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What is Interferometry?
In  contrast  to  direct  imaging,  e.g. 
with  a  CCD  camera  on  an  optical 
telescope, an interferometer samples 
the  power  spectrum  of  the  sky 
brightness distribution; this is equiv-
alent to measuring the Fourier trans-
form of the sky.  In a single integra-
tion (typically a few seconds or less), 
each pair of antennas,  called a base-
line,  samples  a  single  point  in  this 
power  spectrum,  at  a  position  in 
Fourier space related to the distance 
between the pair of antennas and the 
position angle of the baseline vector.  
Antennas  which  are  close  together 
(short  baselines)  sample  large-scale 
angular  structure,  while  long  base-
lines sample very small-scale angular 
structure.  By combining these data, 
called visibilities, over a large number 
of  baselines  (the  uv-coverage),  the 
Fourier plane is sampled, which can 
then  be  inverted  (a  Fourier  trans-
form) to reconstruct an image.   The 
reconstructed  image  quality  is  very 
sensitive to the uv-coverage — how 
completely  the  raw  visibility  data 
covers the range of real angular scales on the sky.  Even a few minutes of observations with the 43 12 m anten-
nas (903 baselines) available in Cycle 6 provides good coverage. During longer observations, more of the uv-
plane is filled in by the rotation and foreshortening of baselines as the Earth rotates on its axis. Antennas are 
periodically  moved  (reconfigured)  to  provide  a  wide  range  of  array  configurations  with  different  baseline 
lengths; observations with different configurations may be combined to improve the uv-coverage. Furthermore, 
to recover very large-scale structure, the short spacings gap in the uv-coverage can be filled in by adding ACA 
observations.  For more detailed descriptions of these terms, see the Glossary starting on page 31.
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ACA 7-m Array Technical Building

Figure 6: An areal view of ALMA in a relatively compact configuration.  The 
maximum distance between the 12-m Array antennas in the most compact con-
figuration is about 150 m, and the minimum distance a mere 15 m.  Indicated 
also  are  the  AOS Technical  Building,  and the  ACA 7-m Array.   (Credit:  C. 
Padilla/ALMA (ESO/NAOJ/NRAO))

Figure 7: In the most extended configuration of the ALMA array, antennas are scattered across the Chajnantor plateau as much 
as 16 km apart.  Here we see the array during the November 2015 long baseline campaign, when the maximum distance between 
antennas was 10 km.  Chajnantor means "place of departure" in the Kunza language of the Atacameño people that lived there and 
named this plateau.  (Credit: S. Dougherty)



ALMA Full Operations Specifications

Science with ALMA  
Level One Science Aims for ALMA

While ALMA will revolutionize many areas of astronomy, the technical requirements of ALMA were driven by 
three Level One Science Aims:
I. The ability to detect spectral line emission from C+ in a normal galaxy like the Milky Way at a redshift of z = 

3, in less than 24 hours of observation.
II. The ability to image gas kinematics in a solar-mass protostellar/protoplanetary disk at a distance of 150 pc 

(roughly, the distance of the star-forming clouds in Ophiuchus or Corona Australis), enabling one to study 
the physical, chemical, and magnetic field structure of the disk and detect the tidal gaps created by planets 
undergoing formation. 

III. The ability to provide precise images at an angular resolution of 0.1″. Here the term "precise image" means an 
accurate representation of the sky brightness at all points where the brightness is greater than 0.1% of the 
peak image brightness. This requirement applies to all sources visible to ALMA that transit at an elevation 
greater than 20 degrees.

ALMA Full Operations Specifications

ALMA’s Breadth of Science 
Other fields which ALMA will transform include:

• Imaging the redshifted dust continuum emission from evolving galaxies at epochs of formation as early as z 
= 10. The inverse K-correction, where the rising flux density on the Rayleigh-Jeans side of the spectral energy dis-
tribution of a dusty galaxy compensates for dimming at high redshift, makes ALMA the ideal instrument for in-
vestigating the origins of galaxies in the early universe, with confusion minimized by the high angular resolution.

