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Dust Trapping�

・Crescent structure implies dust trapping. 
・High pressure may be generated by an  
　orbiting planet. 
・The presence of a planet is supported by  
  NIR result (spiral feature). 

ALMA　870µm	 ALMA + H-band	 ALMA + L’-band	

Kraus et al. 2017,  
van der Marel et al. 2013, 2016 	

Intensity [Jy/beam
]	

2×10-3	

10-3	

0	



Polarization Obs.� Kataoka et al. 2016a, 2016b, 2017 
Stephens et al. 2017 	

・Polarization fraction strongly depends  
  on wavelength  
・Another method for confining dust size	

Derived dust size ~100 µm	

Polarization due to self-scattering	



Mass Streamer�
band 6+7 (271.6GHz)	

・3 rings at 49, 95, and 143 au are found. 
・Streamer structure was found at inner region. 
  　eg. HD142527, GG Tau 
・Warped disk structure ? 

streamer	

simulation	

Loomis et al. 2017 
Casassus et al. 2013 
Dutrey et al. 2014 	

AA Tau	



• Little large dust grain exist at the ring 
gap. 

• The ring gap at 22 au can be explained 
by a Neptunian planet.  
  ref. Kanagawa et al. 2015, 2016 

Multiple Gaps� Tsukagoshi et al. 2016 
Andrews et al. 2016 	

Dust Observations 



13CO (3-2)	 C18O (3-2)	

0.41” x 0.33”� 0.41” x 0.33”�
ISM	

ref. Favre et al. 2014	CO Depletion� Nomura et al. 2016	

Gas Observations 
・CO is drastically depleted  
  inside of the CO snowline. 
・H2 gas / dust = 1 ~ 0.1 
    ref. ~100 in ISM 
・The amount of CO directly    
  affects the planet     
  atmosphere.  
・Amino acid might be  
  formed from a little CO  
  gas (Aoki & Kobayashi’s 
  experiments).   



A&A 563, A33 (2014)

Table 2. Column density (cm−2) of gas-phase and grain-surface organic molecules at radii of 10, 30, 100, and 305 AU from our full disk model.

Gas phase Grain surface
Species 10 AU 30 AU 100 AU 305 AU 10AU 30 AU 100 AU 305 AU

Formaldehyde H2CO 3.7(12) 5.1(13) 1.5(12) 8.3(12) 6.7(09) 6.4(18) 3.4(17) 6.0(17)
Methanol CH3OH 1.0(09) 2.2(11) 5.8(12) 1.7(13) 2.3(18) 8.4(17) 1.1(18) 8.8(17)
Formic acid HCOOH 8.1(10) 7.5(11) 9.1(12) 8.2(12) 1.1(18) 2.4(17) 1.1(17) 3.3(16)
Cyanoacetylene HC3N 2.0(12) 6.9(11) 2.1(11) 9.8(10) 1.7(18) 1.3(15) 8.2(12) 5.5(12)
Acetonitrile CH3CN 5.5(12) 2.9(12) 6.9(11) 4.1(11) 1.2(17) 2.1(17) 2.7(16) 2.0(15)
Propyne CH3CCH 4.5(11) 8.2(11) 1.1(12) 1.8(12) 4.7(19) 1.0(19) 1.1(18) 2.5(17)
Acetaldehyde CH3CHO 1.1(10) 2.0(10) 7.2(11) 3.9(11) 5.9(12) 6.2(17) 4.1(17) 9.4(16)
Formamide NH2CHO 1.7(09) 5.6(10) 5.1(11) 7.0(11) 6.9(18) 5.1(18) 2.0(17) 6.7(15)
Methylamine CH3NH2 7.2(08) 6.6(10) 8.4(11) 1.1(12) 1.8(18) 4.1(18) 1.3(18) 4.0(16)
Ethanol C2H5OH 3.8(06) 1.9(10) 1.4(11) 6.8(10) 2.9(16) 1.8(17) 1.4(17) 9.5(15)
Dimethyl ether CH3OCH3 2.2(07) 2.2(10) 1.4(11) 8.6(10) 3.1(16) 4.7(17) 1.6(17) 1.5(16)
Methyl formate HCOOCH3 5.8(07) 4.6(10) 1.3(11) 3.5(11) 9.5(16) 4.8(17) 1.3(17) 4.2(15)
Acetone CH3COCH3 5.8(06) 1.5(09) 1.7(11) 5.7(09) 6.1(14) 5.1(16) 2.6(17) 5.7(15)
Glycolaldehyde HOCH2CHO 4.2(07) 1.2(10) 4.3(10) 1.3(11) 1.1(17) 2.1(17) 7.6(16) 2.7(15)
Acetic acid CH3COOH 2.1(07) 6.5(09) 6.6(09) 1.1(09) 1.5(16) 6.5(15) 7.1(14) 3.2(13)

