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#22 The evolution of young Hii regions 
I. Continuum emission and internal dynamics 

http://arxiv.org/pdf/1712.04735 

ALMAで 9つの hyper- and ultra-compact HII regionsを観測

-> 質量降着による大質量原始星進化の最終段階     を調べる

     (もしくは大質量星の pre-main-sequence 段階)

- radio recombination line H29α

- molecular emission (CS, CH3CCH)

- 256GHz continuum emission

Hii regionでガス (ionised & molecular gas) の動きがどうなっているか？

-> high-resolution(~0.5”)で観測 (ALMA Band 6)

(< 0.01 pc)

(expanding / rotating / infalling)

Red MSX Source (RMS) Survey が見つけた600個のHii regionのうち

- ATCA & VLA でcompact (r<5”)


- bolometric luminositiesが10^4 Lsun より大きいもの


- 距離が3 ~ 5.5 kpc 以内に位置しているもの
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Table 1: Source locations and beam properties

Source properties Observation properties
Name Pointing centre VLSR Synthesised beam Continuum

RA DEC Bmaj Bmin BPA rms noise
(h:m:s) (d:m:s) (km s�1) (00) (00) (�) mJy/beam

Targets near G305 (3 regions)
G302.02+00.25 12:43:31.52 �62:36:13.6 �37.1 0.61 0.58 28.38 0.15
G302.48�00.03 12:47:31.75 �62:53:59.4 �37.1 0.61 0.57 �174.51 0.17
G309.89+00.40 13:50:35.54 �61:40:21.4 �57.6 0.69 0.62 6.17 0.15

Targets near G335 (6 regions)
G330.28+00.49 16:03:43.28 �51:51:45.6 �93.5 0.71 0.53 87.19 0.13
G332.77�00.01 16:17:31.13 �50:32:35.7 �95.6 0.62 0.46 87.62 0.18
G336.98�00.18 16:36:12.42 �47:37:57.5 �75.1 0.63 0.47 �90.00 0.13
G337.63�00.08 16:38:19.02 �47:4:50.7 �56.5 0.61 0.46 90.00 0.12
G337.84�00.37 16:40:26.68 �47:7:13.1 �40.4 0.62 0.47 �89.07 0.18
G339.11+00.15 16:42:59.58 �45:49:43.6 �78.2 1.68 1.11 �84.79 0.51

Table 2: Summary of radio properties of the Hii regions and their host molecular clumps. The luminosity in Column 7 is that of the
Hii region, and the final column gives the radio derived spectral index. For the targets which were not detected in all of the ATCA
and VLA wavebands in Urquhart et al. (2007, 2009), no spectral index (↵) was determined.

Source Name RA Dec. Distance Log[Mclump] Log[LBol] Radio Size Flux(a)
6 cm ↵(J2000) (J2000) (kpc) (M�) (L�) (00) (mJy)

G302.02+00.25 12:43:31.49 �62:36:13.7 4.26±0.98 2.76 4.16 2.24 59.5 �0.03
G302.49�00.03 12:47:31.76 �62:53:59.6 3.39±0.40 2.61 3.75 2.07 23.4 0.03
G309.89+00.40 13:50:35.54 �61:40:21.4 5.41±1.27 3.12 4.40 1.79 1.2 · · ·
G330.28+00.49 16:03:43.26 �51:51:45.9 5.45±0.56 2.95 4.13 2.00 44.9 �0.08
G332.77�00.01 16:17:31.13 �50:32:35.7 5.67±0.57 3.22 4.16 1.14 24.6 · · ·
G337.63�00.08 16:38:19.02 �47:04:51.0 3.82±0.43 2.88 4.01 2.20 31 0.01
G337.84�00.37 16:40:26.68 �47:07:13.1 2.98±0.47 2.55 4.59 3.32 11.1 0.63
G336.98�00.18 16:36:12.43 �47:37:58.0 4.67±0.41 2.51 4.43 1.47 18 0.52
G339.11+00.15 16:42:59.58 �45:49:43.6 4.96±0.40 2.93 4.24 1.98 42.9 �0.04

(a) Integrated Flux at 6 cm

Table 3: Spectral Setup of the observed regions. The primary
targetted species of each spectral window are listed, with the
note that spectral windows 1 and 2 were combined to get the
full CH3CN (J=12-11) k-ladder.

SPW Freq Species N. Chan Vel. BW Vel. Res.
(GHz) (km/s) (km/s)

1 257.403 CH3CN 3840 545.8 0.284
2 257.127 CH3CN 1920 273.2 0.285
3 256.302 H29↵ 1920 274.1 0.258
4 244.936 CS 1920 286.8 0.299
5 242.998 SO2 1920 289.1 0.301
6 241.616 SO2 960 145.4 0.303

The continuum emission was derived from the line free por-
tions of each spectral window and then split out for each science
target (using uvcontsub), and used for self-calibration of the
data. These self-calibration solutions were then applied to the
line data.

3. Results

We present analyses of some of the data observed with ALMA in
this paper. A full analysis of all the data obtained for this project

and their implications are presented in follow-up papers. In this
work, we focus on the continuum emission, ionised gas observed
within the Hii regions, and some of the small scale molecular
emission (in CS and CH3CCH) surrounding the Hii regions to
put the analysis of the ionised gas into context. Full analysis of
the molecular environments and the chemistry of these regions
is left to future work (e.g. Klaassen et al. in prep, van der Tak et
al. in prep).

The analysis is broken down into a number of subsections;
continuum (Section 3.1), ionised and molecular gas compo-
nents (Sections 3.2, 3.3 and 3.4) are discussed here. Because
the ionised and molecular spectra (primarily the H29↵ and
CH3CCH) were blended, there is an additional section detailing
how their emission components were disentangled that is pre-
sented in Appendix B.

Figures 1 through 9 show the 256 GHz continuum emission
and bulk molecular gas emission (as traced by CS) for each of the
regions studied here. Additionally, for those sources for which
H29↵was detected (Figures 1 - 6), we show both maps and spec-
tra of this emission.
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Fig. 1: Continuum, H29↵, and CS emission from G302.02. The top left panel shows the 256 GHz continuum in colour scale in
which the 5 GHz emission is shown in red contours; the red contours in the other images represent this same 5 GHz emission for
comparison. The yellow contours show the outlines of the FellWalker identified cores. The bottom left panel shows the H29↵
emission (black) with its Gaussian fit. The grey line shows the residuals from the Gaussian fit. In these spectra, the emission has
been recentred to the expected rest velocity of the source, thus the velocity shift of the line peak (from zero) represents a di↵erence
between the ionised and molecular gas velocities. The top two panels on the right show the moment 0 and moment 1 maps of the
H29↵ emission (top and bottom), while the bottom two panels on the right show the moment 0 and moment 1 maps of the CS
emission (top and bottom).
Article number, page 8 of 25
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Fig. A.1: Continuum data combination for G302.02: The left three panels show the data obtained with each individual antenna
configuration; the two 12 m configurations are labelled as TC and TE for the compact and extended configurations, respectively.
The right panels show the combined datasets. The bottom right panel shows 12 m data only, while the top right panel shows the full
continuum dataset. The integrated fluxes of the two right panels vary by 20%, although their peak fluxes are relatively consistent
with each other. The scaling is the same for all five plots, as shown at the right.

flux of the fully combined (12 m+ACA) flux scale. The peak flux densities in the two right panels (of the combined data) are very
similar (to within 3 sigma of each other at 24.1 and 23.9 mJy/beam for the full and 12 m only data, respectively), however in the 12
m only dataset, we recover only 80% of the flux present in the full (i.e. including ACA) dataset.

Figure A.2 shows how the amplitude of the emission varies as a function of uv distance. Of note here is the overlapping uv
distances of the three configurations and generally consistent fluxes between configurations. The data are sampled well enough in
the overlap region to allow for proper combination of the datasets.

Appendix A.3: H29↵ emission

H29↵ was detected in most of our sources and on small enough scales to not require the use of ACA data. It was only detected in
the stand-alone ACA data for G302.02, which is the target with the brightest and most extended H29a emission. However, as shown
in Figure A.3, the 12 m array data recover all the flux so it was not necessary to combine this data with the ACA data.

Table A.2: Clump positions, Areas, Derived Fluxes, Masses, and Column Densities

ID Number Peak RA Peak DEC Area Flux Clump Mass (M�) Log(Column Density)
(h:m:s) (d:m:s) (arcsec2) (mJy) (20 K) (50 K) (100 K) (20 K) (50 K) (100 K)

G302.02 (1.00e+07 cm�3, 70.0 K)
1 12:43:31.50 -62:36:13.36 4.63 62.08 25.37 8.37 3.94 24.41 23.93 23.6
2 12:43:31.54 -62:36:17.68 13.45 81.48 33.29 10.99 5.17 23.79 23.31 22.98
3 12:43:30.71 -62:36:19.92 5.22 23.92 9.77 3.23 1.52 23.77 23.29 22.96
4 12:43:29.87 -62:36:22.00 0.94 4.57 1.87 0.62 0.29 23.62 23.14 22.81
5 12:43:32.33 -62:36:16.80 0.75 3.01 1.23 0.41 0.19 23.45 22.97 22.64
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Table A.2: continued.

ID Number Peak RA Peak DEC Area Flux Clump Mass (M�) Log(Column Density)
(h:m:s) (d:m:s) (arcsec2) (mJy) (20 K) (50 K) (100 K) (20 K) (50 K) (100 K)

6 12:43:30.92 -62:36:21.12 1.5 6.01 2.46 0.81 0.38 23.43 22.95 22.62
7 12:43:32.17 -62:36:18.32 1.39 5.57 2.28 0.75 0.35 23.41 22.92 22.6
8 12:43:30.41 -62:36:18.72 0.38 1.29 0.53 0.17 0.08 23.32 22.84 22.51
9 12:43:30.36 -62:36:21.28 0.3 0.83 0.34 0.11 0.05 23.18 22.7 22.37
10 12:43:31.23 -62:36:20.40 0.16 0.43 0.17 0.06 0.03 23.12 22.64 22.31
11 12:43:30.30 -62:36:22.08 0.09 0.23 0.09 0.03 0.01 23.09 22.61 22.28
12 12:43:32.52 -62:36:15.60 0.2 0.52 0.21 0.07 0.03 23.07 22.59 22.26
13 12:43:31.89 -62:36:14.40 0.11 0.27 0.11 0.04 0.02 23.04 22.56 22.23

G302.48 (1.00e+07 cm�3, 70.0 K)
1 12:47:31.80 -62:54:0.84 4.31 93.89 24.3 8.02 3.77 24.69 24.21 23.88
2 12:47:31.76 -62:54:3.32 6.84 73.15 18.93 6.25 2.94 24.21 23.73 23.4
3 12:47:31.97 -62:54:0.92 2.74 27.3 7.06 2.33 1.1 24.14 23.65 23.33
4 12:47:32.59 -62:53:57.72 1.5 8.32 2.15 0.71 0.33 23.68 23.2 22.87
5 12:47:31.31 -62:53:57.00 0.14 0.47 0.12 0.04 0.02 23.28 22.79 22.47
6 12:47:32.01 -62:53:59.32 0.2 0.62 0.16 0.05 0.02 23.21 22.72 22.4
7 12:47:32.44 -62:54:1.56 0.49 1.47 0.38 0.13 0.06 23.18 22.7 22.37
8 12:47:32.70 -62:53:59.96 0.13 0.4 0.1 0.03 0.02 23.15 22.67 22.34
9 12:47:31.35 -62:53:52.76 0.17 0.51 0.13 0.04 0.02 23.14 22.66 22.33
10 12:47:31.21 -62:53:54.28 0.17 0.46 0.12 0.04 0.02 23.11 22.63 22.3
11 12:47:31.59 -62:54:5.64 0.13 0.38 0.1 0.03 0.02 23.1 22.62 22.29

G309.89 (1.00e+07 cm�3, 70.0 K)
1 13:50:35.97 -61:40:23.72 7.9 36.28 23.91 7.89 3.71 23.88 23.4 23.07
2 13:50:35.71 -61:40:21.96 3.0 14.7 9.68 3.2 1.5 23.71 23.23 22.9
3 13:50:35.30 -61:40:21.32 3.01 16.85 11.1 3.66 1.72 23.68 23.2 22.87
4 13:50:35.43 -61:40:22.84 3.95 19.35 12.75 4.21 1.98 23.58 23.1 22.77
5 13:50:35.69 -61:40:24.84 3.05 12.47 8.22 2.71 1.27 23.52 23.04 22.72
6 13:50:34.82 -61:40:19.72 0.45 1.48 0.97 0.32 0.15 23.33 22.85 22.52
7 13:50:37.08 -61:40:24.52 0.65 1.99 1.31 0.43 0.2 23.31 22.83 22.5
8 13:50:36.02 -61:40:21.08 0.51 1.59 1.05 0.35 0.16 23.27 22.79 22.46
9 13:50:36.82 -61:40:24.04 0.1 0.2 0.13 0.04 0.02 22.99 22.51 22.18
10 13:50:35.25 -61:40:23.48 0.28 0.58 0.38 0.13 0.06 22.97 22.48 22.16
11 13:50:36.52 -61:40:20.36 0.13 0.26 0.17 0.06 0.03 22.96 22.48 22.15
12 13:50:36.65 -61:40:18.92 0.32 0.64 0.42 0.14 0.07 22.95 22.47 22.14

G330.28 (1.00e+07 cm�3, 86.0 K)
1 16:3:43.15 -51:51:46.40 10.92 79.9 53.44 17.64 8.29 24.08 23.6 23.27
2 16:3:43.23 -51:51:49.68 3.53 22.14 14.8 4.89 2.3 24.04 23.55 23.23
3 16:3:43.10 -51:51:47.76 4.02 26.07 17.43 5.75 2.7 23.81 23.33 23.0
4 16:3:44.13 -51:51:45.36 0.7 1.52 1.02 0.34 0.16 23.13 22.65 22.32
5 16:3:43.88 -51:51:53.12 0.6 1.21 0.81 0.27 0.13 23.12 22.63 22.31
6 16:3:43.82 -51:51:51.44 0.29 0.63 0.42 0.14 0.07 23.11 22.63 22.3
7 16:3:43.84 -51:51:46.32 0.44 0.8 0.54 0.18 0.08 22.99 22.51 22.18
8 16:3:44.42 -51:51:44.64 0.24 0.41 0.28 0.09 0.04 22.99 22.51 22.18

G332.77 (1.00e+07 cm�3, 70.0 K)
1 16:17:31.21 -50:32:40.02 0.57 3.55 2.57 0.85 0.4 23.61 23.13 22.8
2 16:17:30.96 -50:32:34.34 0.19 0.72 0.52 0.17 0.08 23.27 22.79 22.46

G336.98 (1.00e+07 cm�3, 33.0 K)
1 16:36:12.41 -47:37:58.06 9.57 243.88 80.13 26.45 12.43 25.23 24.75 24.42
2 16:36:12.63 -47:37:57.50 2.52 25.73 8.45 2.79 1.31 24.07 23.59 23.26
3 16:36:12.51 -47:37:56.70 2.04 19.56 6.43 2.12 1.0 23.94 23.46 23.13
4 16:36:12.09 -47:37:58.38 2.2 12.91 4.24 1.4 0.66 23.7 23.22 22.89

G337.63 (1.00e+07 cm�3, 99.0 K)
1 16:38:19.11 -47:4:53.66 4.26 78.86 15.77 5.2 2.45 24.72 24.23 23.91
2 16:38:19.26 -47:4:57.58 3.67 26.27 5.25 1.73 0.81 24.1 23.62 23.29
3 16:38:19.09 -47:4:52.70 1.5 16.72 3.34 1.1 0.52 24.07 23.59 23.26
4 16:38:19.09 -47:4:51.18 6.62 53.07 10.61 3.5 1.65 23.93 23.45 23.12
5 16:38:18.61 -47:4:52.46 0.25 0.66 0.13 0.04 0.02 23.13 22.65 22.32
6 16:38:18.44 -47:4:51.98 0.15 0.38 0.08 0.02 0.01 23.09 22.61 22.28

G337.84 (1.00e+07 cm�3, 70.0 K)
1 16:40:26.69 -47:7:13.42 2.88 135.28 66.43 21.92 10.31 24.99 24.5 24.18
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#23 Stellar mass spectrum within massive collapsing clumps 
I. Influence of the initial conditions 

IMF の傾きは何が決めるか

-> density と turbulence を変化させてシミュレーションした

A&A proofs: manuscript no. 31522corr

A1++, 9 AU A1+, 19 AU A1, 38 AU

B1++, 4 AU B1+, 8 AU B1, 17 AU

C1+, 2 AU C1, 4 AU C1–, 8 AU

C1– –, 16 AUD1, 2 AU

Fig. 6. Sink mass spectra for models A1, B1, C1, and D1 at various time steps, corresponding to a comparable amount of accreted mass. Various
spatial resolutions are explored for the purpose of verifying numerical convergence and direct comparison between models. For models B1, C1,
and D1, a peak at ' 0.1 M� is obtained independently of the numerical resolution. While model A1 presents a flat mass spectrum, models C1 and
D1 present at high mass a power-law behavior that is compatible with M�3/4 (see also Fig. 8).

