–30% star formation efﬁciency. If the stars follow a
with an FWHM of 19. 9 to derive a sky model. The linear scale
Salpeter IMF, one expects 75–223 stars in the range of 0.5–20
of
19. 9 at the distance of NGC 1333 is approximately the linear
M . Among these stars, about 10% of them could possibly
resolution
achieved by the ALMA observations at the distance
have stellar masses greater than 10 M , and 90% of stars have
of G28.34. Therefore, the JCMT data provide adequate source
stellar masses less than 10 M , and 60% of stars have masses
structures that match the ALMA observations.
between 0.5 and 1 M .
We perform simulated observations in casa using the sky
The ALMA observations of G28.34 P1 reveal strong dust
model. In the simulation, we adopt an array conﬁguration with
continuum emission along the ridge of the ﬁlament. The
a total of 29 antennas, a PWV = 1.5 mm, and an on-source
spectral line data and the presence of complex organic
observing time of 34 minutes, the same parameters during the
molecules indicate that these cores have embedded intermediG28.34 observations. We also change the coordinates of the
ate-mass protostars. In addition, some of the lower-mass
NGC
1333et
skyal.
model
to the pointing center of G28.34 so that
fragments (see Table 1) may harbor low-mass stars. We use the
Zhang
2015
ALMA spectra from Cores 2 and 5 (Components 9 and 38 in Table 1, respectively) in G28.34. The ﬂux
is corrected
primary beam attenuation.
thetoscale
UV
coverage for
is identical
to the G28.34 data.
continuum data
presented
and Table
to scaled
wn are spectra for dust
an intermediate-mass
protostar
in the DRin21Figure
ﬁlament 2obtained
from the1 SMA,
the distance of G28.34 for comparison.
Figure 9 presents the simulated image using the clean
construct the probability function of the mass distribution.
components of G28.34 only, and the one using the clean
Figure 8 presents the cumulative mass function (N (>M ) ~ M ,
ng
enhanced
increase ofplus
turbulence
thanks ofto athe
the sky model
low-mass protocluster
here N is the number of sources in the mass range
the to ancomponents
>M ) fordue
injection of energy from protostellar outﬂows (see next
rsv2
section).
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Mvir = 3k
G
The virial parameter, α, deﬁned as Mvir Mgas, is smaller than
1 in clumps, cores, and condensations for a constant density
s the radius, sv the line-of-sight velocity dispersion, and
distribution. Previous observations of G28.34 found a density
gravitational constant. k = (5 - 2a )/(3 - a ) is a
-a

er

et
lp

F

IM

α

< 0.47
cores NOT in viral
equilibrium
dynamical process

Chemical Differentiation

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 Kladders, the 13CS 5-4 line, and the DCN 3-2 line. The velocityintegrated intensity maps (i.e., moment 0) of these lines are
shown in Figure 4. Figure 5 provides the side-by-side
Liutaken
et by
al.the2015comparison of the blown-up line images and the 1.3 mm dust
Figure 2. Free–free model-subtracted dust continuum image,
ALMA 12 m+ACA array observations (qmaj ´ qmin = 0″. 75 × 0″. 50,
continuum image in the central parsec-scale area. The intensityP.A. = 90°). Contour levels are 0.6 mJy beam−1 (3σ) × [−1, 1, 4, 8, 12, 24,
weighted velocity maps (i.e., moment 1) and the intensity48, 60]. The peak emission in this image is 46.6 mJy beam−1 at core A2. The
Figure
16. Estimated
virial of
velocity
dispersions (v ) and
weighted velocity dispersion
maps
(i.e., one-dimensional
moment 2)
these
observed line-of-sight velocity dispersions (σ ) of satellite cores A3, 4 n, 4 s, 5,
color image does not present the full intensity range because the very bright
lines are presented in Figures
present
the
6, 9,6
10,and
11, 12,7.
andWe
13 (Section
4.2). The
bluevelocity
symbols are the measurements
emission regions are compact. We label source C in the east and label the (A)
based on the ALMA 12 m+ACA13Arrays 1.3 mm dust continuum image, and
channel maps of the DCN 3-2
line and
the CS
cores discussed in the text with numbers. Arrows indicate the molecular arms.
gray symbols
are the of
measurements
based5-4
on theline
ALMAin
12 m Array 1.3 mm
dust continuum image.
The red
dashed line shows
v = σ . The horizontal
The color bar is in units of mJy beam−1.
Figures 8 and 9. The position–velocity
(PV)
diagrams
of these
error bars are ±0.34 km s (i.e., half of the velocity channel spacing). The
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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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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 fr
16
−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
Zhang
et
al.
ellipse at lower left is the beam and the black ellipse near center is the half-power contour for the continuum emission.

Inverse P-Cygni Profile

Once the excitation and radiative transport have be
calculated, we remove a baseline using velocities outside
range of emission to produce the model spectra because
continuum was subtracted from the data. Thus absorpti
against
the continuum
will go below zero in the models, as w
redshifted
absorption
as in the observations.
w.r.t.
the
v
LSR
Based on optimizing the ﬁt to many lines observed w
resolutions ranging from 16″ to 89″, Evans et al. (200
Strong
evidence of infall
conﬁrmed the best-ﬁt infall radius found by Choi et al. (199
after
scaling
to
motions the new distance of 100 pc, of rinf =0.012
Similarly, the luminosity is scaled down to 0.72 L at the n
distance.
The ALMA
data for HCN and HCO+ and
explained
by inside-out
predictions of the model with r inf =0.012 pc are shown
collapse
Figure
5. The model produces a reasonably good ﬁt to
double-peaked lines, the absorption dip, and even the l
wings. Models of the off-source spectra (right panels
Figure 5) are also reasonably close to the observations; th
show self-absorption, but no absorption against the continuu
(a weak continuum, measured from the observations, of abo
10 mJy/beam was included in the model). These features
Evans
Figure 4. Spectra toward the continuum peak, after continuum subtraction,
and et al. 2015
both observations and models match the expectations for l
scaling to the TR scale. The blue horizontal line is at zero and the blue vertical
models discussed in Section 4.1. The simple, spherical mod
line indicates the systemic velocity of 8.30 km s−1 found by Evans
et al. (2005).
do not perfectly match the observations. More ﬂexible mod
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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 mi
in Figure 1, PA = 73°). These PV diagrams have the same angular and velocity resolutions as those of t
spacing from 3σ (1σ = 7.1 mJy beam-1). Central vertical dashed lines show the systemic velocity (Vsys =
central position. Points with error bars in panel (a) are mean positions derived along the position (vertical)
velocities along the outﬂow-axis direction for i = 70° and 40°.
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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 DV > 1.2 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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a position angle of ∼55◦ . The protrusions seen in Figure 3 are
clearly seen at the medium velocities. The low-velocity C18 O
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.

the C18 O 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 C18 O 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 C18 O emission at different
velocities, in Figure 5 we show the moment 0 maps of the C18 O
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
C18 O emission shows blueshifted and redshifted compact blobs

10

3.4. SO (56 –45 ) Emission
12.
P-V
along the disk major axis in the C18 O (left) and SO (right) emission (contours)
Figure 6 shows the moment 0 Figure
and 1 maps
of the
SOdiagrams
(56 –45 )
a emission
flared Keplerian
emission in L1489 IRS. The SO
is elongated disk
from and (b) a model of a ring in the flared Keplerian disk. Contour levels are from 5σ
northeast to southwest and exhibits
stepsa clear
of 3σvelocity
in thegradient
SO P-V diagram, where 1σ is 8 mJy.
along the major axis as in the case of the C18 O emission.
Figure 7 shows the velocity channel
maps ofversion
the SO emission.
(A color
of this figure is available in the online journal.)
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.
5

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
$
#
"a
! r
z2
ρ(r, z) = ρ0 ·
,
(16)
exp −
100 AU
2h(r)2

overlaid on the model P-V diagrams (color). (a) A model of
in steps of 5σ in the C18 O P-V diagram and are from 3σ in

(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
18

Chemical contrast
highlight the disk/
envelope interface
cyclic-C H vs SO
absorption against
continuum

AU

AU

(

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
8
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-

Intensity (Jy beam–1)

Jy/Beam

−1

Jy/Beam

−1

IRAS 04368+2557

AU

Angular offset

Keplerian disk ~ 700 AU, 0.005 M⊙
Streamers feeding to the disk from the
envelope

1000 AU scale to more than 60 K (e.g., Spaans et al. 1995).
The P–V diagram along the major axis (Figure 6(b)) shows
Therefore, the extended SO component is more likely related to
an overall velocity gradient, where the northern region
the outﬂow or photons escaping from the outﬂow cavity.12
(offset > 0) is more redshifted and
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Figure 3. Moment 0 map (contour) overlaid on the moment 1 map (color) of the C O (2–1) emission in L1489 IRS. A filled ellipse in the bottom right corner denotes
line in Figure
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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
4.1.1. Observed C O P–V Diagrams
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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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shows the position of the central protostar (continuum emission peak). A ﬁlled
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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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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
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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 reservoir 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 momentum from the system.
Our observations show two molecular outflow lobes emanating
from the C7 envelope, and we conclusively identify an outflow-driving
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central
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and Vc, in the same units as those of VLSR. b, Knot velocity (Vflow)
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
The C18O emission is optically thin and therefore probes deeper than
protostar, CARMA-6 (ref. 21), which provides contaminating emission,
12
especially for the blueshifted southern outflow lobe. does the CO emission, to trace denser material that is closer to the
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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).

source in this region. When this region was studied with lowerresolution CO observations21,22, prevalent outflow emission from several young sources appeared to coincide. However, the 12CO emission 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
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