• Using the emission from CO to measure the redshift of star-forming galaxies throughout the universe.  The 
frequency spacing between successive transitions of CO shrinks with redshift as 1/(1 + z), and the large instanta-
neous total bandwidth of ALMA makes it possible to carry out blind surveys in order to establish the star-forming 
history of the universe, without the uncertainties inherent in optical and UV studies caused by dust extinction.

• Probing the cold dust and molecular gas of nearby galaxies, allowing detailed studies of the interstellar 
medium in different galactic environments, the effect of the physical conditions on the local star formation history, 

Specification

   Number of Antennas
   Maximum Baseline Lengths
   Angular Resolution  (“)
   12 m Primary beam  (“)
   7 m Primary beam (“)
   Number of Baselines
   Frequency Coverage

   Correlator: Total Bandwidth
   Correlator: Spectral Resolution
   Polarimetry

50×12 m (12-m Array), plus 12×7 m & 4×12 m (ACA)
0.16 - 16 km 
~0.2” × (300/ν GHz) × ( 1 km / max. baseline )
~20.6”  × (300/ν GHz)
~35” × (300/ν GHz)
Up to 1225 (ALMA correlators can handle up to 64 antennas)
All atmospheric windows from 84 GHz - 950 GHz 
   (with extension to ~30 GHz when Band 1 is deployed)
16 GHz (2 polarizations × 4 basebands × 2 GHz/baseband)
As narrow as 0.008 × (300/ν GHz)  km/s
Full Stokes parameters
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Level One Science Aims

• The ability to detect spectral line emission from CO or C+ in a 
normal galaxy like the Milky Way at a redshift z=3, in less than 24 
hours of observation.

• The ability to image gas kinematics in a solar-mass protostellar / 
protoplanetary disk at a distance of 150 pc, enabling one to study 
the physical, chemical, and magnetic field structure of the disk and 
detect the tidal gaps created by planets undergoing formation.

• The ability to provide precise images at an angular resolution 0.1”.

à ASAC reported that the aims were essentially achieved for the 
last five Cycles.



DSHARP

• Cycle 4 LP
• High-resolution (35 
mas) survey of 240 
GHz (1.25mm) 
continuum and 12CO 
J=2-1 emission from 
20 nearby PPDs
• 10 articles published 
in ApJL focus issue



PHANGS; Cycle 5 LP
(Physics at High Angular Resolution in Nearby GalaxieS)

• 74 galaxies; 750h 

ALMA time

• Understand star 

formation changes 

on the size, age, and 

internal dynamics



Sgr A*, First VLBI with ALMA
• 2019, ApJ, Issaoun+ (조일제, G.-Y. Zao)
• GMVA (VLBA,GB,YS,PV,EB)+ALMA(37 
phased antennas) at 86 GHz (3.5mm), 
5.76h integration time with ALMA
• 87 µas (factor of 2 improvement)
• Unscattered source has a major-axis size 
of 120 µas (12 µas Schwarzschild radii)

weights). The regularizers used in the scattered image, with a
weighting of 10% of the data weights, were Gull–Skilling
maximum entropy, total squared variation, and second-moment
regularization, with the second-moment matrix given by that of
the Gaussian used for self-calibration. Each of these regular-
izers favors particular image features while enforcing image
positivity and a total flux density constraint. Gull–Skilling
entropy favors pixel-by-pixel similarity to the prior image (we
used the previously fitted Gaussian source as the prior). Total
squared variation regularization favors small image gradients,
producing smooth edges (see Chael et al. 2018b for a detailed
discussion of these regularizers). Second-moment regulariza-
tion constrains the second derivative of the visibility function at
the zero baseline (which is proportional to the second central
image moment) to match a specified value; we thereby
constrained our short baselines to match those of the Gaussian
source measured in previous experiments (O16, B18) without
imposing assumptions on the visibilities measured by longer
baselines, which reflect image substructure. In the scattering
mitigation code, the second-moment regularization is only
applied to the observed image, such that the intrinsic image
derived by the scattering deconvolution is not directly
constrained by the regularizer but still remains within physical
size ranges. After imaging with closure quantities and corrected
visibility amplitudes, we then self-calibrated the visibility
phases and amplitudes to the obtained scattered image before
imaging with stochastic optics (using the same regularization
parameters).