Notes. a(b) represents a× 10b. An expanded version of this table is available in Appendix A.

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

0.160

 0  100  200  300  400  500  600  700  800  900  1000

F
lu

x 
D

en
si

ty
 (

Jy
)

Freq uency (GHz)

H2CO

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

 0  100  200  300  400  500  600  700  800  900  1000

F
lu

x 
D

en
si

ty
 (

Jy
)

Freq uency (GHz)

CH3OH

Fig. 9. Disk-integrated line spectra (Jy) for H2CO (left) and CH3OH (right). The grey boxes indicate the frequency coverage of ALMA “Full
Science” receivers: band 3 (84 to 116 GHz), band 4 (125 to 163 GHZ), band 6 (211 to 275 GHz), band 7 (275 to 373 GHz), band 8 (385 to
500 GHz), band 9 (602 to 720 GHz), and band 10 (787 to 950 GHz).

abundant than glycolaldehyde. In this work, we have assumed
a branching ratio of 1:1 for the production of CH3O and
CH2OH via the photodissociation of gas-phase and grain-surface
methanol. Hence, the formation rates of both radicals via this
mechanism are similar leading to similar abundances of methyl
formate and glycolaldehyde. Laas et al. (2011) investigated vari-
ous branching ratios for methanol photodissociation in hot cores
and concluded that branching ratios for grain-surface cosmic-
ray-induced photodissociation have an influence on the resulting
gas-phase abundances. They found that models including ratios
favouring the methoxy channel (s-CH3O) agreed best with ob-
served abundances of methyl formate; however, ratios favour-
ing the methyl channel (s-CH3) agreed best with the observed
gas-phase abundance of glycolaldehyde. This is in contrast with
laboratory experiments which show that formation of the hy-
droxymethyl radical (s-CH2OH) is the dominant channel (Öberg
et al. 2009c).

The mobilities of the s-CH2OH and s-CH3O radicals can also
influence the production rates of grain-surface methyl formate
and glycolaldehyde. Here, we have followed Garrod et al. (2008)

and assumed that s-CH2OH is more strongly bound to the grain
mantle than s-CH3O (ED = 5080 K and 2250 K, respectively)
due to the -OH group which allows hydrogen bonding with the
water ice. Hence, we expect s-CH3O to have higher mobility
than s-CH2OH. However, the reaction rates for the grain-surface
formation of methyl formate and glycolaldehyde at the temper-
atures found in the disk midplane are dominated by the mobility
of the s-HCO radical. This radical has a significantly lower bind-
ing energy to the grain mantle (ED = 1600 K) leading, again,
to similar grain-surface formation rates for methyl formate and
glycolaldehyde.

3.4. Line spectra

In Fig. 9 we display our disk-integrated line spectra for H2CO
and CH3OH up to a frequency of 1000 GHz to cover the full
frequency range expected for ALMA “Full Science” operations.
We also highlight, in gray, the frequency bands expected to
be available at the commencement of “Full Science”: band 3
(84 to 116 GHz), band 4 (125 to 163 GHZ), band 6 (211 to
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C. Walsh et al.: Complex organic molecules in protoplanetary disks

Fig. 6. Fractional abundance of gas-phase molecules with respect to total H nuclei number density as a function of disk radius, R, and height, Z.