We note that we have ignored here any dependence of PR on
R, which would introduce a second term that does not play a
significant role in most circumstances.

When the expression of the critical density threshold, �cR,
is specified, the mass spectrum of the self-gravitating pieces of
fluid can be inferred using the geometrical expression

M = Cm⇢R3, where typically Cm = 4⇡/3. (3)

5.2. Density probability function

As suggested by Eq. (2), the density PDF plays a major role, and
it is necessary to use the right PDF to obtain reliable results. In
particular, most analytical models have been using a lognormal
PDF, which is not a valid approximation for collapsing clouds.

5.2.1. Lognormal distribution

Numerical simulations of turbulent isothermal clouds have re-
vealed (Vázquez-Semadeni 1994; Padoan et al. 1997; Kritsuk
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https://arxiv.org/pdf/1711.00316 



#24 THE TOP-SCOPE SURVEY OF PLANCK GALACTIC COLD CLUMPS: 
SURVEY OVERVIEW AND RESULTS OF AN EXEMPLAR SOURCE, PGCC 
G26.53+0.17 http://adsabs.harvard.edu/pdf/2017arXiv171104382L 

TOP-SCOPE: Plank Galactic Cloud Clumps (PGCCs) の low temperature dust を観測

-> 星形成の初期段階 ~2000 clumps with 12CO(1-0) & 13CO(1-0)


~1000 clumps with 850μm continuum emissions 
G26.53+0.17 (G26)

     a filamentary infrared dark cloud

The TOP-SCOPE survey 11

Figure 4. Spitzer/IRAC three color (3.6 µm in blue, 4.5
µm in green, and 8 µm in red) composite image of PGCC
G26.53+0.71. The yellow contours represent the SCUBA-
2 850 µm continuum emission with filtering out scales of
>20000. The contour levels are [0.03, 0.05, 0.1, 0.2, 0.4, 0.6,
0.8]⇥1.38 Jy beam�1. The yellow dashed line shows the
direction of the Galactic Plane.

4.1. SEDs using filtered Herschel and SCUBA-2 maps

The high-resolution SCUBA-2 850 µm data filtered
out large-scale extended emission and thus are sensitive
to the denser structures (filaments, cores, or clumps) in
molecular clouds. The 850 µm data are also important
in providing high-resolution information about the dust
emission at a wavelength that lies in the regime between
the far-infrared part (e.g., Herschel) and the millimetre
part of the dust emission spectrum. One of the main
goals of the “SCOPE” survey is to provide high-quality
850 µm data to constrain better the dust emission
spectrum of dense structures in molecular clouds.
In this section, we fit the SEDs pixel-by-pixel with

a modified blackbody function using four or five
bands, combining SCUBA-2 measurements and fluxes
extracted from Herschel maps that have been run
through the SCUBA-2 pipeline. The algorithm of the
SED fit is the same as in section 6.1 in Appendix A. The
Herschel and SCUBA-2 data with the subtraction of the
local background were fitted with modified blackbody
spectra with � = 1.8 to estimate colour correction
factors and to derive estimates of the dust optical depth
at a common spatial resolution of 4000. In Section 4.3,
we fit the SEDs with free � to investigate the dust
grain properties. The details of the SED fits using
filtered Herschel and SCUBA-2 maps will be discussed
in Juvela et al. (2017). In this paper, we performed
four individual SCUBA-2 data reductions labeled R1,
R2, R3, and R4 with di↵erent external masks and

spatial filters (see section 6.2 in Appendix A for details).
R1 with a spatial filter of 20000 is very e�cient to
identify dense clumps/cores and is used for creating
dense core/clump catalogues in our first data release to
the team. However, here we fit the SEDs with datasets
obtained from two other data reduction methods (R2,
R4 ), which use larger spatial filters (300 00 and 600 00)
and thus can recover more flux. We applied two sets of
SED fits (S1 and S2 ) using di↵erent datasets.
(1) S1: Herschel 160-500 µm data and SCUBA-2

850 µm data in the R2 data reduction (see section
6.2 in Appendix A) were used. The extended emission
larger than 30000 in the Herschel and SCUBA-2 maps
was filtered out.
(2) S2: Herschel 160-500 µm data and SCUBA-2

850 µm data in the R4 data reduction (see section
6.2 in Appendix A) were used. The extended emission
larger than 60000 in the Herschel and SCUBA-2 maps
was filtered out.
Figure 5 a-b show the dust temperature (Td) and

250 µm optical depth (⌧250) maps from the two SED
fits. The Td values across the filament ridge are around
10-14 K except for the dense clumps located in the
central region (⇠17 K) and the southern end (⇠19 K),
where protostars have formed and heated their local
surroundings. The less dense region to the east of the
filament ridge has higher Td than the dense filament,
indicating that the filament is externally heated from
its eastern side.
The Td and ⌧250 maps are quite di↵erent from SED fits

with di↵erent e↵ective spatial filters. In Figure 5 c-d, we
compare the Td and ⌧250 values from SED fits S1 and S2
for pixels with S/N>5 in the SCUBA-2 map from theR2
imaging scheme. The mean dust temperature from S1
and S2 is 13.7 and 14.3 K, respectively. In comparison,
the mean ⌧250 (or column density N) in S1 and S2 is
6.5⇥10�3 (or N⇠ 1.0 ⇥ 1022 cm�2) and 8.3⇥10�3 (or
N⇠ 1.3⇥1022 cm�2), respectively. In contrast to S1, S2
increases the Td in cold regions (with Td < 15 K). While
in warmer regions (with Td > 15 K), the Td determined
in S1 and S2 does not vary too much. S2 significantly
increases ⌧250 by 0.003 (or N⇠ 4.6⇥1021 cm�2) than S1
in dense regions (with ⌧250 ⇠0.01 or N⇠ 1.5⇥1022 cm�2

in S2 map). The peak column densities in S1 and S2
are 3.8⇥1022 cm�2 and 4.2⇥1022 cm�2, respectively. In
less dense regions, S2 also significantly increases ⌧250
but not as much as in dense regions.
SED fits with large e↵ective spatial filters (60000;

Figure 5b) recovered more extended structure and thus
more mass. The total mass of the G26 filament revealed
in S2 is ⇠6200 M�. Given the length (L ⇠12 pc) of
the filament, the mean line-mass (M/L) of the filament

Spizer/IRAC three color

yellow: SCUBA-2 850μm continuum
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Figure 14. Channel maps of J=1-0 transitions of 12CO (gray scale images), 13CO (black contours), and C18O (blue contours).
The contour levels for 13CO are from 10% to 90% in steps of 10% of the peak intensity (8.2 K). The contour levels for 13CO are
from 10% to 90% in steps of 10% of the peak intensity (3.0 K). The yellow circles mark the central massive clump. The yellow
lines outline the sub-filaments. The red contours show the SCUBA-2 850 µm continuum emission in the R2 data reduction.
The contour levels are [0.05, 0.5]⇥1.40 Jy beam�1.

filament. As denoted by yellow dashed lines, the sub-
filaments connected to the central clump show a clear
velocity gradients with respect to the peak emission
of the central clump. The velocity gradients are ⇠0.4
km s�1 pc�1, ⇠0.6 km s�1 pc�1, and 0.5 km s�1 pc�1 for
“F3”, “F4” and “F6”, respectively, which are similar to
the values found in other Galactic long filaments (Wang
et al. 2016).
One interpretation of velocity gradients is that they

are caused by inflows along the sub-filaments as also seen
in other filamentary clouds (Kirk et al. 2013; Peretto
et al. 2013; Liu et al. 2016b; Yuan et al. 2017).
The velocity di↵erences (�V ) between the sub-filaments
and central clump become larger as they approach the
central clump (i.e., �V / �R�1, where �R is the distance

to the central clump), suggesting that the inflows along
the sub-filaments are likely driven by the gravity of the
central clump MM6.
We can estimate the mass inflow rate (Ṁk) along

filaments following Kirk et al. (2013):

Ṁk =
rVk,obsM

tan(↵)
(2)

where rVk,obs, M and ↵ are the velocity gradient,
mass and inclination angle with respect to the plane
of the sky of a filament, respectively. Since most gas is
bounded in dense clumps, only a small fraction of free
gas may be accreted along the filament. We estimated
the mass of the free gas as the di↵erence (⇠ 1900 M�)
between the total filament mass (⇠ 6200 M�) and the

(< 14K)

12CO(1-0) channel map

black: 13CO, blue: C18O, red: 850μm
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Table 3. Parameters of the two layer model

Line ⌧0 � Jc Jf Jr Vcont � Vout

(K) (K) (K) (km s�1) (km s�1) (km s�1)

HCO+ J=1-0 3.56 0.74 15.70 11.69 19.60 48.98 1.04 0.15

H2CO 21,2 � 11,1 2.21 0.79 15.44 12.03 19.54 49.07 0.93 0.06

have enough energy themselves to drive the envelope
expansion.
The virial mass of the clump MM6 considering turbu-

lent support can be derived as Mvir
M�

= 210( R
pc )(

�V
km s�1 )2

(MacLaren et al. 1988; Zhang et al. 2015), where
R is the radius (1.15 pc) and �V is the linewidth
(2.22 km s�1) of C18O (1-0). The virial mass is
⇠1200 M�, which is much smaller than the clump mass
(⇠2100 Msun), indicating that the whole clump may be
still in collapse. Therefore, the expansion revealed by
HCO+ J=1-0 and H2CO 21,2� 11,1 lines should be very
localized.
Figure 22 shows a cartoon to describe the PGCC

G26 based on the results from the present data. Our
findings of G26 are: (i) The G26 filament may be
formed due to large-scale compression flows evidenced
by the temperature and velocity gradients across its
natal cloud; (ii) Sub-filaments in G26 have di↵erent
velocities and may interact with each other; (iii) The
central massive clump where massive stars are forming
may still accrete gas along sub-filaments; (iv) The
massive clump in whole may be still in global collapse
while its inner part seems to be undergoing expansion
due to outflow feedback.

5. SUMMARY

We introduce here the survey strategy, observations,
data reduction and example science for a joint survey
program “TOP-SCOPE”, targeting 1000-2000 Planck
Galactic Cold Clumps at TRAO 14-m and JCMT 15-m
telescopes. “TOP,” standing for “TRAO Observations
of Planck cold clumps,” is a 12CO/13CO J=1-0
line survey of 2000 PGCCs with the Taeduk Radio
Astronomy Observatory 14-meter telescope. “SCOPE,”
standing for “SCUBA-2 Continuum Observations of
Pre-protostellar Evolution,” is a legacy survey using
SCUBA-2 on the James Clerk Maxwell Telescope
(JCMT) at the East Asia Observatory (EAO) to
survey 1000 PGCCs at 850 µm continuum. Follow-
up observations toward SCUBA-2 detected dense
clumps/cores with other ground-based telescopes (NRO
45-m, SMT, KVN, SMA, ALMA) are on-going.

Figure 22. This cartoon shows the environment of PGCC
G26.53+0.17. The main gas filament is shown in green.
The SCUBA-2 filament is shown in yellow. Other small
sub-filaments are shown in red, green, and blue. PGCC
G26.53+0.17 is located in a parent cloud with velocity
and temperature gradients along the east-west direction.
The central clump MM6 (dashed ellipse) may be still in
collapse while its inner part (color filled ellipse) is undergoing
expansion due to outflow feedback from the protostars. The
zoomed-in picture of the central clump is shown in the upper-
right corner. The red and blue ellipses represent the outflow
lobes. The arrows show the directions of gas flows.

We introduced the example science of the “TOP-
SCOPE” survey and other joint survey programs with
an exemplar source, PGCC G26.53+0.17 (i.e., G26).
The main findings for G26 are:
(1). The total mass, the length and the mean line-

mass (M/L) of the G26 filament revealed are ⇠6200
M�, ⇠12 and ⇠500 M� pc�1, respectively. Both the
length and line-mass of G26 are comparable to those
of the integral shaped filament in the Orion A cloud
(Kainulainen et al. 2017).
(2). Ten clumps are found along the filament with a

mean separation of ⇠1.3 pc. Only two of them (MM6,
MM10) are associated with protostars. The others seem
to be starless. The clumps in G26 especially the dense
and massive ones are very likely bounded by gravity and
have the ability to form high-mass stars. The typical

~6200 Msun, ~12pc, (500 Msun/pc)
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Figure 16. Position-Velocity diagrams of 13CO (2-1) line
emission. The contour levels are from 10% to 90% in steps of
10% of the peak value (5.3 K). The green dashed vertical line
marks the systemic velocity of 49 km s�1. The blueshifted
and redshifted high-velocity emission is marked with blue
and red dashed ellipses, respectively. The red vertical dashed
line depicts the peak emission. The yellow dashed lines show
the velocity gradients along the filaments.

Gaseous CO significantly freezes out onto grain sur-
faces when densities exceed ⇠ 3 ⇥ 104 cm�3 (Bacmann
et al. 2002). As CO is a major destroyer of molecular
ions, CO depletion leads to a change in the relative
abundances of major charge carriers (e.g., H+

3
, N2H+

and HCO+; Bergin & Tafalla 2007; Caselli 2011).
In addition, the abundance of the nitrogen hydrides
and and deuterated molecules are strongly enhanced
and these species are probing the gas where CO (and
other carbon-bearing species) is depleted (Bergin &
Tafalla 2007; Caselli 2011). Therefore, studies of
CO depletion are very important for understanding
the chemical processes in star formation. Through
statistical studies of a sample of 674 PGCCs, Liu et

al. (2013) found that the CO abundance is strongly
(anti-)correlated to other physical parameters (e.g., dust
temperature, dust emissivity spectral index, column
density, volume density, and luminosity-to-mass ratio),
suggesting that the gaseous CO abundance can be
used as an evolutionary tracer for molecular clouds.
Similarly, Giannetti et al. (2014) also found that less
evolved ATLASGAL-selected high-mass clumps seem
to show larger values for the CO depletion than their
more evolved counterparts, and CO depletion increases
for denser sources. However, both studies in Liu et
al. (2013); Giannetti et al. (2014) used single-
pointing molecular CO data, which limited the accurate
determination of CO depletion in molecular clouds.
The molecular CO mapping survey data in the TOP
survey are more suitable for investigating how CO
abundances or CO depletion varies inside individual
molecular clouds and changes in di↵erent kinds of
molecular clouds.
The upper panel of Figure 17 presents the spectra of

13CO (1-0), 13CO (2-1) and C18O (1-0) at the continuum
peak for G26. The 13CO (2-1) and C18O (1-0) emission
have a spatial distribution similar to that of the SCUBA-
2 850 µm continuum as shown in the lower panel of
Figure 17.
C18O (1-0) emission is optically thin in G26 (see Table

2). We derived C18O column densities following Liu et
al. (2013) by assuming that the excitation temperature
of C18O (1-0) equals to the dust temperature. The C18O
abundance (XC18O) was derived by comparing the C18O
column densities with the H2 column density map from
the SED fits with Herschel data and Planck+SCUBA-2
data. The C18O column density map and H2 column
density map were smoothed to the same resolution of
⇠ 5200. The CO gas depletion factor (fD) is defined as

fD =
max(XC18O)

XC18O
, where max(XC18O) is the maximum

C18O abundance (⇠ 1.5 ⇥ 10�7) across the map with
C18O emission larger than 3 �. The CO gas depletion
factor map is presented in Figure 18. The highest
depletion (fD ⇠5) occurs at the central massive clump
(“6”) due to its largest column density and relatively low
temperature. However, since MM6 hosts a relatively
strong IR source (bright at 24 µm and 70 µm), the higher
CO depletion means that the star formation process
inside MM6 is really new and most of the clump gas is
still cold. Due to the large beam of TRAO observations,
we see most of the bulk, cold gas rather than the small,
localized hot region, further suggesting that the IRDC
G26 is still very young.
The CO gas in the surroundings of the central clump

MM6 is less depleted (fD ⇠1.5-2.5). The outskirts of
the filament also shows higher apparent CO depletion,

13CO(2-1)PV図

green: system velocity, 49 km/s

red: peak emission

isothermal, non-magnetized turbulent
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Hot Jupiter がどうやって出来たか

->  in situ formation v.s. migration

J. Maldonado et al.: Chemical fingerprints of hot Jupiter planet formation

Table 2. Comparison between the properties of cool and hot PHs.

cool PHs hot PHs K-S test

Mean Median Range Mean Median Range D p-value p-sig.
V (mag) 7.3 7.5 3.7/9.6 7.6 8.0 4.1/10 0.32 0.03 0.31
Distance (pc) 41.6 38.11 3.2/103 43.9 42.7 12.5/95 0.16 0.64 0.13
Age (Gyr) 4.2 3.9 0.31/11.4 3.0 2.4 0.1/11 0.28 0.09 0.03
Mass (M⊙) 1.07 1.08 0.77/1.41 1.08 1.07 0.83/1.41 0.09 0.99 0.20
Teff 5723 5761 4849/6472 5741 5656 5025/6704 0.19 0.41 0.13
VLSR (km s−1) -10.23 -7.73 -64.77/25.45 -13.49 -7.49 -73.53/29.03 0.25 0.15 0.12
R mean (Kpc) 7.43 7.53 5.97/8.74 7.58 7.61 6.6/8.57 0.24 0.37 0.05
SpType(%) 7 (F); 74 (G); 19 (K) 24 (F); 45 (G); 31 (K)
D/TD(%)† 85 (D); 15 (R) 93 (D); 7 (R)
† D: Thin disc, TD: Thick disc, R: Transition

Fig. 3. Toomre diagram of the observed stars. Hot PHs are shown
by filled red circles while cool PHs are plotted with open blue
circles. Dash-dot lines indicate constant total velocities, VTotal =
√

U2
LSR + V2

LSR +W2
LSR = 50, 100, and 150 km s−1. Median uncertain-

ties for VLSR and VTotal are of the order of 0.54 km s−1.

by Maldonado et al. (2015) but based on a smaller sample (only
5 hot PHs and 17 cool PHs). In order to find further confirma-
tion of this possible trend, Maldonado et al. (2015), in their Ap-
pendix B, additionally performed a study of the gas-giant planets
listed in the Extrasolar Planets Encyclopaedia (Schneider et al.
2011) and the Exoplanet Orbit Database (Wright et al. 2011)
without applying any further selection criteria (and therefore
mixing different types of stars and planets and with inhomoge-
neous metallicity determinations). The results from this compar-
ison showed a “deficit” of hot Jupiters at metallicities between
-0.50 and +0.00 dex.

In order to test the significance of this possible deficit we
repeated the statistical analysis performed before but considering
only the stars with metallicities below or equal to +0.20 dex. The
K-S test returns in this case a K-S statistic of 0.37 and a low p-
value of only ∼ 0.08 (slightly larger than the usual threshold of
2% for statistical significant difference). Although the samples’
size diminishes significantly, we note that the value of neff is still
large,∼ 10.5 (the K-S test is reasonably accurate for sample sizes

Fig. 4. [Fe/H] cumulative frequencies.

Table 3. [Fe/H] statistics of the stellar samples.

S ample Mean Median Deviation Min Max N

cool-PHs 0.12 0.18 0.18 -0.43 0.43 59
hot-PHs 0.20 0.20 0.12 -0.07 0.40 29

for which neff is greater than four9 ), and the significance of the
p-value returned by our simulations is of the order of ∼ 3%. Our
conclusion is that the deficit of hot PHs at low metallicities might
be real although it may need further confirmation by analysing
larger samples.

We finally note that in our sample there are no hot Jupiters
harbouring stars with metallicities below∼ -0.10 dex, whilst cool
Jupiters can be found around more metal-poor stars.

3.2. Other chemical signatures

In order to find differences in the abundances of other chemical
elements besides iron, the cumulative distribution [X/Fe] 10 com-
paring the abundance distributions of hot- and cool-PHs is shown

9 https://it.mathworks.com/help/stats/kstest2.html
10 Many previous studies dealing with chemical peculiarities in
planet hosts use [X/Fe] instead of [X/H] (e.g. Meléndez et al. 2009;
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Cool Jupiter もしくは Hot Jupiter を持つ

約100個の星の化学組成を詳しく分析

-> Hot Jupiter を持つ星は metallicity が高い

     (low metallicity で Hot Jupiter を持つ星はない)

Cool Jupiter と Hot Jupiter は形成プロセスが違う

(Cool Jupiter が migration してきたわけでない)

もしくは metallicity に依存するような

migration のモデルが必要
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Shifting of the resonance location for planets embedded in circumstellar disks

discポテンシャルを含めて2つの惑星の軌道共鳴を計算
F. Marzari: Resonance shifting

our models the planets are also in apsidal resonance and the fre-
quency of the apsidal longitude of the outer planet matches that
of the inner one. As a consequence, the secular system responds
in a unitary way to the disk perturbations.
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Fig. 3. Distribution of the initial semimajor axes of the outer
planet of a massive pair (m1 = 1MJ m2 = 1MS ) trapped in
a 2:1 resonance for different values of the disk gas density Σ.
For higher densities the resonant region is shifted inwards. The
volume of the phase space is also reduced and the size of the
resonance region shrinks. This is revealed by the smaller area of
the Gaussian curve fitting the histogram.

There is also a shrinking of the volume in the phase space
where stable resonant systems (at east over 1 × 105 yr) can be
found for increasing Σ. This reduction is 98% for Σ = Σ1MMS N

and 33% for Σ = Σ5MMS N . The disk potential, when strong
enough, is able to destabilize a significant fraction of potential
resonant systems reducing the number of possible stable cases.
The shift in the apsidal longitude circulation frequency pushes
the planets closer to each other increasing their mutual interac-
tion and causing a weakening of the resonance lock.

5.2. Resonance break up due to disk dissipation

During the gas dissipation due to photo-evaporation, viscous ac-
cretion, and stellar winds, the resonance lock can be broken. In
the models where we adopt an exponentially declining Σ, some
systems break out of the resonance and both critical arguments
circulate from then on. An example is shown in Fig.4 where the
resonance breakup occurs after about 0.8 Myr with an exponen-
tial dissipation coefficient τ = 5 × 105 yr.

By performing a statistical exploration, through integration
of the same systems with and without dissipation, we can es-
timate the fraction of systems potentially trapped in resonance
that are out of it once the disk dissipates. About 27 % of the sys-
tem initially in resonance is found in a circulating state after a
timescale equal to 2τ, confirming that the disk dissipation may
break up the resonance leaving the planets close to it. When the
density of the disk is increased to Σ = Σ5MMS N the fraction of
cases surviving the disk dissipation drops to 50%. If we neglect
all other effects related to the planet-disk interaction and we fo-
cus on the disk potential and its effects on the apsidal precession,
we find that for higher disk densities the dissipation prevents the
evolution from being adiabatic and the system is more easily
destabilized.
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Fig. 4. Time evolution of the σ1 critical argument of the 2:1
resonance during the dissipation of the disk. The libration slowly
turns into circulation (for both σ1 and σ2) as the density of the
gas declines leading to the break up of the resonance. The initial
value of Σ is equal to Σ1MMS N .

5.3. Shift in the location of the resonance: super-Earths

Here we consider two planets whose masses are five and three
times the Earth mass, respectively, with the more massive planet
in the inner orbit. They are supposed to be trapped in resonance
during their type-I migration or formation process, like inside-
out growth. Their masses are not large enough to open a gap
in the disk and for this reason we adopt for the disk potential
Eq. 4 with both planets embedded in the disk. The precession
rate of the apsidal longitude due to the disk potential on a single
planet is negative (black line in Fig. 5) and concordant with the
circulation induced by the resonant interaction (blue line). As a
consequence, the circulation rate in the full model including the
two planets and the disk (red line in Fig. 5) is faster compared to
that of a single planet at 1 au and to that forced by the resonance.
This behavior is opposite to that of two massive planets carving a
common gap in the disk where the circulation caused by the disk
potential is opposite and dominant with respect to the negative
one driven by the resonance. Therefore, it is expected that the
shifting in the resonance location for super-Earths is outwards
rather than inwards as in the case of massive planets.

This is indeed observed in Fig. 6 where we show the distribu-
tion of the resonant cases when the semimajor axis of the inner
planet is 1 and 5 au, respectively. The shift is outwards in both
cases, as expected, but there is a significantly lower reduction of
the resonance efficiency when Σ = Σ5MMS N for a1 = 1 au. The
possible reason for this different behavior is that the contribution
to the total gravitational potential of the inner part of the disk is
more destabilizing for large densities. As a consequence, since
in the ‘close’ case the amount of gas mass in between the inner
planet and the star is small and significantly less compared to the
‘far’ case, the resonance is more stable even in the case of high
gas density.

6. The 3:2 resonance

For Jupiter-size planets, the shift in the resonance location ap-
pears less marked for the 3:2 resonance, while, on the other side,
the shrink in the resonant region appears more consistent. This is
in agreement with the hypothesis that the forced proximity of the
planets induced by the shift in the apsidal circulation decreases

5

F. Marzari: Resonance shifting

 0

 50

 100

 150

 200

 250

 300

 350

 0  1000  2000  3000  4000  5000

2Pl
1Pl+Disk
2Pl+Disk

Pe
r. 

Lo
ng

 (d
eg

)

Time (yr)

Fig. 5. Evolution with time of the pericenter longitudeϖ in three
different models as in Fig.1. In this case the planets have five and
three Earth masses, respectively, and the inner one has a semima-
jor axis of 1 au. The disk potential causes a negative precession
which adds up to that due to the mutual gravitational perturba-
tions of the planets. As a consequence, the circulation rate of
ϖ is negative in the full model with two planets and the disk
potential (red line), contrary to what happens for massive plan-
ets within a disk gap. It is also faster compared to that observed
in a pure three-body problem (blue line) and for a single planet
(black line).

the stability of the resonant lock. The number of resonant con-
figurations is decreased by about 90% in the case where the disk
density is set to 5 MMSN in comparison to the pure N-body case
(Fig.7). The 3:2 resonance appears more sensitive to the dissipa-
tion of the disk gas and about 40% of the systems are destabi-
lized and escape from resonance before the end of the simulation
for Σ = Σ1MMS N . The intrinsic weakness of the 3:2 resonance to
external perturbations, compared to the 2:1, suggests that less
systems should be found trapped in it but rather are found close
to it.

When super–Earths are considered (Fig. 8), the shift in the
resonant location is present in both the far (a1 = 5 au) and close
((a1 = 1 au) configurations, but the resonance efficiency is not
significantly decreased in either case. There is a more marked
decrease in the ‘far’ case, possibly for the same reasons already
outlined at the end of Section 5.3 related to the reduced contri-
bution of the inner part of the disk that may be responsible for
most of the instability at higher densities. However, there is po-
tentially a dependence on the mass of the planets since the insta-
bility for super-Earth pairs is significantly less compared to giant
planet pairs. This may be related to the direction of the shift that
is outwards for massive planets and inwards for super-Earths.

The dissipation of the disk affects also the stability of super-
Earths and in the model with a declining gas density the number
of cases which are destabilized is about 25 % when Σ = Σ1MMS N .
In Fig. 9 the behavior of the critical argument of the resonance
is shown for two super-Earths when a1 = 1 au. As in Fig. 4, the
critical argument progressively increases its libration amplitude
until circulation takes place. In some cases, immediately after
the resonance breakup, the planets, before the end of the sim-
ulation, have mutual close encounters and undergo a period of
chaotic behavior.
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Fig. 6. Distribution of the initial semimajor axes of the outer
planet in a system composed of two super–Earths in a 2:1 res-
onance for different values of the disk gas density. For higher
densities the resonant region is shifted inwards. The upper panel
models a pair of planets with the inner one at 5 au, while the
lower panel models the case where the inner planet is at 1 au.

7. Discussion and Conclusions

The coexistence of planets and the gaseous disk suggests inter-
esting dynamical scenarios where the gravitational forces be-
tween the planets are perturbed by the disk gravity. Exchange
of angular momentum may occur due to the planet perturbations
on the disk leading to different types of migration depending on
the mass of the planets. An additional effect is the change in the
secular frequencies of a planet due to the disk gravitational force.
This last effect is of no relevance if the interest is focused on the
migration speed of the planets, however it may be of importance
when dealing with two planets in resonance. The shift in the sec-
ular frequencies leads to a change in the resonance location of
the outer planet once the semimajor axis of the inner one is fixed.
This shift in the resonance location may be inwards or outwards
depending on the mass of the planets and the formation (or not)
of a common gap.

In this paper the amount of the resonance shift is numerically
estimated by a massive exploration of the phase space around the
2:1 and 3:2 resonances. The shift depends on the disk density and
on the mass of the planets. The focus here is on Jupiter-Saturn-
like couples and super-Earths. When the disk is very massive (5
MMSN) the shift is consistent and the stability of the resonance
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木星と土星の2:1共鳴

-> discの質量を5倍にすると内側に移動

2つのスーパーアース(地球質量の5倍)の2:1共鳴

-> discの質量を5倍にすると外側に移動

discの質量と惑星の質量に依存
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Planetary-like spirals caused by moving shadows in transition discs 
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Figure 1. Schematic view with arbitrary orientation of the parametric model
presented in Section 2. The central star is placed at the origin. The outer disk lies
in the x–y plane. The angle α is the relative inclination between the midplane of
the outer disk and the plane of the inner disk. The dust mass density distribution
of the inner disk and outer disk sections are rendered in false color. The gap is
shown devoid of material for simplicity. The inner disk is scaled up in size and
density for better visualization.

amorphous carbon and silicate grains with sizes between 1.0 to
10.0 µm. The total dust mass of this section is 1.0 × 10−8 M⊙.
The disk in this section connects the inner and outer regions
varying the inclination linearly from 70◦ to 0◦ between 10 and
15 AU, where it matches the outer disk orientation. A larger
warp would have been obvious in the 12CO kinematics inside
the gap (Perez et al. 2014), with a concomitantly larger region
where the inclination crosses the plane of the sky.

Finally, the outer disk extends over 115 AU to 300 AU with
a rounded disk wall between 115 to 140 AU. It is composed of
3.0 × 10−6 M⊙ of amorphous carbon grains with sizes ranging
from 1 to 10 µm and 1.0 × 10−2 M⊙ of silicate grains with sizes
ranging from 100 µm to 5 cm. The dust masses inferred in our
models are biased by the lack of grain porosity. The resulting
dust masses are also directly affected by uncertainties on the
internal densities.

We assume that the small grains that account for the bulk of the
near-IR opacity approximately follow the gas background, and
we define an axisymmetric gas distribution with a rounded disk
wall (Mulders et al. 2013; Lubow & D’Angelo 2006) described
by the following surface density:

Σ̄g(r < rc) = Σc

(
r

rc

)−γ

exp

[

−
(

1 − r/rc

w

)3
]

, (1)

Σ̄g(r ! rc) = Σc

(
r

rc

)−γ

, (2)

where γ = 6, w = 0.1, and rc = 148.0 AU. Then we modulate
this distribution to create a maximum gas pressure in azimuth,
which is described by the following equations:

Σg(r,φ) = Σ̄g(r)
[
1 + A(r) sin

(
φ +

π

2

)]
, (3)

A(r) = c − 1
c + 1

exp
[
− (r − Rs)2

2H 2

]
, (4)

with Rs = 148 AU and where the azimuthal contrast in surface
density is set to c = 10.0. The volume density follows with a
standard vertical Gaussian distribution:

ρg(r, z,φ) = Σg(r,φ)
√

2πH
exp

[
− z2

2H 2

]
, (5)

with H (r) = 20.0(r/(130 AU))1.17. The exact value of this
flaring exponent is not well constrained.

This parametric model also includes the effect of dust
trapping, following the procedure described in Birnstiel et al.
(2013) and Pinilla et al. (2012). However, the bulk of the opacity
in the H band is driven by particles well below the sizes required
for efficient aerodynamic coupling, and so the effects of dust
trapping in the outer disk are not relevant to this report. The
runs detailed in Section 3 confirm that the outer disk is optically
thick at the H band and that the scattered light does not trace the
crescent shape seen in the submillimeter.

2.1.1. Emergent intensities

We use radmc3d3 for radiative transfer computations (ver-
sion 0.38; Dullemond et al. 2014). Scattering and polarization
for the last scattering are treated with scattering matrices for our
different dust species, each one with a power-law distribution in
grain sizes with an exponent of −3.5. To compute the full dust
opacity and scattering matrices, we made use of complementary
codes in RADMC3D and a code from Bohren & Huffman (1983)
for “Mie solutions” to scattering by homogeneous spheres. We
used the optical constant tables for amorphous carbon grains
from Li & Greenberg (1997), and for silicate grains we used
Henning & Mutschke (1997).

We implemented our model in RADMC3D using spherical
coordinates, with regular spacing for the azimuthal angle and
logarithmic spacing in radius and colatitude (polar coordinate).
Thus, the grid is naturally refined near the inner disk and the
midplane. The radial grid is additionally refined as it approaches
the inner wall of the outer disk (near 140 AU) to ensure a gradual
transition from the optically thin gap to the optically thick outer
disk. We used 106 cells in total, half of them covering the inner
disk and gap and the rest sampling the outer disk. The number
of points in the radial, azimuthal, and polar grid meshes is
100 each.

As proposed by Fujiwara et al. (2006), the eastern side is
probably the far side since it is broader and brighter in the
thermal IR. This orientation also implies that the observed IR
spiral pattern is consistently trailing (Fukagawa et al. 2006;
Casassus et al. 2012; Canovas et al. 2013; Avenhaus et al.
2014), even in their molecular line extensions into the outer disk
(Christiaens et al. 2014). Hence, we calculated the synthetic H-
band images by inclining the system at 24◦ with respect to the
plane of the sky,4 along a position angle (P.A.) of −20◦.

3. RESULTS

In order to constrain the P.A. of the inner disk and α, its
inclination with respect to the outer disk, we studied different
orientations while trying to reproduce the shape and position
of the nulls seen in scattered and polarized light. In Figure 2,
we summarize the radiative transfer predictions of five different
configurations. P.A.s much different from −8 are ruled out, as
even a P.A. of 0◦ (see Figure 2(e)) displaces the southern shadow

3 http://www.ita.uni-heidelberg.de/∼dullemond/software/radmc-3d/
4 The outer disk defines the plane of the system.
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includes a blackbody radiative cooling. The code solves the
Navier–Stokes, continuity, and energy equations on a staggered
mesh in polar coordinates (r, f). For detailed description of the
code see Masset (2000) and Baruteau & Masset (2008).

2.1. Code Units and Initial Setup

The simulations were run in code units, assuming the central
star mass, M0 = Må, and r0 = 1 au, as the units of mass and
length. The code unit of time, t0, corresponds to the orbital
period at r0 divided by 2π, that is ( )�= -t GM r0 0

3 1 2. The
gravitational constant is G = 1 in code units. The temperature
unit is GMåμmp/(kBr0), with μ being the mean molecular
weight (μ = 2.35 in all our simulations), mp as the proton mass,
and kB as the Boltzmann constant. We adopt two values for the
disk-to-star mass ratio, q = 0.25 and 0.05.

The computational domain in physical units extends from
r = 10–150 au over nr = 400 logarithmically spaced radial
cells. The grid samples 2π in azimuth with nf = 800 equally
spaced sectors. Gas material is allowed to outflow at the disk
edges.

The initial density profile scales with r−1:

( ) ( )S = S ⎜ ⎟⎛
⎝

⎞
⎠r

r
r

, 10
0

where the value of Σ0 is set by fixing the disk mass to 0.05 and

0.25Må( )( )ò p= SM r rdr2
r

r
disk

min

max . The disk initial aspect

ratio, H/r, is fixed to 0.05. All models include self-gravity.
Our choice of parameters is similar to other numerical models
of transition disks (e.g., Dipierro et al. 2015).

2.2. Implementation of Shadows

The stellar irradiation heating per unit area is given by
(Fröhlich 2003):

( ) ( )�
�b

p
f= -+Q

L
r

1
4

cos , 2
2

where β = 0.1 is a reflection factor (albedo) and f is the angle
formed between the incident radiation and the normal to the
surface, given by �f -cos dH

dr
H
r
. The disk scale height is

assumed to be in hydrostatic equilibrium, i.e., H = r cs(T)/vk,
with cs(T) as the sound speed and vk as the Keplerian velocity.
Lå is the stellar luminosity.

In our simulations, shadows are cast by an inner region
(inside the computational domain), which blocks a fraction of
the stellar irradiation �

+Q within an angle δ. The irradiation
heating per unit area, including shadows projected onto the
disk, ( )f+Q r,d , reads;

( )
( ) ( )

∣ ∣ ( ) ∣ ∣ ( )
�

�

f
f
f p d f d= > - � <+

+

+

⎧
⎨⎪
⎩⎪

Q r
F t f Q

Q

, if 2 2

otherwise,

3d

where illuminated regions are connected by a smooth azimuthal
function f(f) = 1− A exp(−f4/σ 2)− A exp(−(f− π)4/σ 2),
with A = 0.999 and σ = δ/10. The time-dependent function
F(t) is a shadow-tapering factor which gradually enables the

shadows over a timescale of 30 orbits.5 Figure 1 shows the
stellar irradiation prescription described by Equation (3).

2.3. The Energy Equation

The equation for the thermal energy density, e, reads as (e.g.,
D’Angelo et al. 2003)

· ( ) · ( )� �¶
¶

+ = - + -+ -v v
e
t

e P Q Q , 4d

where v is the gas velocity, P is the pressure, and +Qd is the
stellar heating rate per unit area described by Equation (3). We
implemented a radiative cooling per unit area function,
Q− = 2σT4/τ, where σ is the Stefan–Boltzmann constant
and τ is the optical depth given by t k= S1

2
, a constant opacity

given by an effective κ = 130 cm2 g−1, obtained by taking into
account an average opacity for a mix of dust species, informed
by spectral energy distribution fitting of HD 142527 (Casassus
et al. 2015). Dependency on opacity is further discussed in
Section 3. For more details about this energy prescription, see
Montesinos et al. (2015).
To close the system of equations, an ideal equation of state is

used:

( )= SP TR , 5

where T is the mid-plane gas temperature and m=R k mB p is
the gas constant. The thermal energy density is related to the
temperature through

( )
g

= S
-

⎛
⎝⎜

⎞
⎠⎟e T

R
1

, 6

where the adiabatic index is fixed to the diatomic gas
value γ = 1.4.

Figure 1. Initial profile for the stellar heating rate per unit area ( )f+Q r,d for a
model with Lå = 1 Le. The shadows subtend 0.5 rad or 28°. 6. The plot is in log
scale with units erg s−1 cm−2.

5 From the code units used, one orbit corresponds to one year.
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原始惑星系円盤のスパイラル構造はどうやって出来たか

-> 惑星がなくてもできるのではないか

Heating rate

shadow を考慮したシミュレーションでもスパイラルができた
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Figure 2. Snapshots taken after 20 kyrs of disc evolution, of the pressure (top) and surface density field (bottom) for models with

shadows rotating at different periods: Ts = 1 (static), 5, 10 and 20 kyr.

Table 1. Set of simulations after 20 kyrs of disc evolution with shadows, for different shadow’s rotating frequencies.

Tsh (kyr) Rco (au) Ain Bin nin �in(�) | Aout Bout nout �out(
�)

1 n/a n/a n/a n/a n/a | 603 194 1.24 -15.52
5 292 285 -93 0.35 -23.22 | 307 88 0.57 -15.15
10 464 431 -136 0.47 -22.09 | 484 136 0.46 -16.16

Jupiter mass planet 464 389 -103 0.58 -14.39 | 498 157 0.72 -17.21
20 717 635 -220 0.66 -28.06 | 764 178 0.55 -19.95

Figure 3. Radiative transfer calculation at 1 µm for the simula-

tion of prograde shadows with Ts = 10 kyr, shown in the third

column of Fig. 2. We assume a dust-to-gas ratio equal to 0.01.

However, in the prograde rotation case, a gas portion under
the shadow moving at the same shadow’s speed, will always
be in the shade. This co-rotating position, can be obtained

by equating the azimuthal velocity with the shadow speed
vs = (2⇡/Ts) r. For a Keplerian disc, where vk =

p
GM/r,

we obtain: Rco =
�
GM?(Ts/2⇡)

2
�1/3. In Figure 4, we plot

Rco as a function of the shadow’s period, and the azimuthal
velocity along with the shadow speed for the different peri-
ods Ts. The intersection between both curves gives the co-
rotating location for each model (red dots). These points are
in excellent agreement with the location of the local pertur-
bations observed in the density fields shown in Figure 2 (see
also Table 1). We also found that the perturbation devel-
opment is independent of the stellar luminosity or the gas
density.

The process by which prograde shadows promote
planet-like spirals can be explained as follows: If we set a
reference frame at the co-rotating point Rco then the shad-
ows are static. The disc rotates anti-clockwise in our models,
therefore, in this frame, at r < Rco the azimuthal gas ve-
locity is positive, and negative for r > Rco. The pressure
gradients produced at the interfaces between shadowed and
illuminated regions create a net force acting in the nega-
tive azimuthal direction (clockwise)6. Therefore, at r < Rco

(where v� > 0) particles lose angular momentum, forcing

6
cf. figure 3 from Montesinos et al. (2016).

MNRAS 000, 1–?? (2017)
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GG Tau Aa
~ 0.6 Msun

GG Tau Ab2
~ 0.3 Msun

GG Tau Ab1
~ 0.38 Msun

GG Tau A (a binary, 0.26’’ or 38 au - 1.3 Msun)
GG Tau A/B (10’’ or 1400 au)

GG Tau B (a binary, 1.4’’ or 180 au – 0.17 Msun)

Æ typical of T Tauri binary systems

GG TAU
140 pc, 2-3 Myr

GG TAU A  - a triple system itself,
cavity of 190 au, i~ 37o, PA ~8o

Morphology? Kinematics? Planet formation in multiple stellar system? 

Guilloteau+1999

Introduction
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ALMA でGG Tau Aを観測
-dust continuum

-13CO(3-2)

Morphology of the 13CO(3-2) millimeter emission across the gas disc 
surrounding the triple protostar GG Tau A using ALMA observatio 

Morphology of the 13CO(3-2) emission across the disc surrounding protostar GG Tau A 9

Fig. 10 Line emission. Map in the disc plane of the difference between the integrated inten-
sity and its value averaged over ω at the same r. The black circles show the maxima of the
Gaussians describing the mean radial integrated intensity distribution, r=1.22 and 1.87 arcsec
respectively. The red circle corresponds to the mean value of r in the dust map (1.62 arcsec).

to the disc thickness would cause the former to exceed the latter, at variance with what is observed. From
the consistency between the numbers, we estimate an uncertainty of ∼0.02 arcsec on the Gaussian σs.

To 95% confidence level (2σ) we obtain an upper limit for σ1 of
√

(0.29 + 2× 0.02)2 − 0.302 = 0.14
arcsec, corresponding to a scale height H(r) ∼ 0.14/ sin 35◦ = 0.24 arcsec (34 au) at r ∼ 1 arcsec
(140 au) where the Keplerian velocity is ∼ 3 km s−1; at 30 K, the sound velocity is ∼ 0.5 km s−1 and
hydrostatic equilibrium implies H(r) = 0.5/3 = 0.17 arcsec compared with the 0.24 arcsec upper
limit obtained above. We have checked that this result is independent of the width of the angular sectors
(using 40◦ instead of 60◦ lowers the Gaussian σ’s by ∼ 0.01 arcsec). Depending on the interval chosen
to calculate the Gaussian σ’s lower values of the σ1 upper limit may be obtained, as low as 0.10 arcsec
instead of 0.14 arcsec. We conservatively prefer to retain the latter value as our final result.

4.2 Integrated intensity variations across the disc

In order to better understand the nature of the integrated intensity variations displayed in Figure 7 (right),
we display in Figure 10 the map in the disc plane of the difference between the measured integrated
intensity and its value averaged over ω at the same value of r (as obtained from Fig. 6, right). This map
provides a measure of the lack of rotational symmetry of the integrated intensity in the disc plane. It
gives strong evidence for an excess associated with the hot spot observed by Dutrey et al. (2014) and
Tang et al. (2016) and for a northern depression of similar amplitude. Both excess and depression reach
their maxima at a distance from the central stars corresponding to the gap between the maxima of the
two first Gaussians describing the mean radial distribution of the integrated intensity (these Gaussians
peak at r=1.22 and 1.87 arcsec respectively). It is also in this gap that the continuum dust emission
peaks (at r=1.62 arcsec). However, both excess and depression extend to larger values of r, particularly
the former that extends out to r ∼ 2.5 arcsec.

4.3 Gas kinematics

Calling Vrot and Vfall the components of the disc plane velocity respectively perpendicular and par-
allel to the disc radius, the Doppler velocity reads Vz = sin θ(Vrot sinω − Vfall cosω) for each
data-cube element (x, y, Vz). To a good approximation, Vfall can be neglected and we can calculate

line emission

Morphology of the 13CO(3-2) emission across the disc surrounding protostar GG Tau A 5

Fig. 4 Left: Line brightness distribution (Jy beam−1); the red curve is a Gaussian fit to the
noise peak. Right: Doppler velocity spectrum weighted by brightness and integrated over 8×8
arcsec2 (blue); the red histogram is obtained from the original by symmetry about the origin.

Fig. 5 Left: Sky map of the 13CO(3-2) integrated intensity. The black arrow shows the po-
sition of the hot spot in 12CO(6-5) (Dutrey et al. 2014) and 12CO(3-2) (Tang et al. 2016).
Right: Sky map of the mean Doppler velocity (weighted by brightness) excluding the region
contained in the scaled-down ellipse shown in the left panel. In both panels R < 2.5 arcsec
and the black ellipses are the best fit to the distribution of < R > in the continuum data and
its scaled-down version (by a factor 3).

the minor axis of the ellipse. In general adding some in-fall motion to rotation would cause the axis of
the velocity gradient to deviate from the major axis, the more so the larger the relative contribution of
in-fall.

Figure 6 is the equivalent for the line of Figure 2 for the continuum: projections on the x and y axes
and r-dependence, averaged over ϕ, of the integrated intensity, where r is now the de-projected value of
R in the disc plane (see Fig. 8). Here, de-projection assumes a tilt angle of 32◦ and a position angle of
the disc axis of 7◦, as for the dust. In all panels we exclude the central region where noise dominates by
requiring r > 0.54 arcsec. When compared with the dust (continuum) ring, the gas (line) ring is broader
and peaks at smaller radii. The mean values of x and y are 0.02 and −0.10 arcsec respectively. A fit to

13CO(3-2) integrated intensity mean Doppler velocity

rotation velocity ~ 3.1 km/s



Estimate of the disc thickness

In the optically thin approximation, the effect of disc thickness essentially cancels
on the major axis (90o and 270o); on the minor axis (0o and 180o), it scales with
the product of the disc thickness by the sine of the tilt angle.

To 95% confidence level we obtain an
upper limit of 0.24 arcsec (34 au) for
the scale height H(r) at r=1 arcsec
(140 au) where the Keplerian velocity
is ~3 kms−1; at 30 K, the sound
velocity is 0.5 kms−1 and
hydrostatic equilibrium implies
H(r) = 0.5/3 = 0.17 arcsec compared
with the 0.24 arcsec obtained above.

0o

180o

270o90o

6

We estimate the thickness of the disc by comparing the value
of the smearing of the inner edge of the disc map near the
major axis of the ellipse with its value near the minor axis.

dust disc tilt : 32°

gas disc tilt : 35°   8 N.T. Phuong, P.N. Diep & A. Dutrey et al.,

Fig. 9 Line emission. Dependence on R (left panels) and on r (right panels) of the line inte-
grated intensity averaged in 60◦ wide angular sectors centred on the ellipse axes. In each case,
the leftmost panel is for minor-axis sectors and the rightmost panel for major-axis sectors. The
central values of ω are indicated in the inserts for each sector.

Table 2 Estimating the thickness of the gas disc from the sharpness of its inner edge projected
on the sky plane. All values (except the scaling factors) are in arcsec.

North East South West

r fit
< r >

σ
1.15
0.32

1.31
0.34

1.24
0.33

1.34
0.32

R fit
< R >

σ
0.99
0.28

1.29
0.34

1.08
0.28

1.32
0.32

R fit, beam subtracted σ 0.24 0.31 0.24 0.29

R fit, de-projected
Scaling factor

σ
0.86
0.29

0.98
0.31

0.87
0.29

0.99
0.29

each 60◦ wide and centred on the axes of the ellipse. In each sector, we study the radial dependence of
the integrated intensity, both in the disc plane (r) and in the sky plane (R). The result is displayed in
Figure 9. In order to evaluate the sharpness of the inner edge of the gas disc, we fit a Gaussian to the rise
of each distribution, between 0.5 and 1.5 arcsec in r. In R, we use the same interval of 0.5 to 1.5 arcsec
for the sectors centred on the major axis of the ellipse but a scaled-down (by a factor cos 35◦=0.82)
interval of 0.41 to 1.23 arcsec for the sectors centred on the minor axes in order to account for the effect
of the tilt. The mean and σ values (dispersions, a factor 2.35 smaller than FWHM values also commonly
quoted in the literature) obtained for the Gaussian best fits are listed in Table 2.

The distributions as a function of r show identical σ values, to within ±10 mas, in the four angular
sectors. A contribution from the disc thickness would cause these values to be larger in the minor-
axis sectors than in the major-axis sectors: it is already clear that a significant contribution from the
disc thickness is excluded. At variance with the distributions as a function of r, the distributions as a
function of R show significantly different σ values for the major-axis sectors, ∼0.33 arcsec, and the
minor-axis sectors, ∼0.28 arcsec, a factor 85% smaller. Similarly, the ratio between the mean values
of the Gaussians (listed as “scaling factor” in the table) are equal for the two sectors of a same axis of
the ellipse, but again 85% smaller for sectors centred on the minor axis than for those centred on the
major axis. The latter are very slightly smaller than unity, as expected from the 60◦ angular widths of the
sectors. The consistency between these numbers suggests an interpretation of the σ values measured in
the R distributions as the sum of three terms added in quadrature: i) a beam contribution of 0.14 arcsec on
both the minor- and major-axis sectors (calculated from the known beam parameters); ii) a contribution
from the intrinsic smearing of the disc emission, σ0, caused by effects such as density variations and
contributing in each sector a value σ0 scaled down by the scaling factors listed in the table; iii) an
additional contribution σ1 due to the disc thickness and contributing only to the minor-axis sectors.
After subtraction of the beam contribution and correction for de-projection, one obtains values of σ of
0.29 arcsec for the minor-axis sectors and ∼0.30 arcsec for the major-axis sectors. A contribution σ1 due

major axis (90°, 270°) 

-> キャンセル

minor axis (0°, 180°)

->  discの厚みを反映

line integrated intensity v.s. R

スケールハイト: H(r) ~ 0.24 arcsec (34 au)

                            at r ~ 1 arcsec (140 au) Keplerian velocity: 3 km/s