The stochastic optics framework is implemented within the
eht-imaging library via regularized maximum likelihood.
The code solves for the unscattered image by identifying,
separating, and mitigating the two main components of the
scattering screen introduced in Section 2: small-scale diffrac-
tive modes that blur the image, causing the ensemble-average
scattered image to be a convolution of the true image and the
scattering kernel (predominantly east–west scatter broadening),

and large-scale refractive modes that introduce stochastic
image substructure (ripples distorting the image). The code
simultaneously solves for the unscattered image and the large-
scale phase screen causing refractive scattering while assuming
a given model for the diffractive blurring kernel and the
refractive power spectrum Q(q) (governing the time-averaged
scattering properties). In our case, we used the scattering kernel
(with a size of (159.9×79.5) μas, PA of 81°.9) and power
spectrum (with α= 1.38 and rin= 800 km) from the J18
scattering model. See Johnson (2016) for a more detailed
description of the method. Two iterations of stochastic imaging
and self-calibration are done for convergence. We present in
Figure 5 our resulting intrinsic and scattered images of Sgr A*.

4.2.3. Uncertainties of Image-derived Parameters

To determine the uncertainties in the imaging method and
size measurements for Sgr A*, we performed imaging tests on
simulated observations where the intrinsic model image was
known. We tested our imaging method on four snapshots from
3D GRMHD simulations of Sgr A* at 86 GHz (Mościbrodzka
et al. 2009, 2014, 2016; Davelaar et al. 2018), using the same
sampling, coverage, and noise as our observations. The model
images were scattered with the J18 scattering model and
sampled with our GMVA+ ALMA coverage before being
imaged via the same imaging routine applied to the Sgr A* data
described above.
While the imaging procedure is identical, these reconstruc-

tions do have some advantages relative to our reconstruction of
the actual observations. For example, we used the ensemble-
average properties of the J18 scattering model as inputs to the
scattering mitigation; i.e., we assume perfect knowledge of the
diffractive scattering kernel and the time-averaged power
spectrum. We also measure the second moment of the scattered
simulated images and use it as an exact input to the second-
moment regularization. Because the scattering is subdominant
to intrinsic structure and the second moment is estimated to

Figure 4. Noise-debiased correlated flux density of Sgr A* as a function of projected baseline length for data after self-calibrating to the Gaussian source from O16 and
B18 using only baselines shorter than 0.75 Gλ. Because the a priori calibration for the GBT was excellent (see Table 1), we did not apply the derived GBT gains.
Dashed dark blue curves show expected visibilities along the major and minor axes for an anisotropic Gaussian source with a FWHM of 215 × 140 μas (the source
size from O16 and B18). All detections beyond ∼1 Gλ are baselines to ALMA, and all show marked deviations from the Gaussian curves.
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excellent accuracy in previous experiments, we do not expect
either of these effects to significantly advantage the reconstruc-
tions of simulated data.

In Figure 6, we present the original 3D GRMHD model
images, the model images scattered with the J18 scattering
model (as observed in the simulated observations), and the
reconstructed observed (scattered) and intrinsic images from
the imaging method. In Table 2, we compare the true intrinsic
source sizes from the models to the intrinsic source sizes
derived from the imaging routine. We determined the source
size parameters using two methods: (1) measuring the second
central moment of the image (2nd mom.) and deriving
Gaussian parameters and (2) doing a 2D Gaussian fit with a
least-squares minimization (LSQ) onto the image.

Next, we evaluate the difference between true and
reconstructed image parameters. We sought to define an
approach that quantifies these differences in a way that is
related to the reconstructed image properties and the observing
beam. When expressed in this way, we can use parameter errors
on these reconstructed simulated images to predict uncertainties
on parameters derived from our reconstructed image with data.

To this end, Table 2 expresses the difference between the
true and measured source major and minor axes as a fraction of
the projected beam FWHM θbeam along the corresponding axis.
For the axial ratio, we express the difference between the true
and measured ratios as a fraction of the cumulative error from
both axes (the projected beam widths along the measured major
and minor axes added quadratically).

However, while it is straightforward and well motivated to
express uncertainties on axis lengths and their ratio in terms of
the observing beam, uncertainty on the PA is more subtle. We
opted to create an ensemble of beam-convolved reconstructed
images and use the scatter in the PA of the ensemble as an
estimate of the PA uncertainty. The ensemble of images is
constructed by convolving the single reconstructed image with
an ensemble of narrow beams, sampling all PAs. Each of these
beams has a major-axis size given by the projected observing
beam size along the same PA and a minor-axis size of zero. We
thereby stretch the image along each direction, up to the extent
of the observing beam, and examine the overall dependence of

the reconstructed image on this stretching. With this approach,
images that are nearly isotropic will have large PA uncertainty,
while highly elongated images (relative to the beam size) will
have small PA uncertainty.
In general, we find that the LSQ method fares better than second

moment for determining the source parameters, likely due to weak
extended flux in the images skewing the second-moment
parameters to larger values. As expected, both methods perform
poorly when determining the PA of a fairly symmetrical source,
for which it remains largely unconstrained. However, for more
elongated source geometry, both methods are able to accurately
recover the intrinsic PA. We adopt the LSQ method to quantify the
size of Sgr A* via image-domain fitting. Although the Gaussian
approximation does not fully describe our source morphology, it is
suitable for comparisons to visibility-domain model fits from the
previous observations of Sgr A* presented in Section 5.

5. Results

5.1. Intrinsic Source Constraints from Imaging

Figure 5 shows the unscattered and scattered images of Sgr A*,
as imaged following the method described in Section 4. The
(uniform-weighted) beam size of the Sgr A* observations is
(235×87) μas, with a PA (east of north) of 53°.6. While the
shorter baselines of the array (intra-VLBA, VLBA-GBT, and
intra-European) see primarily a Gaussian source elongated in the
east–west direction, longer baselines are expected to pick up on
non-Gaussian source structure or refractive noise from interstellar
scattering. In this particular observation, our longest baselines are
mainly north–south to ALMA (see Figure 1), where scattering has
less of an effect on the source. As seen in Figure 5, left panel, the
reconstructed scattered image looks very smooth and Gaussian-
like, showing no obvious refractive noise in the image. We also
see a similar outcome in our imaging tests, presented in
Section 4.2.3. Although the scattered images (second column in
Figure 6) have visible ripples of scattering substructure, the
reconstructed scattered images (third column) appear very smooth.
This is likely because our GMVA+ ALMA observations sample
low levels of refractive noise mainly along the north–south
direction, whereas our east–west sensitivity and resolution do not

Figure 5. Left: scattered image of Sgr A*, reconstructed with the second-moment regularizer and stochastic optics (θmaj= 228± 46 μas, θmin= 143± 20 μas from
LSQ). Right: reconstructed image from stochastic optics (Johnson 2016) of the intrinsic source (θmaj= 120± 34 μas, θmin= 100± 18 μas from LSQ). In each
panel, the ellipses at the bottom indicate half the size of the scatter-broadening kernel (θmaj= 159. 9 μas, θmin= 79. 5 μas, PA= 81°. 9) and the observing beam.
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Extraplannar 13CO in a Ram-pressure-stripped 
Galaxy 이범현+정애리 2018, ApJL

pointing the direction of the projected ICM wind (∼288
degrees, Abramson et al. 2016). The elongation of ram-
pressure-stripped features in the same direction as the ICM
wind is commonly observed in a range of wavelengths, and
also in simulations (Tonnesen & Bryan 2010; Abramson &
Kenney 2014).
Compared to the main disk at the same radii, the central

velocities of clumps are generally offset to the lower side,
toward the Virgo center (∼1100 km s−1, Mei et al. 2007), as
expected for the gas stripped due to ram pressure (e.g., Kenney
et al. 2004). In addition to the overall molecular gas
morphology seen in the previous single-dish observations, all
of these characteristics of clumps strongly support the impact
of ICM winds on the molecular gas.
The distribution of the line ratio between 12CO and 13CO,

R12/13, across the extraplanar clumps is also intriguing. R12/13
within the main disk falls well within the range observed in
nearby galaxies (Paglione et al. 2001; Vila-Vilaro et al. 2015).
Meanwhile, R12/13 of our extraplanar clumps is comparable to the
disk ratio. For comparison, the intergalactic molecular gas pulled
out during galaxy–galaxy interactions shows much higher R12/13
(e.g.,∼50 in the bridge of UGC 12914/5; Braine et al. 2003,>25
in the tidal tail of Stephan’s Quintet; Lisenfeld et al. 2004). The

Figure 1. Top: ALMA CO intensity maps. The contour levels are (1, 4, 9, 16, 25, 36, 49)×0.065 Jykms−1beam−1 for 12CO and (1, 4, 9, 15, 24, 35, 47)×
0.009 Jykms−1beam−1 for 13CO. The large blue ellipse and green circles represent the K-band size and primary beam of ALMA, respectively. The synthesized
beam is shown in the bottom-left corner. Small black arrows on the left panel indicate the orientation of each clump, determined by fitting a 2D Gaussian. A thick
black arrow shows the ICM wind direction (Abramson et al. 2016). Magenta and cyan contours represent the H I (0.03 Jy km s−1 beam−1) and single-dish CO
(1.7, 3.5, 6.5 Jy km s−1 beam−1) data, respectively. Bottom: CO spectra derived from a tight box around the clumps with a 5 kms−1 resolution. Blue and red
lines show the CO flux density of individual clumps, and the light blue and gray backgrounds represent the main disk profile of 12CO and 13CO, respectively. The
axis corresponds to the scale of 12CO, whereas 13CO spectra are magnified by a factor of 8. In the case of the main disk (background), the flux is scaled down by a
factor of 0.15 for both lines.

Figure 2. Line ratio, R12/13 distribution. Both 12CO and 13CO maps were
imaged at ∼4 5 resolution to increase S/N. The ratio ranges from 3 to 32, with
a mean of 10.39±3.64. The blue ellipse and black arrow are the same as in
Figure 1.
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• V883 Ori, A FU Ori stat 
with mass of 1.2 Msun
• ALMA band 7, 0.03” 
continuum, 0.2” for 
COM emission

COMs in V883 Ori
이정은+, 2019, NA



Mass of proto-brown dwarf 
L328-IRS: 0.012-0.023 Msun

spectrum as a function of the LSR velocity at a given radius. We
fitted each spectrum with a Gaussian function to obtain the
velocity at its peak intensity at each position. As shown in the
moment 1 map of C18O, there are other kinematical contami-
nants in a disk rotation such as gas outflows or infalling motions.
Some of those velocity components can be seen as forbidden in
the rotational kinematics in the PV diagram. These are the
components at the first and third quadrants in the left panels of
Figures 10 and 11 and neglected in our analysis of the disk
rotation. This way pure rotation components only could be
extracted for the study of the rotational kinematics of the disk
structure.

The Gaussian fit velocity was subtracted from the systemic
velocity of the disk in order to obtain the projected rotational
velocity of the disk. In this procedure the systemic velocity of
the disk was determined to minimize the total summation of the
differences between two Gaussian fit velocities in the blue and
redshifted parts at the same radii of the disk from L328-IRS.
Our obtained systemic velocity is 6.61 km s−1, which is found
to be very close to the systemic velocity value (∼6.7 km s−1 )
of the envelope of L328-IRS obtained by a single dish
observation (Lee et al. 2013). The rotation velocity was derived
from the projected rotational velocity assuming that the disk is
inclined at 25°.2 to the far direction of the sky plane, which is
determined from i arcsin b

a
= ( ) where a(=40″) and b(=17″)

are semimajor and minor axes of the deconvolved disk. In
estimating the inclination angle of the rotating disk of L328-
IRS we assume that the disk is in a circular shape when it is
viewed face-on and its observed shape is the one projected on
the sky.

The constructed rotational velocity diagram for the gas
motions along the major axis of the rotating disk is shown on
the right-hand side of Figure 10. There, the rotational velocities
(that are observationally derived) are plotted as a function of
radius along the major axis of the disk-like structure with those

for theoretical Keplerian motions in the disk by the central
point sources of 0.05–0.4Me. A puzzling feature in Figure 10
is that the disk-like structure shows increasing velocities from a
130–60 au radius, while it has decreasing velocities from 60 au
to the central region of the disk. We found that our data
between 130 and 60 au are the best fitted with the Keplerian
motions in the disk by a stellar object of ∼0.30Me. However,
in contrast, the rotational velocity is not fitted with Keplerian
motions at all toward the center of the disk from an ∼60 au
radius. Its decreasing pattern within 60 au is close to that of
solid rotation, although it is very unlikely that there is a solid
rotation in the inner part of the gaseous disk.
We performed a similar analysis using the 13CO line data.

The 13CO line emission is brighter than the C18O emission and
thus may be more useful in the kinematical analysis of the faint
disk emission in the C18O line. However, at the same time it
may suffer more from the contamination by outflow motions.
We made its PV diagram along the major axis of the disk
emission and the rotation velocity versus disk radius diagram
using the same procedures as described above for the C18O data
(Figure 11). We found very similar results as can be seen in the
diagrams of the C18O line data in Figure 10: Keplerian motions
from a 140–60 au radius by a central object of ∼0.27Me and
decelerated motions from a 60 au radius to the central region of
the disk.
At this moment it is hard to explain how the outer parts move

like Keplerian motions, while the inner parts do not. One factor
making the interpretation of the kinematics in the inner disk
region difficult is that those parts are being affected by outflows
and/or infalling motions. We did not include the gas
components forbidden by the disk rotating motions as noted
in this section, but it may be possible that our data still includes
the components of the outflow or infalling motions at the disk
parts very close to the central object, which seem to somehow
follow the disk rotating direction, with a large departure from
the rotating motions. In fact, Machida et al. (2009) showed

Figure 6. Moment 1 map of the C18O emission. The dust continuum emission is overlaid in the contour of its 5σ level (∼0.2 mJy beam−1).
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65°–75°. Then we re-calculated the sum of multiplied
intensities between observed the data and 256 models in a
finer interval of 1° in these parameter ranges, finally finding
that the peak value of the sum is produced at a model that has
an opening angle of 92° and an inclination angle of 66°.
Figure 12(b) shows this result in a relative ratio of the sum
value of each model with respect to the sum value of the the
best model, indicating that two parameters are very well
constrained. This figure displays that a variation of 3°–5° for
the opening angle and the inclination angle from the angle
values of the best model outflow cavity will reduce ∼6% of the
sum value at the peak.

The disk itself with a position angle of 106°.5 as measured in
the previous section is rotating such that the eastern part is
moving away from us while the western part of the disk is
moving toward us. Therefore, we are probably seeing the
bottom part of the disk, which is in counterclockwise rotation.
We also notice that the disk is located on the bases of the
outflow not in a symmetric center of the outflow bases such that
western parts of the bases with respect to the center of the disk
are longer than the eastern bases as mentioned above, implying
that the eastern side of the disk are farther from us than the
western part.

One promising kinematical feature shown in L328-IRS
system is infalling motions in the gaseous envelope. In the
previous section we showed inverse P Cygni profiles in the CO
lines implying the existence of infalling motions of envelope
gas material. These characteristic features are seen nearly all
over the gas envelope of L328-IRS except for the regions
where outflow activities are strong, with some variability of the
negative intensities from region to region as shown in Figure 3.
This indicates that infalling motions of gaseous material traced
in CO 2–1 are occurring nearly all over the envelope of L328-
IRS. Although this is not dealt within our simple toy model, we
marked the infalling features in the model system shown in
Figure 12(a). The overall schematic 3D view of L328-IRS
system inferred from this work is depicted in Figure 12(a).

4.3. ALMA Estimation of Mass Accretion Rate and Accretion
Luminosity in L328-IRS, and Its Implication

A mass accretion rate on a protostellar system is one of the
most essential physical quantities to understand what the
system would be and how it will evolve. Lee et al. (2013) have
derived this rate for L328-IRS by using single dish data,
concluding that L328-IRS has a very low-mass accretion rate
(∼3.6×10−7Me yr−1), which is an order of magnitude less
than the canonical value for a protostar (Shu et al. 1987;
Dunham et al. 2006).
Here we re-estimate the mass accretion rate of L328-IRS with

ALMA data. ALMA observations did not cover the whole area of
the outflow, but they have an advantage in that the ALMA filters
out large-scale envelope components and thus can preferentially
trace compact outflow blobs. Therefore the ALMA data may
provide a more accurate estimation of the physical quantities of
the outflow with the least contamination by the envelope gas
component. The mass accretion rate is estimated with the
following equation formulated from the momentum conservation
in a protostellar system under a process of the transformation of
gravitational energy by the mass accretion to wind and/or jet
energies (e.g., Bontemps et al. 1996):

M
f

M
M V

F
1 1

, 2
W W

acc
ent

acc
outflow=˙ ˙

˙ ( )

where fent is an entrainment efficiency (<1), MW˙ is a wind/jet
mass loss rate, VW is a jet/wind velocity, and Foutflow is an
outflow force. In this calculation we adopted the same values
for fent(=0.25), 0.1M

M
W
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=

˙
˙ , and the jet/wind velocity VW∼

150 km s−1 as those adopted by Lee et al. (2013) for the
comparison. Here the outflow force Foutflow is given as
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where Pi,j is the outflow momentum (= m v v
i j i j i j, , sysåå -( ),

where i and j are indexes for the summation over the positional

Figure 10. PV diagram of the C18O emission in the disk (left panel) and its rotation velocity (right panel). The left panel shows a PV diagram of the C18O emission
along the major axis of the disk structure. The filled blue and red dots indicate the velocity points at the peak intensity obtained from the Gaussian fit to the cut profile
along the velocity axis at each offset position. The blue and red curves are the trajectories that gases in the disk would rotate in Keplerian motions by a central object of
∼0.3 Me. The right panel shows the rotational velocity as a function of the radius obtained using PV diagrams of the C18O line data, indicating that the disk motions
of L328-IRS are best fitted with Keplerian motions by a central object of ∼0.3 Me between 60 and 130 au in radius, while the motions within 60 au are not fitted at all
with Keplerian motions.
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thin and the excitation temperature is as cold as ∼9.9 K, and
calculate the column density using Equation (6). Choosing the
other value for the excitation temperature is found to be not
sensitive to the final result for the mass accretion rate because
the outflow force at the central region of L328-IRS where the
excitation temperature is properly determined is dominantly
high (two orders of magnitude higher than any other regions
where the excitation temperature cannot be determined).
For example, our estimation with the excitation temperature

of 38.2 K for the regions where 13CO 2–1 is not detected gives
almost the same total outflow force and mass accretion rate as
the results with the excitation temperature of 9.9 K.
Our analysis of L328-IRS images with the 3D toy model also

helps to make a better determination of the mass accretion rate
because some of parameters for the outflow structures in 3D are
well constrained and thus can be used in the calculation of the
mass accretion rate with much less uncertainties. For example,
an inclination angle of the outflow is usually poorly known.

Figure 12. Possible 3D shape of the L328-IRS outflow system and comparison of its projected image with the observed image of the L328-IRS region. (a) Side view
of our possible 3D model of the L328-IRS system. The observer is looking at L328-IRS from right to left. The dotted line from top to bottom indicates the sky plane.
The conic structure has an opening angle of 92° and inclination angle of 66°, representing the shape of outflow cavities for L328-IRS. The simple velocity information
for the conic outflows is implemented such that the components nearer to observer with respect to the sky plane is blueshifted and the components farther from the
observer with respect to the sky plane is redshifted. The regions painted in blue and red tones and slanted lines in the outflow cavities are the parts used in reproducing
the observed features in the intensity maps in (c) and (d). (b) Intensity reproducibility of the observed images with our model L328-IRS system in space with two
parameters, the opening angle of the outflow cavity and the inclination angle of the outflow axis. The reproducibility is measured with a sum of the multiplied
intensities between the observed data and each model. The figure shows the ratio for the sum value of each model with respect to the sum value of our best model with
the opening angle of 92° and inclination angle of 66°. The ratio is expressed with the color tones or contours in this panel. This was calculated at 5° intervals outside
the dashed box and at 1° intervals inside the dashed box. The cross symbol indicates the point of the highest reproducibility, and contours are drawn at levels of 98%,
94%, 86%, and 70% with respect to the cross point. (c) Comparison of the redshifted images (shown in contours) for the observed L328-IRS system with those (drawn
in red and slanted lines) of our model L328-IRS system. Two overlaid contours in red and black contours are to show the integrated intensities between ∼7.28 and
8.24 km s−1 and ∼8.32 and 10.40 km s−1, respectively. (d) Comparison of the blueshifted images (shown in contours) for the observed L328-IRS system with those
(drawn in blue and slanted lines) of our model L328-IRS system. Two overlaid contours in blue and black contours are to show the integrated intensities between
∼5.28 and 6.24 km s−1 and ∼2.24 and 5.20 km s−1, respectively. The projected images on the sky of this 3D configuration model of the L328-IRS system can mostly
explain well the observed features in detail.
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ORIGINS OF GALAXIES
Trace the cosmic evolution of key elements 
from the first galaxies (z>10) through the 
peak of star formation (z=2–4) by detecting 
their cooling lines, both atomic ([CII], [OIII]) 
and molecular (CO), and dust continuum, at a 
rate of 1-2 galaxies per hour.

ORIGINS OF CHEMICAL COMPLEXITY
Trace the evolution from simple to complex 
organic molecules through the process of star 
and planet formation down to solar system 
scales (~10-100 au) by performing full-band 
frequency scans at a rate of 2-4 protostars per 
day.

ORIGINS OF PLANETS
Image protoplanetary disks in nearby (150 pc) 
star formation regions to resolve the Earth 
forming zone (~ 1 au) in the dust continuum 
at wavelengths shorter than 1mm, enabling 
detection of the tidal gaps and inner holes 
created by planets undergoing formation.

Achieving these ambitious goals is currently impossible even with the outstanding capabilities of the current ALMA array. These science goals can 
be achieved with the upgrades proposed in this document, upgrades that would make ALMA even more powerful and keep it at the forefront of 
astronomy by continuing to produce transformational science and enabling fundamental advances in our understanding of the universe for the 
decades to come.

The Working Group proposes the following fundamental science drivers for ALMA developments over the next decade:
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