radius to that for water ice (≈2 AU). s-HCOOH, s-NH2CHO,
s-HCOOCH3, and s-HOCH2CHO also possess high binding
energies (!4000 K); however, these species have snow lines
at ≈5 AU. Within 5 AU, the dust temperature is >70 K and
radical-radical association reactions are more important than
atom-addition reactions due to the fast desorption rates of atoms
at these temperatures. Grain-surface species which depend
on atom-addition routes to their formation are not formed
as efficiently on warm grains. For example, s-HCOOCH3 is
formed either via the hydrogenation of s-COOCH3 or via the
reaction between s-HCO and s-CH3O. These latter two species,
in turn, are formed via hydrogenation of s-CO on the grain.
s-CH3O is also formed via the photodissociation of s-CH3OH
by cosmic-ray-induced photons. The radical-radical formation

routes of s-HCOOH, s-NH2CHO, and s-HOCH2CHO all rely
on the formation of s-HCO which, in turn, is formed mainly via
the hydrogenation of s-CO. In contrast, at warmer temperatures,
s-CH3OH can efficiently form via the association of s-CH3
and s-OH rather than via the hydrogenation of s-CO. Both
these radicals can form in the gas and accrete onto grains,
or they are formed via the cosmic-ray induced photodisso-
ciation of grain-mantle molecules. A similar argument holds
for s-CH3CN (s-CH3 + s-CN), s-CH3CCH (s-C2H3 + s-CH),
s-CH3NH2 (s-CH3 + s-NH2), s-C2H5OH (s-CH3 + s-CH2OH),
s-CH3COOH (s-CH3 + s-CH3CO). s-CH2OH and s-CH3CO
also have radical-radical association formation routes, i.e.,
s-CH2 + s-OH and s-CH3 + s-CO.
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Methanol Study� Walsh et al. 2014b 
Walsh et al. 2016 	
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Theoretical prediction of CH3OH in protoplanetary disk	



Methanol Observation� Walsh et al. 2016 	

triggered by energetic photons or particles or by energy
released during exothermic chemical reactions (reactive
desorption, e.g., Garrod et al. 2006). The rates for such
processes remain relatively unconstrained except for a small set
of molecules and reaction systems (e.g., Westley et al. 1995;
Öberg et al. 2009b; Fayolle et al. 2011; Bertin et al. 2013;
Fillion et al. 2014; Cruz-Díaz et al. 2016; Minissale
et al. 2016). It also remains a possibility that gas-phase
chemistry contributes to the gas-phase abundance (e.g.,
Charnley et al. 1992; Garrod et al. 2006). For example, the
rate coefficient for the OH + CH3OH gas-phase reaction was
only recently determined to be rapid at low temperatures (<100
K, Shannon et al. 2013; Acharyya et al. 2015).

Because the methanol chemistry applicable to disks remains
relatively unconstrained, we adopt a parametric approach to
constraining the location and abundance of gas-phase methanol
in TW Hya. Methanol is assumed to reside in three different
vertical layers: -z r 0.1, - -z r0.1 0.2, and

- -z r0.2 0.3, where z and r are the disk height and radius,
respectively (dashed lines in Figure 3). A small grid of models
was run in which the inner and outer radii of the emission were
varied (in steps of 10 au), in addition to the fractional
abundance of methanol (relative to H2). Ray-tracing calcula-
tions were performed using LIME (LIne Modelling Engine,
Brinch & Hogerheijde 2010) assuming LTE, a disk inclination
and position angle appropriate for TW Hya (Hughes

Figure 1. Channel maps for the stacked observed B7 CH3OH line emission. The white contours show the 2.5σ, 3.0σ, 4.0σ, and s5.0 levels for the CH3OH data and
the gray contour shows the s3 extent of the 317 GHz continuum. The black cross denotes the stellar position, and the dashed gray lines show the disk major and minor
axes. The synthesized beams for the continuum (open ellipse) and line (filled ellipse) emission are shown in the bottom left panel.
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The Astrophysical Journal Letters, 823:L10 (7pp), 2016 May 20 Walsh et al.
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et al. 2011), and the molecular data files for A-type and E-type
methanol from the Leiden Atomic and Molecular Database
(http://home.strw.leidenuniv.nl/~moldata/). The modeled
channel maps for each individual transition were produced
using the same spatial and spectral resolution as the observa-
tions and then stacked.

