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Most stars form in Clusters
The majority of stars in our galaxy are formed in clusters, but 
it is still unclear how cluster formation is initiated. 

Serpens South
(e.g., Kirk+ 2013)
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NGC 2264
(e.g., Peretto+ 2006)

Revealing how mass accumulates from a parent 
molecular clump to form a massive core is important for 
our understanding of the formation process of clusters.

SDC335
(Peretto+ 2016)



How does cluster formation occur ?

The proposed evolutionary scenario of cluster formation (Shimoikura et al. 2018).

formation of 
massive clump

early stage of 
cluster formation

advanced stage of 
cluster formation

final stage of 
cluster formation

We found that some molecular clumps are characterized by a velocity 
structure representing gravitational contraction with rotation.

~103Mo ~102Mo



Infall motion 
with rotation 
of the clumps
(Shimoikura+ 2018)

How does cluster formation occur ?

cloud-cloud 
collisions

filament–filament 
collisions

(e.g., Nakamura+ 2014) 

Influenced by 
supernova 
remnants

(e.g.,Dobashi+ 2019) 

outflows inflows

To understand the gas kinetics of cluster-forming clumps through molecular 
spectroscopy, it is necessary to investigate the entire velocity field of 
cluster-forming clumps.



The Herschel SPIRE column density–temperature map 
(Pokhrel et al. 2016)

• Distance: 893 pc (Dzib+ 2016)
• A compact HII region VLA1 is formed 

(Gómez+ 2002)
• A young cluster (~100 members, ~4 Myr) 

(e.g., Gutermuth+ 2011).
• A bipolar molecular outflow extending 

about 6’ (e.g.,Rodriguez+ 1982), seems to 
be driven by the Class 0/I source IRS 
9Mc(Sato+ 2008). 

Mon R2 molecular cloud

GGD 12-15 An active star-forming site embedded 
in the Mon R2 molecular cloud.

2MASS+WISE

These results indicate that the clump is in a 
relatively young stage of cluster formation and 
is forming the cluster very actively.

Class 0/I source



Observations
To investigate the molecular gas kinematics in the clump, we 
observed the region with various molecular emission lines. 

•Molecular Lines
• C18O(J=3-2): 329.33 GHz
• C18O(J=1-0): 109.78 GHz
• 12CO(J=1-0): 115.27 GHz

•Map resolution: ~15”
• Velocity resolution: 0.1 km/s

Other observational molecular lines
13CO(J =1-0), N2H+(J =1-0), HC3N(J=10-9), CCS(JN=87-76) 

NRO45m

2018



Spatial distribution of 
the molecular emission lines 

• Physical properties of 
the clump:
• 𝑅 ~ 1.3 pc
• 𝑇!"~ 40 K
• 𝑀 ~ 3000 𝑀⨀
• 𝛥𝑉 ~ 2.5 km s$%

• Physical properties of 
the core:
• 𝑅 ~ 0.3 pc
• 𝑀 ~ 500 𝑀⨀
• 𝛥𝑉 ~ 2.0 km s$%The cluster extends from northeast to southwest, and 

the Class 0/I objects are located along the structure.

Class 0/I source



Search for Outflow

IRS 9Mc

Outflow +C18O(J=1-0)

We found the outflow 
consists of blueshifted
and redshifted lobes 
that extend over ∼1 pc 
covering the entire 
clump, with an 
estimated mass of 11.7 
Mo and 10.6 Mo for the 
blue and red lobes, 
respectively.
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• There is a velocity 
gradient.

• There are two well-
defined peaks.

The feature is very similar to 
those observed in the 
envelope of low-mass YSOs. 

Velocity StructureC18O(J=3-2) C18O(J=3-2) C18O(J=1-0)
PV diagram 
taken along 
the minor axis 
of the clump

PV diagram 
taken along 
the major axis 
of the clump

the systemic velocity of  the clump



No. 1, 1997 IRAS 04368]2557 221

FIG. 9.ÈSchematic illustration of our model. A disk with both infall and rotation is edge-on with respect to the observers.

momentum conservation. Using the coordinates in the infall and rotational velocities at the position (X, Y ) areFigure 9,
written as
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By adding to we obtain the observed velocity including both the infall and rotation as below,equation (A3) equation (A4),
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The observed brightness temperature was simply assumed to be proportional to the disk column density integrated along
the line of sight. We suppose that the disk surface density has a power-law dependence on the disk radius with an index p, i.e.,
&(X, Y ) P [(X2 ] Y 2)1@2]p, where & is the disk surface density. We adopted p \ [1.5 in the present calculation. We
calculated both and & at (X, Y ) every 5 AU along the x-axis and every 10 AU along the y-axis with limitation ofV

total
obs

(X2 ] Y 2)1@2 π R
d
.

To illustrate position-velocity diagrams, we calculated integrated surface densities by summing up the disk surface density
along the line of sight (i.e., along the x-axis) for each Y as follows :

&(V3 , Y ) \ ;
X/X1

[&(X, Y )] if V
1

π V (X
1
, Y ) \ V

2
, (A6)
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the observations. After this summation, the brightness temperature of position-velocity diagrams is calculated byT
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FIG. 10.ÈResultant position-velocity diagrams obtained from model calculations with a 0.1 central star. All the diagrams show a cut along the y-axis.M
_(a) A disk with only an infall motion. The 0.1 star yields infall of D0.3 km s~1 at 2000 AU in radius. (b) A disk with an infall and rotation of 0.05 km s~1M

_at 2000 AU in radius. (c) Same as (b), but with rotation of 0.15 km s~1 at 2000 AU in radius. (d) A disk with only Kepler rotation.

shows the resultant position-velocity diagrams. We adopt for all the cases. The case of KeplerFigure 10 M* \ 0.1 M
_rotation was calculated using instead of It is found easily that the caseV

total
obs \ (GM*)1@2Y /(X2 ] Y 2)3@4 equation (A5).

without rotation (Fig. 10a) shows a position-velocity diagram that is axisymmetric with respect to the velocity axis, though
the cases including both infall and rotation (Figs. 10b and 10c) do not show such an axisymmetric diagram. As V

rotation
0

becomes larger, blueshifted and redshifted peaks move away from the central position toward the opposite directions and the
whole shape resembles the case without infall (Fig. 10d).
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A low-mass protostar 

Early stages of cluster-forming clumps 

GGD12-15

scaled-up version of single 
protostellar envelope with 
infall + rotation 

The double-peaked feature for the 
low-mass YSOs has been 
interpreted as an infalling envelope 
with rotation.
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where α, β, γ, r0, Vinf
0 , Vrot

0 , Rd, and Rv are constants. r0 can be
expressed as r m= m n0 H 0 where μ, mH, and n0 are the mean
molecular weight (taken to be 2.4), proton mass, and number
density of hydrogen molecules (H2). r and R are the distance
from the center of the clump and the axis of rotation (the Z axis
in Figure 4), respectively, and they are expressed as
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Note that Equations (1)–(3) are approximated by r µ a-r ,
µ b-V rinf , and µ g-V rrot for large values of r and R. To make

the equations equivalent to those assumed by Ohashi et al.
(1997), we assume a = 1.5, b = 0.5, and g = 1 in this paper.
In order to reproduce the observed C18O spectra, we set a

cube of 2563 pixels with a pixel size of 2000 au (corresponding
to ~1 20 of the angular resolution of the observations), and
calculated ρ, Vinf , and Vrot at each pixel according to the
equations, and then integrated the number of H2 molecules as a
function of velocity along the line of sight of the observers who
view the clump at an angle of θ,with respect to the rotation
axis of the clump (see Figure 4). Resulting spectra are
smoothed with a Gaussian beam with a width of 39600 au
(FWHM) and are resampled onto the 13500 au grid, corresp-
onding to the same beam size (22″) and grid (7. 5) of the
observations at the assumed distance (1.8 kpc). In the
calculations, we made integrations along the line of sight up
to =r R2 0 from the center of the clump where R0 is the
observed clump radius mentioned earlier (0.34 pc ´�6.8 104

au), and we also imposed a velocity dispersion of
D =V 1.8 km s−1 (FWHM) to the gas contained in each pixel.

In our model, there are seven parameters in total, i.e., e0, θ,
and the five parameters (r0, Vinf

0 , Vrot
0 , Rd, and Rv) in

Equations (1)–(3). It is noteworthy that we can set strong
restrictions to some of the parameters from the observed data.
First, there is a certain relation between e0 and θ to reproduce
the observed ellipticity eobs(=0.58). Second, Rd in Equation (1)
is rather independent on the other parameters and can be
decided by comparing directly with the observed column
density, for which we found = ´R 4.7 10d

4 au. Third, r0 (and
thus n0) can be decided by comparing with the observed peak
N(H2) value (= ´1.4 1023 cm−2). Finally, the quantity

qV R sinrot 1( ) gives an estimate for Vrot
0 in Equation (3) where

V Rrot 1( ) is the observed rotation velocity at a large radius of
=r R1 on the outer edge of the clump. As seen in Figure 3(b),

we found q �V sin 0.5rot km s−1 for = ´R 6.51
10 au4 (= 0 6).

Under these restrictions, we fitted the observed PV diagrams
in Figure 3 by varying e0, Vinf

0 , and Rv to find a set of the
parameters minimizing c2. Parameters best fitting the data
determined in this manner are summarized in Table 2 together
with uncertainties at the 90% confidence levels. In Figures 3(e)
and (f), we show the PV diagrams for the best model that can
be directly compared with the observed PV diagrams in
Figures 3(b) and (c). Spectra taken from the model and
observations are also compared in Figures 3(g)–(i). As can be
seen in the figure, the model reproduces the observed PV
diagrams well, though the clump is not an ideal ellipsoid but
has apparent distortion in some aspects. It should be important

Table 1
Observed Properties of the Clump

Quantities Values Comments

S (pc2) 0.35 Surface area defined at the half of the peak N(H2) value
R0 (pc) 0.34 Mean radius calculated as pS
M (Me) 680 Mass contained in S. Total mass inferred from the Gaussian fit is 1340 :M
N(H2) (H2 cm

−2) 1.4×1023 Peak H2 column density
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Figure 4. Schematic illustration of the model for cluster-forming clump. We set
the (x y z, , ) coordinates taking the z axis as the axis of rotation, and set the
other coordinates (x y z, ,O O O) rotated around the x axis by θ. The zO axis points
toward the observer.
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where α, β, γ, r0, Vinf
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0 , Rd, and Rv are constants. r0 can be
expressed as r m= m n0 H 0 where μ, mH, and n0 are the mean
molecular weight (taken to be 2.4), proton mass, and number
density of hydrogen molecules (H2). r and R are the distance
from the center of the clump and the axis of rotation (the Z axis
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the equations equivalent to those assumed by Ohashi et al.
(1997), we assume a = 1.5, b = 0.5, and g = 1 in this paper.
In order to reproduce the observed C18O spectra, we set a

cube of 2563 pixels with a pixel size of 2000 au (corresponding
to ~1 20 of the angular resolution of the observations), and
calculated ρ, Vinf , and Vrot at each pixel according to the
equations, and then integrated the number of H2 molecules as a
function of velocity along the line of sight of the observers who
view the clump at an angle of θ,with respect to the rotation
axis of the clump (see Figure 4). Resulting spectra are
smoothed with a Gaussian beam with a width of 39600 au
(FWHM) and are resampled onto the 13500 au grid, corresp-
onding to the same beam size (22″) and grid (7. 5) of the
observations at the assumed distance (1.8 kpc). In the
calculations, we made integrations along the line of sight up
to =r R2 0 from the center of the clump where R0 is the
observed clump radius mentioned earlier (0.34 pc ´�6.8 104

au), and we also imposed a velocity dispersion of
D =V 1.8 km s−1 (FWHM) to the gas contained in each pixel.

In our model, there are seven parameters in total, i.e., e0, θ,
and the five parameters (r0, Vinf

0 , Vrot
0 , Rd, and Rv) in

Equations (1)–(3). It is noteworthy that we can set strong
restrictions to some of the parameters from the observed data.
First, there is a certain relation between e0 and θ to reproduce
the observed ellipticity eobs(=0.58). Second, Rd in Equation (1)
is rather independent on the other parameters and can be
decided by comparing directly with the observed column
density, for which we found = ´R 4.7 10d

4 au. Third, r0 (and
thus n0) can be decided by comparing with the observed peak
N(H2) value (= ´1.4 1023 cm−2). Finally, the quantity

qV R sinrot 1( ) gives an estimate for Vrot
0 in Equation (3) where

V Rrot 1( ) is the observed rotation velocity at a large radius of
=r R1 on the outer edge of the clump. As seen in Figure 3(b),

we found q �V sin 0.5rot km s−1 for = ´R 6.51
10 au4 (= 0 6).

Under these restrictions, we fitted the observed PV diagrams
in Figure 3 by varying e0, Vinf

0 , and Rv to find a set of the
parameters minimizing c2. Parameters best fitting the data
determined in this manner are summarized in Table 2 together
with uncertainties at the 90% confidence levels. In Figures 3(e)
and (f), we show the PV diagrams for the best model that can
be directly compared with the observed PV diagrams in
Figures 3(b) and (c). Spectra taken from the model and
observations are also compared in Figures 3(g)–(i). As can be
seen in the figure, the model reproduces the observed PV
diagrams well, though the clump is not an ideal ellipsoid but
has apparent distortion in some aspects. It should be important
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Observed Properties of the Clump

Quantities Values Comments

S (pc2) 0.35 Surface area defined at the half of the peak N(H2) value
R0 (pc) 0.34 Mean radius calculated as pS
M (Me) 680 Mass contained in S. Total mass inferred from the Gaussian fit is 1340 :M
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Figure 4. Schematic illustration of the model for cluster-forming clump. We set
the (x y z, , ) coordinates taking the z axis as the axis of rotation, and set the
other coordinates (x y z, ,O O O) rotated around the x axis by θ. The zO axis points
toward the observer.
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where α, β, γ, r0, Vinf
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0 , Rd, and Rv are constants. r0 can be
expressed as r m= m n0 H 0 where μ, mH, and n0 are the mean
molecular weight (taken to be 2.4), proton mass, and number
density of hydrogen molecules (H2). r and R are the distance
from the center of the clump and the axis of rotation (the Z axis
in Figure 4), respectively, and they are expressed as
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Note that Equations (1)–(3) are approximated by r µ a-r ,
µ b-V rinf , and µ g-V rrot for large values of r and R. To make

the equations equivalent to those assumed by Ohashi et al.
(1997), we assume a = 1.5, b = 0.5, and g = 1 in this paper.
In order to reproduce the observed C18O spectra, we set a

cube of 2563 pixels with a pixel size of 2000 au (corresponding
to ~1 20 of the angular resolution of the observations), and
calculated ρ, Vinf , and Vrot at each pixel according to the
equations, and then integrated the number of H2 molecules as a
function of velocity along the line of sight of the observers who
view the clump at an angle of θ,with respect to the rotation
axis of the clump (see Figure 4). Resulting spectra are
smoothed with a Gaussian beam with a width of 39600 au
(FWHM) and are resampled onto the 13500 au grid, corresp-
onding to the same beam size (22″) and grid (7. 5) of the
observations at the assumed distance (1.8 kpc). In the
calculations, we made integrations along the line of sight up
to =r R2 0 from the center of the clump where R0 is the
observed clump radius mentioned earlier (0.34 pc ´�6.8 104

au), and we also imposed a velocity dispersion of
D =V 1.8 km s−1 (FWHM) to the gas contained in each pixel.

In our model, there are seven parameters in total, i.e., e0, θ,
and the five parameters (r0, Vinf

0 , Vrot
0 , Rd, and Rv) in

Equations (1)–(3). It is noteworthy that we can set strong
restrictions to some of the parameters from the observed data.
First, there is a certain relation between e0 and θ to reproduce
the observed ellipticity eobs(=0.58). Second, Rd in Equation (1)
is rather independent on the other parameters and can be
decided by comparing directly with the observed column
density, for which we found = ´R 4.7 10d

4 au. Third, r0 (and
thus n0) can be decided by comparing with the observed peak
N(H2) value (= ´1.4 1023 cm−2). Finally, the quantity

qV R sinrot 1( ) gives an estimate for Vrot
0 in Equation (3) where

V Rrot 1( ) is the observed rotation velocity at a large radius of
=r R1 on the outer edge of the clump. As seen in Figure 3(b),

we found q �V sin 0.5rot km s−1 for = ´R 6.51
10 au4 (= 0 6).

Under these restrictions, we fitted the observed PV diagrams
in Figure 3 by varying e0, Vinf

0 , and Rv to find a set of the
parameters minimizing c2. Parameters best fitting the data
determined in this manner are summarized in Table 2 together
with uncertainties at the 90% confidence levels. In Figures 3(e)
and (f), we show the PV diagrams for the best model that can
be directly compared with the observed PV diagrams in
Figures 3(b) and (c). Spectra taken from the model and
observations are also compared in Figures 3(g)–(i). As can be
seen in the figure, the model reproduces the observed PV
diagrams well, though the clump is not an ideal ellipsoid but
has apparent distortion in some aspects. It should be important

Table 1
Observed Properties of the Clump

Quantities Values Comments

S (pc2) 0.35 Surface area defined at the half of the peak N(H2) value
R0 (pc) 0.34 Mean radius calculated as pS
M (Me) 680 Mass contained in S. Total mass inferred from the Gaussian fit is 1340 :M
N(H2) (H2 cm

−2) 1.4×1023 Peak H2 column density
Vsys (km s−1) −16.7 Systemic velocity

ΔV (km s−1) 1.8 Typical line width of the C18O emission line (FWHM)
eobs 0.58 Apparent ellipticity
V Rrot 1( ) sinθ (km s−1) 0.5 Apparent rotation velocity at = ´R 6.5 10 au1
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Figure 4. Schematic illustration of the model for cluster-forming clump. We set
the (x y z, , ) coordinates taking the z axis as the axis of rotation, and set the
other coordinates (x y z, ,O O O) rotated around the x axis by θ. The zO axis points
toward the observer.

5

The Astrophysical Journal, 832:205 (11pp), 2016 December 1 Shimoikura et al.

following equations:

⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥r r= +
-a

r
r
R

1 , 10
d

2 2

( ) ( )

⎛
⎝⎜

⎞
⎠⎟

⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥= +
- b+

V r V
r
R

r
R

1 , 2inf inf
0

v v

2
1

2

( ) ( )

and

⎛
⎝⎜

⎞
⎠⎟

⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥= +
- g+

V R V
R
R

R
R

1 , 3rot rot
0

v v

2
1

2

( ) ( )

where α, β, γ, r0, Vinf
0 , Vrot

0 , Rd, and Rv are constants. r0 can be
expressed as r m= m n0 H 0 where μ, mH, and n0 are the mean
molecular weight (taken to be 2.4), proton mass, and number
density of hydrogen molecules (H2). r and R are the distance
from the center of the clump and the axis of rotation (the Z axis
in Figure 4), respectively, and they are expressed as
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Note that Equations (1)–(3) are approximated by r µ a-r ,
µ b-V rinf , and µ g-V rrot for large values of r and R. To make

the equations equivalent to those assumed by Ohashi et al.
(1997), we assume a = 1.5, b = 0.5, and g = 1 in this paper.
In order to reproduce the observed C18O spectra, we set a

cube of 2563 pixels with a pixel size of 2000 au (corresponding
to ~1 20 of the angular resolution of the observations), and
calculated ρ, Vinf , and Vrot at each pixel according to the
equations, and then integrated the number of H2 molecules as a
function of velocity along the line of sight of the observers who
view the clump at an angle of θ,with respect to the rotation
axis of the clump (see Figure 4). Resulting spectra are
smoothed with a Gaussian beam with a width of 39600 au
(FWHM) and are resampled onto the 13500 au grid, corresp-
onding to the same beam size (22″) and grid (7. 5) of the
observations at the assumed distance (1.8 kpc). In the
calculations, we made integrations along the line of sight up
to =r R2 0 from the center of the clump where R0 is the
observed clump radius mentioned earlier (0.34 pc ´�6.8 104

au), and we also imposed a velocity dispersion of
D =V 1.8 km s−1 (FWHM) to the gas contained in each pixel.

In our model, there are seven parameters in total, i.e., e0, θ,
and the five parameters (r0, Vinf

0 , Vrot
0 , Rd, and Rv) in

Equations (1)–(3). It is noteworthy that we can set strong
restrictions to some of the parameters from the observed data.
First, there is a certain relation between e0 and θ to reproduce
the observed ellipticity eobs(=0.58). Second, Rd in Equation (1)
is rather independent on the other parameters and can be
decided by comparing directly with the observed column
density, for which we found = ´R 4.7 10d

4 au. Third, r0 (and
thus n0) can be decided by comparing with the observed peak
N(H2) value (= ´1.4 1023 cm−2). Finally, the quantity

qV R sinrot 1( ) gives an estimate for Vrot
0 in Equation (3) where

V Rrot 1( ) is the observed rotation velocity at a large radius of
=r R1 on the outer edge of the clump. As seen in Figure 3(b),

we found q �V sin 0.5rot km s−1 for = ´R 6.51
10 au4 (= 0 6).

Under these restrictions, we fitted the observed PV diagrams
in Figure 3 by varying e0, Vinf

0 , and Rv to find a set of the
parameters minimizing c2. Parameters best fitting the data
determined in this manner are summarized in Table 2 together
with uncertainties at the 90% confidence levels. In Figures 3(e)
and (f), we show the PV diagrams for the best model that can
be directly compared with the observed PV diagrams in
Figures 3(b) and (c). Spectra taken from the model and
observations are also compared in Figures 3(g)–(i). As can be
seen in the figure, the model reproduces the observed PV
diagrams well, though the clump is not an ideal ellipsoid but
has apparent distortion in some aspects. It should be important

Table 1
Observed Properties of the Clump

Quantities Values Comments

S (pc2) 0.35 Surface area defined at the half of the peak N(H2) value
R0 (pc) 0.34 Mean radius calculated as pS
M (Me) 680 Mass contained in S. Total mass inferred from the Gaussian fit is 1340 :M
N(H2) (H2 cm

−2) 1.4×1023 Peak H2 column density
Vsys (km s−1) −16.7 Systemic velocity

ΔV (km s−1) 1.8 Typical line width of the C18O emission line (FWHM)
eobs 0.58 Apparent ellipticity
V Rrot 1( ) sinθ (km s−1) 0.5 Apparent rotation velocity at = ´R 6.5 10 au1
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Figure 4. Schematic illustration of the model for cluster-forming clump. We set
the (x y z, , ) coordinates taking the z axis as the axis of rotation, and set the
other coordinates (x y z, ,O O O) rotated around the x axis by θ. The zO axis points
toward the observer.
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where α, β, γ, r0, Vinf
0 , Vrot

0 , Rd, and Rv are constants. r0 can be
expressed as r m= m n0 H 0 where μ, mH, and n0 are the mean
molecular weight (taken to be 2.4), proton mass, and number
density of hydrogen molecules (H2). r and R are the distance
from the center of the clump and the axis of rotation (the Z axis
in Figure 4), respectively, and they are expressed as
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Note that Equations (1)–(3) are approximated by r µ a-r ,
µ b-V rinf , and µ g-V rrot for large values of r and R. To make

the equations equivalent to those assumed by Ohashi et al.
(1997), we assume a = 1.5, b = 0.5, and g = 1 in this paper.
In order to reproduce the observed C18O spectra, we set a

cube of 2563 pixels with a pixel size of 2000 au (corresponding
to ~1 20 of the angular resolution of the observations), and
calculated ρ, Vinf , and Vrot at each pixel according to the
equations, and then integrated the number of H2 molecules as a
function of velocity along the line of sight of the observers who
view the clump at an angle of θ,with respect to the rotation
axis of the clump (see Figure 4). Resulting spectra are
smoothed with a Gaussian beam with a width of 39600 au
(FWHM) and are resampled onto the 13500 au grid, corresp-
onding to the same beam size (22″) and grid (7. 5) of the
observations at the assumed distance (1.8 kpc). In the
calculations, we made integrations along the line of sight up
to =r R2 0 from the center of the clump where R0 is the
observed clump radius mentioned earlier (0.34 pc ´�6.8 104

au), and we also imposed a velocity dispersion of
D =V 1.8 km s−1 (FWHM) to the gas contained in each pixel.

In our model, there are seven parameters in total, i.e., e0, θ,
and the five parameters (r0, Vinf

0 , Vrot
0 , Rd, and Rv) in

Equations (1)–(3). It is noteworthy that we can set strong
restrictions to some of the parameters from the observed data.
First, there is a certain relation between e0 and θ to reproduce
the observed ellipticity eobs(=0.58). Second, Rd in Equation (1)
is rather independent on the other parameters and can be
decided by comparing directly with the observed column
density, for which we found = ´R 4.7 10d

4 au. Third, r0 (and
thus n0) can be decided by comparing with the observed peak
N(H2) value (= ´1.4 1023 cm−2). Finally, the quantity

qV R sinrot 1( ) gives an estimate for Vrot
0 in Equation (3) where

V Rrot 1( ) is the observed rotation velocity at a large radius of
=r R1 on the outer edge of the clump. As seen in Figure 3(b),

we found q �V sin 0.5rot km s−1 for = ´R 6.51
10 au4 (= 0 6).

Under these restrictions, we fitted the observed PV diagrams
in Figure 3 by varying e0, Vinf

0 , and Rv to find a set of the
parameters minimizing c2. Parameters best fitting the data
determined in this manner are summarized in Table 2 together
with uncertainties at the 90% confidence levels. In Figures 3(e)
and (f), we show the PV diagrams for the best model that can
be directly compared with the observed PV diagrams in
Figures 3(b) and (c). Spectra taken from the model and
observations are also compared in Figures 3(g)–(i). As can be
seen in the figure, the model reproduces the observed PV
diagrams well, though the clump is not an ideal ellipsoid but
has apparent distortion in some aspects. It should be important
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Observed Properties of the Clump
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S (pc2) 0.35 Surface area defined at the half of the peak N(H2) value
R0 (pc) 0.34 Mean radius calculated as pS
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Figure 4. Schematic illustration of the model for cluster-forming clump. We set
the (x y z, , ) coordinates taking the z axis as the axis of rotation, and set the
other coordinates (x y z, ,O O O) rotated around the x axis by θ. The zO axis points
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0 , Rd, and Rv are constants. r0 can be
expressed as r m= m n0 H 0 where μ, mH, and n0 are the mean
molecular weight (taken to be 2.4), proton mass, and number
density of hydrogen molecules (H2). r and R are the distance
from the center of the clump and the axis of rotation (the Z axis
in Figure 4), respectively, and they are expressed as
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Note that Equations (1)–(3) are approximated by r µ a-r ,
µ b-V rinf , and µ g-V rrot for large values of r and R. To make

the equations equivalent to those assumed by Ohashi et al.
(1997), we assume a = 1.5, b = 0.5, and g = 1 in this paper.
In order to reproduce the observed C18O spectra, we set a

cube of 2563 pixels with a pixel size of 2000 au (corresponding
to ~1 20 of the angular resolution of the observations), and
calculated ρ, Vinf , and Vrot at each pixel according to the
equations, and then integrated the number of H2 molecules as a
function of velocity along the line of sight of the observers who
view the clump at an angle of θ,with respect to the rotation
axis of the clump (see Figure 4). Resulting spectra are
smoothed with a Gaussian beam with a width of 39600 au
(FWHM) and are resampled onto the 13500 au grid, corresp-
onding to the same beam size (22″) and grid (7. 5) of the
observations at the assumed distance (1.8 kpc). In the
calculations, we made integrations along the line of sight up
to =r R2 0 from the center of the clump where R0 is the
observed clump radius mentioned earlier (0.34 pc ´�6.8 104

au), and we also imposed a velocity dispersion of
D =V 1.8 km s−1 (FWHM) to the gas contained in each pixel.

In our model, there are seven parameters in total, i.e., e0, θ,
and the five parameters (r0, Vinf

0 , Vrot
0 , Rd, and Rv) in

Equations (1)–(3). It is noteworthy that we can set strong
restrictions to some of the parameters from the observed data.
First, there is a certain relation between e0 and θ to reproduce
the observed ellipticity eobs(=0.58). Second, Rd in Equation (1)
is rather independent on the other parameters and can be
decided by comparing directly with the observed column
density, for which we found = ´R 4.7 10d

4 au. Third, r0 (and
thus n0) can be decided by comparing with the observed peak
N(H2) value (= ´1.4 1023 cm−2). Finally, the quantity

qV R sinrot 1( ) gives an estimate for Vrot
0 in Equation (3) where

V Rrot 1( ) is the observed rotation velocity at a large radius of
=r R1 on the outer edge of the clump. As seen in Figure 3(b),

we found q �V sin 0.5rot km s−1 for = ´R 6.51
10 au4 (= 0 6).

Under these restrictions, we fitted the observed PV diagrams
in Figure 3 by varying e0, Vinf

0 , and Rv to find a set of the
parameters minimizing c2. Parameters best fitting the data
determined in this manner are summarized in Table 2 together
with uncertainties at the 90% confidence levels. In Figures 3(e)
and (f), we show the PV diagrams for the best model that can
be directly compared with the observed PV diagrams in
Figures 3(b) and (c). Spectra taken from the model and
observations are also compared in Figures 3(g)–(i). As can be
seen in the figure, the model reproduces the observed PV
diagrams well, though the clump is not an ideal ellipsoid but
has apparent distortion in some aspects. It should be important

Table 1
Observed Properties of the Clump

Quantities Values Comments

S (pc2) 0.35 Surface area defined at the half of the peak N(H2) value
R0 (pc) 0.34 Mean radius calculated as pS
M (Me) 680 Mass contained in S. Total mass inferred from the Gaussian fit is 1340 :M
N(H2) (H2 cm

−2) 1.4×1023 Peak H2 column density
Vsys (km s−1) −16.7 Systemic velocity

ΔV (km s−1) 1.8 Typical line width of the C18O emission line (FWHM)
eobs 0.58 Apparent ellipticity
V Rrot 1( ) sinθ (km s−1) 0.5 Apparent rotation velocity at = ´R 6.5 10 au1

4

Figure 4. Schematic illustration of the model for cluster-forming clump. We set
the (x y z, , ) coordinates taking the z axis as the axis of rotation, and set the
other coordinates (x y z, ,O O O) rotated around the x axis by θ. The zO axis points
toward the observer.
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(𝛼 = 1.5)

(𝛽 = 0.5)

(𝛾 = 1)

Oblate Clump Model
We made a simple model of an oblate clump with an ellipticity e0 that is 
gravitationally collapsing with rotation and formulated the infall velocity Vinf, rotational 
velocity Vrot, and density distributions as a function of distance to the center of the clump.

density

infall velocity

rotation velocity

The distance from the rotation axis

The distance from the center of the clump 

The angle with 
respect to the 
rotation axis

for the free-falling clump at r>>Rd

for conservation of energy at r>>Rv

for conservation of angular momentum at R>>Rv



ResultsObserved

Model

IRS 9Mc

VLA1

• The mass infall
rate :~1.6*10-3 𝑴⨀ yr-1 at 
the clump radius 0.5 pc.

• The mass loss rate by the 
outflow: ~5*10-4 𝑴⨀ yr-1. 

⇨one third of the infalling 
mass is ejected by the 
outflow, which is consistent 
with a theoretical prediction 
(e.g., Nakamura & Li 2014).



The two features observed 
in the PV diagrams can be 
reproduced only when the 
clump has both of infall
motion and rotation at the 
same time.

These results strongly 
imply that the GGD 12-15 
clump is collapsing with 
rotation. 

Rotation only

Infall only

Neither infall nor rotation



Conclusion
• Two significant features appear in PV diagrams of the

observed emission lines.
• the two well-defined peaks seen in the PV diagram taken

along the major axis of the clump.
• a velocity gradient seen in the PV diagram taken along

the minor axis of the clump.
• We made a simple model of an oblate clump that

gravitationally collapsing with rotation, and formulated the
infall velocity, rotational velocity, and density distributions as
a function of distance to the center of the clump.

• The two features in the PV diagrams can be reproduced only
when infalling and rotational motions are present, implying
that the GGD 12-15 clump is collapsing with rotation.