The results for the best “by-eye” fit to the data for -z r 0.1
(i.e., the midplane) are shown in Figures 2 and 4. This is
considered the fiducial model because the physical model

adopted has 99% of the dust mass in large (up to millimeter-
sized) grains that are also well-settled to the midplane (see
Kama et al. 2016 for details). A ring of methanol between 30
and 100 au, with a fractional abundance of ´ -2.8 10 12 relative
to H2, reproduces both the shape and peak of the observed line
profile, and the peak and radial extent of the channel maps. The
estimated error on the abundance is »20%. If the fractional
abundance of methanol is not constant, then the distribution
may be more compact or extended than suggested here.

Figure 2. Left: line profile extracted from the stacked observed B7 CH3OH channel map within the s3 contour of the 317 GHz continuum (dark red dashed lines)
compared with the stacked B6 and B7 model line profiles from the best “by-eye” model fit for <z r 0.1 (light blue and purple lines, respectively). Right: best “by-
eye” fits for models in which methanol is present in different layers: -z r 0.1, - -z r0.1 0.2, and - -z r0.2 0.3. In all models, methanol is located between 30
and 100 au.

Figure 3. The TW Hya disk physical structure (Kama et al. 2016). Top left, moving clockwise: gas temperature (K), gas number density (cm−3), UV flux (in units of
the interstellar radiation field), and dust temperature (K). The dashed black line delineates the layers within which gas-phase CH3OH is modeled to reside.
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Gas-phase methanol in TW Hya

Walsh, C. et al. 2016, ApJL, 823, L10
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Large organic molecules were 
found in IRAS16293 − 2422 
star forming region.�

Credit: ESO/L. Calçada & NASA/JPL-Caltech/WISE Team�

Jorgensen et al. 2012	

Discovery of HCOCH2OH�

Glycolaldehyde 
(HCOCH2OH)	



Discovery of CH3NCO �

 Methyl isocyanate 
(CH3NCO)	

Martin-Domenech et al. 2017 
Ligterink et al. 2017	



Discovery of  
CH3Cl �

 Methyl chloride 
 (CH3Cl)	

CH3Cl can not be treated as prebiotic molecule 
but complex organic molecules can be formed in 
star forming region.�

Fayolle et al. 2017	



Solar System Bodies�
Gerdes et al 2017 
Trumbo et al. 2017 
Palmer et al. 2017 
Lellouch et al. 2017 	

• 2014UZ224 TNO object at 92 au observation 
　・As results of ALMA & Blanco telescopes,  
     it could be dwarf planet. 
　・D = 635 ± 70 km 
　・albedo = 13 ± 4 % 

• Europa, plume source investigation 
　・nighttime (ALMA) & daytime  
     (Galileo) image comparison 
　・Heat excess in nighttime image is   
     not due to endogenic heat flow  
     but local thermal inertia. 230 GHz	

ALMA image	 Model image	

• Titan, Vinyl Cyanide has been confirmed at the Titan’s atmosphere. 
• Pluto, CO and HCN was detected in Pluto’s atmosphere. 



www.almaobservatory.org�
The Atacama Large Millimeter/submillimeter Array (ALMA), an international astronomy facility, is a partnership among Europe, North 
America and East Asia in cooperation with the Republic of Chile. ALMA is funded in Europe by the European Organization for 
Astronomical Research in the Southern Hemisphere (ESO), in North America by the U.S. National Science Foundation (NSF) in 
cooperation with the National Research Council of Canada (NRC) and the National Science Council of Taiwan (NSC) and in Japan by the 
National Institutes of Natural Sciences (NINS) in cooperation with the Academia Sinica (AS) in Taiwan. ALMA construction and 
operations are led on behalf of Europe by ESO, on behalf of North America by the National Radio Astronomy Observatory (NRAO), 
which is managed by Associated Universities, Inc. (AUI) and on behalf of East Asia by the National Astronomical Observatory of Japan 
(NAOJ). The Joint ALMA Observatory (JAO) provides the unified leadership and management of the construction, commissioning and 
operation of ALMA.�


