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ABSTRACT
Recently, a comparison between the locations of 6.7-GHz methanol masers and dust continuum
emission has renewed speculation that these masers can be associated with evolved stars. The
implication of such a scenario would be profound, especially for the interpretation of large
surveys for 6.7-GHz masers, individual studies where high-mass star formation has been
inferred from the presence of 6.7-GHz methanol masers and for the pumping mechanisms
of these masers. We have investigated the two instances where 6.7-GHz methanol masers
have been explicitly suggested to be associated with evolved stars, and we find the first
to be associated with a standard high-mass star formation region, and the second to be a
spurious detection. We also find no evidence to suggest that the methanol maser action can be
supported in the environments of evolved stars. We thereby confirm their exclusive association
with high-mass star formation regions.
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1 IN T RO D U C T I O N

Since their initial discovery, methanol masers in the 6.7-GHz (51–
60 A+) transition (Menten 1991b) have been considered one of the
best tracers of star formation. Methanol masers are divided into two
classes, originally reflecting their different locations with respect to
the associated young stellar object (YSO; Menten 1991a), but which
are now understood to reflect their differing pumping mechanisms.
The 6.7-GHz transition is the strongest and most widespread of
all the class II (radiatively pumped) methanol masers and are con-
sidered to be exclusively associated with high-mass star formation
regions (e.g. Minier et al. 2003; Xu et al. 2008; Gallaway et al.
2013). Although a number of observations have targeted low-mass
star formation regions (e.g. Minier et al. 2003; Bourke, Hyland &
Robinson 2005; Green et al. 2012a) no sources of 6.7-GHz methanol
maser emission have been detected to date, nor are they expected
given the temperatures and methanol column densities required to
produce class II methanol maser emission (e.g. Cragg, Sobolev &
Godfrey 2005).

While it is widely accepted that low-mass YSOs are unable to
produce class II methanol masers, the lower mass limit on the stars
that can produce them is not well constrained. Minier et al. (2003)
detected a low-luminosity 6.7-GHz methanol maser towards the
Orion B region (NGC 2024:FIR 4). This is thought to be

⋆ E-mail: Shari.Breen@csiro.au

an intermediate-mass protostar, although its true nature remains
enigmatic (see discussion in Minier et al.). High-resolution images
of some 6.7-GHz methanol masers show simple velocity gradients
which have been interpreted as being due to the molecular gas ly-
ing within a rotating disc (e.g. Minier, Booth & Conway 1998).
The mass inferred when the linear extent and velocity gradi-
ent of the 6.7-GHz methanol masers are fitted by Keplerian ro-
tation is typically less than 8 M⊙ (e.g. Minier, Booth & Con-
way 2000; Goddi, Moscadelli & Sanna 2011), the lower limit
of what is generally considered a high-mass star. However, this
is likely the result of one or more of the many assumptions
made in the fitting process (particularly that the masers trace the
full extent of the disc), as the bolometric luminosity of the as-
sociated protostars and/or associated molecular outflows gener-
ally suggest the presence of a high-mass protostar at the loca-
tion of the 6.7-GHz methanol masers. In contrast to the class II
transitions, class I methanol masers have been detected towards
low-mass star formation regions (Kalenskii et al. 2010), although
they have much lower luminosities than those associated with high-
mass star formation regions. Widespread class I maser emission
from the 36 GHz transition has also recently been detected towards
the Galactic Centre region (Yusef-Zadeh et al. 2013).

From the observations outlined above we can clearly infer that
class I methanol maser transitions can be inverted in a variety of
astrophysical environments, and are not exclusively associated with
high-mass star formation. Class II methanol masers are radiatively
pumped and generally have a much more restricted distribution

C⃝ 2013 The Authors
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ABSTRACT

We present the results of a high sensitivity survey for 6.7 GHz methanol masers towards 22 GHz water masers using the 100 m
Efflesberg telescope. A total of 89 sources were observed and 10 new methanol masers were detected. The new detections are relatively
faint with peak flux densities of between 0.5 and 4.0 Jy. A nil detection rate from low-mass star forming regions enhances the
conclusion that the masers are only associated with massive star formation. Even the faintest methanol maser in our survey, with a
luminosity of 1.1 × 10−9 L⊙, is associated with massive stars, as inferred from its infrared luminosity.

Key words. masers – surveys – stars: formation – ISM: molecules

1. Introduction

The 51–60 A+ transition of methanol at 6.7 GHz produces the
brightest known methanol masers. These masers are widespread
in the Galaxy and more than 550 sources have been detected to
date, including the compilations of Xu et al. (2003), Malyshev &
Sobolev (2003) and Pestalozzi et al. (2005) and the new searches
of Pandian et al. (2007) and Ellingsen (2007). The masers are not
only a powerful tool to detect massive star-forming regions, but
are also potentially useful for measuring distances using VLBI
techniques, as has been demonstrated using their 12.2 GHz
counterparts (Xu et al. 2006). Searches for 6.7 GHz methanol
masers have been primarily targeted toward IRAS sources, OH
masers, and ultracompact HII regions (e.g. Caswell et al. 1995;
Walsh et al. 1997; Szymczak et al. 2000). In addition there have
been a few blind surveys (Caswell et al. 1995; Ellingsen et al.
1996; Szymczak et al. 2002; Pandian et al. 2007). Unlike sur-
veys in the Southern sky, most surveys in the Northern sky have
a sensitivity limit of more than 1 Jy. The recent blind survey us-
ing the 305 m Arecibo radio telescope resulted in the discovery
of numerous faint (<1 Jy) methanol masers (Pandian et al. 2007).

Here, we report on the results of a sensitive survey for
CH3OH masers targeted towards H2O maser sources, primar-
ily in the Northern sky. Although there is no spatial correlation
between 6.7 GHz CH3OH and 22 GHz H2O masers (Beuther
et al. 2002; Breen et al. 2007), a high detection rate of both
maser types in the same star forming regions indicates that the
maser bearing phases for these two species overlap (Codella &
Moscadelli 2000; Szymczak et al. 2005). The goals of our sur-
vey are two-fold: to find more CH3OH masers as astrometric tar-
gets for future VLBI observations to understand the spiral struc-
ture of the Galaxy. Further, since H2O masers are found towards

⋆ Table 3 is only available in electronic form at http://www.aanda.org

both low-mass and high-mass star forming regions, we hope to
verify the exclusive association of 6.7 GHz methanol masers
with massive star formation.

2. Observations

The observations were made using the Effelsberg 100 m tele-
scope1 in February and May 2006. The rest frequency adopted
for the 51–60 A+ transition was 6668.519 MHz (Breckenridge &
Kukolich 1995). For the February observations, the spectrometer
was configured to have a 10 MHz bandwidth with 4096 spectral
channels yielding a spectral resolution of 0.11 km s−1 and a ve-
locity coverage of 450 km s−1. In May, a bandwidth of 20 MHz
was used giving a spectral resolution of 0.22 km s−1 and a veloc-
ity coverage of 900 km s−1. The half-power beam width was ∼2′
and the telescope has an rms pointing error of 10′′. The obser-
vations were made in position switched mode. The system tem-
perature was typically around 35 K during our observations. The
flux density scale was determined by observations of NGC 7027
(Ott et al. 1994). The absolute calibration for flux density is es-
timated to be accurate to ∼10%. The integration time on source
was typically three minutes, which resulted in a mean rms noise
level of ∼0.1–0.2 Jy in the spectra. When a source was detected,
the integration time was increased to around 8 min (at the same
position) with a velocity resolution of 0.11 km s−1 to obtain spec-
tra with high signal to noise ratio.

The target sources were H2O masers selected from the
Arcetri catalog (Comoretto et al. 1990; Brand et al. 1994), and
are shown in Table 1. The sources were selected based on asso-
ciations with star forming regions or HII regions, with declina-
tions δ ≥ −10◦. This gave us a sample of 178 sources of which
1 Based on observations with the 100-m telescope of the MPIfR (Max-
Planck-Institut für Radioastronomie) at Effelsberg.
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A nil detection rate from low-mass star forming regions … 
the masers are only associated with massive star formation.	
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Fig. 1. Upper: spectrum of the 6.7-GHz methanol maser of
IRAS 22198+6336 observed on MJD = 55819 during the first flare in
2011. Lower: spectrum observed in 2012 (MJD = 56235) during the
second flare.

varied almost synchronously, although their velocities were
very different (approximately 9.2 km s−1). A flare lasted for
approximately 7 d. The lower panel of figure 2 shows a
close-up of the first flare in 2011. Although the sparse sam-
pling precluded a detailed light curve, the peak time of
each component was clearly different; only component C
is observed on MJD = 55816. The flux density of com-
ponent C was its maximum but component D was not
detected on the next day (MJD = 55817). Three days later
(MJD = 55820), the flux density of component D peaked,
while the flux density of component C was down below
half of its peak. The preceding variation of C to D was
also observed in the second and the third flares. Peak flux
densities also differed among the flares; during the three
flare periods, the flux density of component C was 44, 10,
and 19 Jy.

3.2 Results of 2012

During the 2012 observation period, two flares were
observed at MJD = 55198–56202 and 56231–56238.

Fig. 2. Upper: flux variation observed in 2011. Spectral components are
distinguished by color: purple = A, cyan = B, green = C, and red = D.
Gray triangles represent the 3 σ upper limit (approximately 4 Jy). Lower:
a close-up of the first flare.

During the second flare, IRAS 22198+6336 was observed
approximately 20 times per day. Spectral components B, C,
and D were detected during the first flare, while B, C, D, and
an additional component E (−11.0 km s−1) were detected in
the second flare. Component A was not detected in 2012. A
spectrum taken during the second flare (MJD = 56235)
is shown in figure 1 (lower panel). The flux variation
throughout the 2012 observation and close-up figures of
each flare are shown in figure 3. Again, component B was
detected at 3.1 σ on MJD = 56208, and was disregarded
for the reasons mentioned in subsection 3.1.

As found in the 2011 observations, two flares sepa-
rated by 35 d appeared in 2012. Again, the four spectral
components synchronously flared. Frequent observation in
2012 revealed the details of the flux variation. During the
first flare (figure 3, middle panel), component C showed
bursting behavior, increasing rapidly from < 4.4 Jy (3 σ

upper-limit) to 17 Jy within one day and slowly declining
over the following four days. Component D showed almost
symmetrical variation in time, and the peak time of D
was two days later than that of C. In the second flare, all

Downloaded from https://academic.oup.com/pasj/article-abstract/66/4/78/1462583/Periodic-flare-of-the-6-7-GHz-methanol-maser-in
by National Astronomical Observatory of Japan user
on 18 October 2017
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光度/質量  
　450 L¤, 7M¤ (Hirota et al. 2008) 
　370 L¤, 5M¤ (Sanchez-Monge et al. 2010) 
距離　764 ± 27 pc (Hirota et al. 2008) 
変動周期　34.6日 (This Work) 
最大/最小値　40 Jy, 1.3 Jy 以下 (This Work)	
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Fig. 2. Average spectrum of the 6.7 GHz methanol maser emission in

G 014.23. All 504 scans of 5 min duration obtained at the same azimuth

(169◦) and elevation (35◦) angles were used. This average was weighted

by σ
−2 (inverse square of rms noise level), and the 3σ detection limit of

0.039 Jy was achieved. Labels A, B, C, D, E, F, and G indicate spec-

tral components at Vlsr = 20.98, 21.75, 22.30, 23.46, 23.91, 24.69, and

25.30 km s−1, respectively. Note that the components A and B do not fulfill

the 3σ criterion to be real in this figure.

the component G. The maximum flux density of the component

G during our monitoring was detected after the period when the

components A–F were bright, suggesting also that those have

poor correlation. In this paper, we mainly focus on the flaring

activities of the component G.

3.2 Periodicity evaluated by Lomb-Scargle

periodogram

We adopted the Lomb-Scargle (L-S) periodogram (Lomb 1976;

Scargle 1982) to evaluate periodicity for the flaring activities of

the component G. This is the most reliable method to search for

periodicity in flux variations of the methanol masers (Goedhart

et al. 2014). In this paper, we regard an oversampling factor of

4 and frequencies with false-alarm probability ≤ 10−4 as sig-

nificant, which are the same manner as Goedhart et al. (2014).

The L-S periodogram adopted to all the data in MJD 56297–

57408 is shown in figure 5, with the power level of 15.4 in the

dashed line that corresponds to the false-alarm probability of

10−4. To avoid any bias, we used one 5-min scan for each day

during the intraday monitoring, measured at the same azimuth

and elevation angles as the other monitoring in section 2.1 and

2.2. We evaluated the period of 23.9 days as the significant

detection (the power level of 39.2), corresponding to the fre-

quency of ∼0.0419 cycle day−1. We evaluated calculation er-

rors to be ±0.1 days from the frequency resolution in the L-S

periodogram.

The derived period of 23.9 days was also verified from com-

parison between observed flaring dates MJDobs and expected

ones from the periodicity. The expected flaring dates MJDcalc

were calculated by MJDcalc = MJD0 + 23.9 · n [day], where

n is an integer, and MJD0 = 57275.4 is the reference date es-

timated from the period II of the intraday monitoring. In the

period II, it is difficult to define the accurate time when the

component G reached its maximum on MJD 57275 (see fig-

ure 8b: relative MJD = 2), causing errors of ±0.5 days at

most in the flaring peak timing. The expected flaring dates

for 47 flares are shown as solid and dashed lines in the lower

panel of figure 3 and summarized in table 2. Until MJD 56745,

spectra were obtained every 9–10 days, and thus no observa-

tions were executed within three days of MJDcalc for No. 2,

4, 8, 11–13, and 16. Also for the expected flares of No. 17–

19 and 23, no observations were executed within three days

of MJDcalc due to unavailability of the telescope. These are

denoted by the symbol “· · ·” in column 3 of table 2. By ex-

cluding these expected flares, we compared 36 flares to evalu-

ate whether the derived period is reasonable. As a result, 67%

(24/36) of the observed flares coincide with the expected flar-

ing dates within three days (|MJDobs − MJDcalc| ≤ 1 day:

14 flares, 1 < |MJDobs −MJDcalc| ≤ 2 days: 6 flares, and

2 < |MJDobs −MJDcalc| ≤ 3 days: 4 flares). On the other

hand, no flares above 3.5σ were detected at the dates out of

three days of MJDcalc. The fact that the observed flares do not

necessarily coincide with the expected flaring dates would not

be attributed to the errors of 0.1 days in the L-S periodogram

calculation and 0.5 days in the definition of the reference date

MJD0. No correlation was seen between |MJDobs −MJDcalc|

and the periodic cycle n. The not necessarily coincidence can

be attributed to the following two reasons: (1) Intrinsic differ-

ence in the time-scale of flux rising in the flaring activities may

cause the difference of the observed flaring dates from the ex-

pected ones. Some flares might show the rising time over two

days, one of which was observed in the period I of the intra-

day monitoring (see section 3.3). The peak timing of flares,

therefore, might differ even in the case that the start timing of

flares is same. (2) No observations in one day earlier or later

than MJDcalc, occurred even in the observational dates during

the daily monitoring from MJD 56784 (No. 25, 26, 28–35, 37,

38, and 47), may cause 1 day error in the difference between

observed and expected flaring dates.

Non-detection might be attributed to an intrinsic property of

the flaring component G. In the cases of |MJDobs−MJDcalc|≤

1 day, such as No. 7 and No. 14 in table 2, the non-detection is

likely due to the absence of flare. The absence of flare is more

strongly suggested in the period of more frequent observations

(No. 20–47). The variability of flare amplitude might be due

to a saturation level of the flaring maser gas. The time vari-

ation of the line width of the flaring component G implies an

anti-correlation with the flux density as shown in figure 6. The

line width in figure 6 is estimated as FWHM by the gaussian

fitting, and the flare components brighter than the 5σ detection

of ∼1.5 Jy are plotted, which are well fitted within errors of

6 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0
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Fig. 3. Upper-panel: Flux variation of each spectral component of the 6.7 GHz methanol masers in G 014.23 from 5 January 2013 to 21 January 2016

(MJD 56297–57408). Each symbol shows the spectral components referred as legends at top-left corner. The time intervals denoted by dotted vertical lines

correspond to the periods of the intraday flux monitoring 0–IV, as described in section 2.3. Lower-panel: Same as the upper-panel but only for the component

G. Solid and dashed lines show the expected flaring dates with and without observational data, which are calculated in section 3.2 and listed in table 2.

10%. According to model calculations, the line width tends to

be narrower as its intensity increases, as long as the maser is

unsaturated (Goldreich & Kwan 1974). Under the condition of

unsaturation, the logarithm of the flux density, logF , is pre-

dicted to be proportional to the inverse square of the line width,

∆v−2. The best-fit result using logF =A+B ·∆v−2 is shown

in figure 6, where the parameter B is 0.033± 0.002 while the

parameter A is fixed as the upper limit in a quiescent spectrum

of 0.039 Jy (see section 3.4). Our results may suggest that the

component G in the flaring phase is still unsaturated. The un-

saturated state might cause the variability of flare amplitude and

result in the non-detection of some flares, whose peak flux den-

sity should be lower than the detection limit. For instance, No.

20 flare having very weak peak flux density of 0.57 Jy observed

in the period 0 of the intraday monitoring cannot be detected

with the 3σ detection limit of 0.9 Jy with the integration time of

5 min in the periodic monitoring (see section 3.3).

We conclude that the flaring activities of the spec-

tral component G have regularly occurred with the period

of 23.9±0.1 days at least in 47 cycles, corresponding to

∼1,100 days. The derived period of 23.9 days is the shortest one

observed in the masers at around high-mass YSOs so far, com-

pared to 29.5 days in methanol (Goedhart et al. 2009), ∼2 yrs

in silicon monoxide (Ukita et al. 1981), 237 days in formalde-

hyde (Araya et al. 2010), 25–30 days in hydroxyl (Green et al.

2012a), and 34.4 days in water (Szymczak et al. 2016).

Sugiyama et al. 2017	

質量　3.3 M¤ (Povich & Whitney 2010)　 
　注) 下限値であることに注意 
距離　~ 2 kpc (Xu et al. 2011) 
変動周期　23.9日 (This Work) 
最大/最小値　180 Jy / 0.9 Jy 以下 (This Work)	

小質量星にも付随する可能性が得られた。	
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TW Hya 

ダストが豊富に存在する	

November 23 and 0.7 mm on the latter two executions. The
total on-target integration time was ∼2 hr.

These raw data were calibrated by NRAO staff. After
applying phase corrections from water vapor radiometer
measurements, the data were time-averaged into 2 s integra-
tions and flagged for problematic antennas and times. The
bandpass response of each spectral window was calibrated
using the observations of J1058+0133. The amplitude scale
was determined from J1037–2934 and J1107–4449. The
complex gain response of the system was calibrated using the
frequent observations of J1103–3251. Although images
generated from these data are relatively free of artifacts and
recover the integrated flux density of the target (1.5 Jy), folding
in additional ALMA observations with a higher density of short
antenna spacings improves the image reconstruction.

To that end, we calibrated three archival ALMA data
observations of TW Hya, from 2012 May 20, 2012 November
20, and 2014 December 31, using 16, 25, and 34 antennas
spanning baselines from 15 to 375 m. The first two observa-
tions had four 59MHz wide spectral windows centered at
333.8, 335.4, 345.8, and 347.4 GHz. The latter had two
235MHz windows (at 338.2 and 349.4 GHz), one 469MHz
window (at 352.0 GHz), and one 1875MHz window (at
338.4 GHz). J1037–2934 was employed as a gain calibrator,
and Titan and 3C 279 (May 20), Ceres and J0522-364
(November 20), or Ganymede and J0158+0133 (December 31)
served as flux or bandpass calibrators. The weather for these
observations was excellent, with PWV levels of 0.5–1 mm. The
combined on-target integration time was 95 minutes. The basic
calibration was as described above. As a check, we compared
the amplitudes from each individual data set on overlapping
spatial frequencies and found exceptional consistency.

The calibrated visibilities from each observation were shifted
to account for the proper motion of the target and then
combined after excising channels with potential emission from
spectral lines. Some modest improvements were made with a
round of phase-only self-calibration. Continuum images at a
mean frequency of 345.9 GHz (867 μm) were generated by
Fourier inverting the visibilities, deconvolving with a multi-
scale, multi-frequency synthesis version of the CLEAN
algorithm, and then restoring with a synthesized beam. All
calibration and imaging were performed with the CASA
package (v4.5.0).

After some experimentation, we settled on an analysis of two
images made from the same composite data set. The first used a
Briggs weighting (with a robust parameter of 0) to provide a
24×18 mas synthesized beam (at P.A.=78°). While this
provides enhanced resolution, it comes at the cost of a dirty
beam with ∼20% sidelobes (due to the sparse coverage at long
baselines) that degrades the image quality. A second image was
made with a robust parameter of 0.5 and an elliptical taper to
create a circular 30 mas beam with negligible sidelobes. Both
images are consistent (within the resolution differences) and
have rms noise levels around 35 μJy beam−1.

3. RESULTS

Figure 1 shows a high-resolution map of the 870 μm
continuum emission from the TW Hya disk, revealing a series
of concentric bright and dark rings out to a radial distance of
60 au from the host star with a nearly pole-on viewing
geometry. To aid in the visualization of this substructure,
Figure 2 shows the image transformed into polar coordinates

and azimuthally averaged into a radial surface brightness
profile.
The inner disk includes an unresolved (<0.5 au in radius)

0.93±0.04 mJy source coincident with the stellar position and
a bright ring that peaks at 2.4 au; between them is a dark
annulus centered at 1 au. The bright ring and dark annulus are
unresolved (<1 au across). Because it is unresolved, the depth
of the dark annulus is difficult to determine unambiguously: we
find at least a 30% brightness reduction.

Figure 1. Synthesized image of the 870 μm continuum emission from the TW
Hya disk with a 30 mas FWHM (1.6 au) circular beam. The rms noise level is
∼35 μJy beam−1. The inset shows a 0 2 wide (10.8 au) zoom using an image
with finer resolution (24×18 mas, or 1.3×1.0 au, FWHM beam).

Figure 2. (top) High-resolution (24×18 mas beam) synthesized image
described in Section 2, deprojected into a map in polar coordinates to more
easily view the disk substructure. (bottom) The azimuthally averaged radial
surface brightness profile. For reference, the dashed red curve shows the
midplane temperature profile derived from a representative model disk. The
gray curve in the bottom left reflects the profile of the synthesized beam.
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with previous measurements for the entire disk (Menu et al.
2014; Pinilla et al. 2014).

4. DISCUSSION

4.1. Radial Profiles of Dust Optical Depth and Opacity b

The intensity nI R( ) and the spectral index a R( ) are related to
the dust temperature T Rd ( ), the optical depth tn R( ), and the
dust opacity index b R( ) by

t= - -n n nI R B T R 1 exp 1d( ) ( ( ))( [ ]) ( )

and
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Here, nB T( ) is the Planck function, h is Planckʼs constant, c is
the speed of light, and kB is Boltzmannʼs constant. The optical
depth is assumed to have the form
t t n=n

bR R 190 GHz190 GHz( ) ( )( ) . There are three unknown
variables in Equations (1) and (2), which are T Rd ( ), t R190 GHz ( ),

Figure 1. (a) and (b) ALMA continuum images at 145 GHz (Band 4) and 233 GHz (Band 6), respectively. The ellipse at the bottom left corner in each panel shows the
synthesized beam. (c) Combined image of Bands 4 and 6 with the MFS method. The inset indicates a close-up view ( ´0. 3 0. 3) for emphasis of the central structure.
The contour indicates 130, 140, and 150σ. (d) Spectral index map derived from the MFS method.
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ALMA Long Baseline Observations 
　d = 59 pc,　M* = 0.8 M¤, i = 7°, φ = 335°, Age = 7 - 10 Myr	

res. 24 x 18 mas	 res. 88 x 61 mas	 res. 75 x 55 mas	



メタノールガスの主な起源 1 

How do complex organic molecules form?

Burke, D. & Brown, W. 2010, PCCP, 12, 5947
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メタノールの理論研究 1 

Walsh et al. 2014b	

水素(原子)に対するメタノールの存在比分布	

Model 1: 凍結、熱脱離 (適用外) 
Model 2: 非熱的脱離(UV、宇宙線など)	
Model 3: Model 2 +　 
                ダスト表面化学反応	
Model 4: Model 3 +　 
　　　　　　個体(ice)からの破壊的脱離	
Model 5: Model 4 + 
　　　　　  化学反応脱離	

A&A 563, A33 (2014)
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Fig. 3. Fractional abundance (with respect to H nuclei number density) of gas-phase molecules as a function of disk height, Z at a radius, R =
305 AU. The chemical complexity in the model increases from Model 1 to Model 5 (see Sect. 3.2 for details).
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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.
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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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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.
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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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水素(原子)に対するメタノールの存在比分布	

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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Band6でメタノール観測(2013.1.00114.S)が行われたが未検出 

photons. These model calculations motivated a successful
ALMA proposal, which has resulted in the first detection of
gas-phase methanol in a nearby protoplanetary disk (TW Hya,
54 pc), the results for which are reported here.

2. OBSERVATIONS

The young star, TW Hya, was observed on 2015 January 02
with 39 antennas and baselines from 15 to 350 m (project
2013.1.00902.S, P. I. C. Walsh). The quasars J1256-0547 and
J1037-2934 were used for bandpass and phase calibration,
respectively, and Titan was used for amplitude calibration. The
Band 7 (B7) methanol transitions listed in Table 1 were
targeted using a channel width of 122 kHz (corresponding to
0.12 km s−1). A continuum-only spectral window at 317 GHz
(with a total bandwidth of 2 GHz) was also covered. The total
on-source observation time was 43 minutes. All data were self-
calibrated prior to imaging using CASA version 4.3 and the
continuum band at 317 GHz, and using a timescale of 20 s (≈3
times the integration step). This increased the dynamic range of
the continuum data by a factor of »30. Self-calibration using
the continuum around the methanol lines between »304 and
307 GHz gave almost indistinguishable results. The rms noise
level achieved for the 317 GHz continuum following imaging
with CLEAN (Briggs weighting, robust = 0.5) was 0.10 mJy
beam−1, with a peak signal-to-noise ratio (S/N) of 4200. The
continuum synthesized beam was 1 2 × 0 6 (-86 ). The line
data were imaged without CLEANing (using natural weight-
ing) following self-calibration and continuum subtraction, with
a slight overgridding in velocity resolution (0.15 km s−1). The
rms achieved in the dirty channel maps was »4 mJy beam−1

per velocity channel at all four frequencies.
TW Hya was also observed on 2014 July 19 with 31

antennas and baselines from 30 to 650 m (project
2013.1.00114.S, P. I. K. Öberg). The quasar J1037-2934 was
used for both bandpass and phase calibration, and Pallas was
used for flux calibration. The Band 6 (B6) methanol transitions
listed in Table 1 were targeted using a channel width of
122 kHz (corresponding to 0.15 km s−1), with a total band-
width of 58.6 MHz per spectral window. The total on-source
observation time was 41 minutes. The continuum was strongly
detected (peak S/N» 500), enabling self-calibration of the B6
data with CASA version 4.3 using the continuum within each
respective spectral window, and a timescale of 30 s. This
increased the dynamic range of the data in each spectral
window by a factor of »3. The synthesized beam was

0 5 × 0 5 (-89 ). Following self-calibration, the line data
were continuum-subtracted and imaged to the same velocity
resolution as the B7 data. An rms noise »5 mJy beam−1 per
channel was achieved in the dirty channel maps at all three
frequencies.
A significant signal was neither found in the individual

channel maps of the B7 data nor the B6 data. The three B7 data
sets at »304, 305, and 307 GHz (corresponding to the lowest
energy transitions) were concatenated into a single measure-
ment set following velocity regridding and then imaged using
CLEAN with natural weighting (i.e., “stacked” in the uv
domain). This resulted in a synthesized beam of 1 4 × 0 73
(-84 ) and an rms noise of 2.0 mJy beam−1, which is a factor
of»2 increase in sensitivity. A single round only of additional
CLEANing was performed. Significant methanol emission is
detected across six channels (2 s3 ) from 2.45 to 3.35 km s−1

reaching a peak S/N of s5.5 . No significant signal was found
in the stacked and imaged B6 data.

3. RESULTS

3.1. Detection of Gas-phase Methanol

The channel map for the stacked B7 data is presented in
Figure 1. The inclination and position angle of TW Hya (7 and
335 , respectively; Hughes et al. 2011) are such that emission
from the northwest and southeast is respectively blueshifted
and redshifted in velocity, with respect to the systemic velocity
(2.9 km s−1, Hughes et al. 2011; Andrews et al. 2012). This
kinematic structure is evident in the methanol channel map. In
all channels in which emission is detected, the peak is offset
from the stellar position, indicating that the emitting methanol
is possibly located in a ring; however, there is significant
emission (2 s3 ) at the source position. The detected emission
appears to be compact compared with the extent of the
continuum emission (»100 20 au). This may be due to the
low S/N, but we cannot exclude a real drop in the CH3OH
abundance in the outer disk.
Figure 2 shows the extracted line profile (dark red dashed

lines in left panel) within the s3 contour of the continuum,
which is marked by the gray contour in Figure 1. The peak flux
density for the stacked line profile is 33 mJy and the rms noise
is 6.5 mJy, resulting in a S/N of 5.1.

3.2. Constraining the Methanol Abundance

The spectrally and spatially resolved CH3OH emission is
used together with an appropriate density and temperature
structure to constrain the CH3OH abundance in the TW Hya
disk. The low S/N of the B7 detection precludes more detailed
modeling. The non-detection in complementary B6 data (see
Table 1) also provides additional constraints. We adopt the TW
Hya disk physical structure from Kama et al. (2016) that
reproduces the dust SED as well as CO rotational line emission
from both single-dish observations and spatially resolved
ALMA data. In Figure 3 we show the gas temperature, number
density, dust temperature, and far-UV integrated flux.
Interstellar methanol is formed on or within icy mantles on

dust grains via CO hydrogenation (Watanabe & Kouchi 2002;
Fuchs et al. 2009; Boogert et al. 2015). CH3OH has a similar
volatility to water ice (e.g., Brown & Bolina 2007); hence,
methanol should reside on grains throughout most of the disk
( 1T 100 K). A small fraction of methanol can be released at
low temperatures via non-thermal desorption, which is

Table 1
Methanol Transitions

Transition Frequency Upper Level Energy
(GHz) (K)

Band 6

–5 40 0 (E) 241.700 47.9
–- -5 41 1 (E) 241.767 40.4
–5 405 04 (A) 241.791 34.8

Band 7

211−202 (A) 304.208 21.6
312−303 (A) 305.473 28.6
413−404 (A) 307.166 38.0
817−808 (A) 318.319 98.8
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photons. These model calculations motivated a successful
ALMA proposal, which has resulted in the first detection of
gas-phase methanol in a nearby protoplanetary disk (TW Hya,
54 pc), the results for which are reported here.

2. OBSERVATIONS

The young star, TW Hya, was observed on 2015 January 02
with 39 antennas and baselines from 15 to 350 m (project
2013.1.00902.S, P. I. C. Walsh). The quasars J1256-0547 and
J1037-2934 were used for bandpass and phase calibration,
respectively, and Titan was used for amplitude calibration. The
Band 7 (B7) methanol transitions listed in Table 1 were
targeted using a channel width of 122 kHz (corresponding to
0.12 km s−1). A continuum-only spectral window at 317 GHz
(with a total bandwidth of 2 GHz) was also covered. The total
on-source observation time was 43 minutes. All data were self-
calibrated prior to imaging using CASA version 4.3 and the
continuum band at 317 GHz, and using a timescale of 20 s (≈3
times the integration step). This increased the dynamic range of
the continuum data by a factor of »30. Self-calibration using
the continuum around the methanol lines between »304 and
307 GHz gave almost indistinguishable results. The rms noise
level achieved for the 317 GHz continuum following imaging
with CLEAN (Briggs weighting, robust = 0.5) was 0.10 mJy
beam−1, with a peak signal-to-noise ratio (S/N) of 4200. The
continuum synthesized beam was 1 2 × 0 6 (-86 ). The line
data were imaged without CLEANing (using natural weight-
ing) following self-calibration and continuum subtraction, with
a slight overgridding in velocity resolution (0.15 km s−1). The
rms achieved in the dirty channel maps was »4 mJy beam−1

per velocity channel at all four frequencies.
TW Hya was also observed on 2014 July 19 with 31

antennas and baselines from 30 to 650 m (project
2013.1.00114.S, P. I. K. Öberg). The quasar J1037-2934 was
used for both bandpass and phase calibration, and Pallas was
used for flux calibration. The Band 6 (B6) methanol transitions
listed in Table 1 were targeted using a channel width of
122 kHz (corresponding to 0.15 km s−1), with a total band-
width of 58.6 MHz per spectral window. The total on-source
observation time was 41 minutes. The continuum was strongly
detected (peak S/N» 500), enabling self-calibration of the B6
data with CASA version 4.3 using the continuum within each
respective spectral window, and a timescale of 30 s. This
increased the dynamic range of the data in each spectral
window by a factor of »3. The synthesized beam was

0 5 × 0 5 (-89 ). Following self-calibration, the line data
were continuum-subtracted and imaged to the same velocity
resolution as the B7 data. An rms noise »5 mJy beam−1 per
channel was achieved in the dirty channel maps at all three
frequencies.
A significant signal was neither found in the individual

channel maps of the B7 data nor the B6 data. The three B7 data
sets at »304, 305, and 307 GHz (corresponding to the lowest
energy transitions) were concatenated into a single measure-
ment set following velocity regridding and then imaged using
CLEAN with natural weighting (i.e., “stacked” in the uv
domain). This resulted in a synthesized beam of 1 4 × 0 73
(-84 ) and an rms noise of 2.0 mJy beam−1, which is a factor
of»2 increase in sensitivity. A single round only of additional
CLEANing was performed. Significant methanol emission is
detected across six channels (2 s3 ) from 2.45 to 3.35 km s−1

reaching a peak S/N of s5.5 . No significant signal was found
in the stacked and imaged B6 data.

3. RESULTS

3.1. Detection of Gas-phase Methanol

The channel map for the stacked B7 data is presented in
Figure 1. The inclination and position angle of TW Hya (7 and
335 , respectively; Hughes et al. 2011) are such that emission
from the northwest and southeast is respectively blueshifted
and redshifted in velocity, with respect to the systemic velocity
(2.9 km s−1, Hughes et al. 2011; Andrews et al. 2012). This
kinematic structure is evident in the methanol channel map. In
all channels in which emission is detected, the peak is offset
from the stellar position, indicating that the emitting methanol
is possibly located in a ring; however, there is significant
emission (2 s3 ) at the source position. The detected emission
appears to be compact compared with the extent of the
continuum emission (»100 20 au). This may be due to the
low S/N, but we cannot exclude a real drop in the CH3OH
abundance in the outer disk.
Figure 2 shows the extracted line profile (dark red dashed

lines in left panel) within the s3 contour of the continuum,
which is marked by the gray contour in Figure 1. The peak flux
density for the stacked line profile is 33 mJy and the rms noise
is 6.5 mJy, resulting in a S/N of 5.1.

3.2. Constraining the Methanol Abundance

The spectrally and spatially resolved CH3OH emission is
used together with an appropriate density and temperature
structure to constrain the CH3OH abundance in the TW Hya
disk. The low S/N of the B7 detection precludes more detailed
modeling. The non-detection in complementary B6 data (see
Table 1) also provides additional constraints. We adopt the TW
Hya disk physical structure from Kama et al. (2016) that
reproduces the dust SED as well as CO rotational line emission
from both single-dish observations and spatially resolved
ALMA data. In Figure 3 we show the gas temperature, number
density, dust temperature, and far-UV integrated flux.
Interstellar methanol is formed on or within icy mantles on

dust grains via CO hydrogenation (Watanabe & Kouchi 2002;
Fuchs et al. 2009; Boogert et al. 2015). CH3OH has a similar
volatility to water ice (e.g., Brown & Bolina 2007); hence,
methanol should reside on grains throughout most of the disk
( 1T 100 K). A small fraction of methanol can be released at
low temperatures via non-thermal desorption, which is

Table 1
Methanol Transitions

Transition Frequency Upper Level Energy
(GHz) (K)

Band 6

–5 40 0 (E) 241.700 47.9
–- -5 41 1 (E) 241.767 40.4
–5 405 04 (A) 241.791 34.8

Band 7

211−202 (A) 304.208 21.6
312−303 (A) 305.473 28.6
413−404 (A) 307.166 38.0
817−808 (A) 318.319 98.8
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photons. These model calculations motivated a successful
ALMA proposal, which has resulted in the first detection of
gas-phase methanol in a nearby protoplanetary disk (TW Hya,
54 pc), the results for which are reported here.

2. OBSERVATIONS

The young star, TW Hya, was observed on 2015 January 02
with 39 antennas and baselines from 15 to 350 m (project
2013.1.00902.S, P. I. C. Walsh). The quasars J1256-0547 and
J1037-2934 were used for bandpass and phase calibration,
respectively, and Titan was used for amplitude calibration. The
Band 7 (B7) methanol transitions listed in Table 1 were
targeted using a channel width of 122 kHz (corresponding to
0.12 km s−1). A continuum-only spectral window at 317 GHz
(with a total bandwidth of 2 GHz) was also covered. The total
on-source observation time was 43 minutes. All data were self-
calibrated prior to imaging using CASA version 4.3 and the
continuum band at 317 GHz, and using a timescale of 20 s (≈3
times the integration step). This increased the dynamic range of
the continuum data by a factor of »30. Self-calibration using
the continuum around the methanol lines between »304 and
307 GHz gave almost indistinguishable results. The rms noise
level achieved for the 317 GHz continuum following imaging
with CLEAN (Briggs weighting, robust = 0.5) was 0.10 mJy
beam−1, with a peak signal-to-noise ratio (S/N) of 4200. The
continuum synthesized beam was 1 2 × 0 6 (-86 ). The line
data were imaged without CLEANing (using natural weight-
ing) following self-calibration and continuum subtraction, with
a slight overgridding in velocity resolution (0.15 km s−1). The
rms achieved in the dirty channel maps was »4 mJy beam−1

per velocity channel at all four frequencies.
TW Hya was also observed on 2014 July 19 with 31

antennas and baselines from 30 to 650 m (project
2013.1.00114.S, P. I. K. Öberg). The quasar J1037-2934 was
used for both bandpass and phase calibration, and Pallas was
used for flux calibration. The Band 6 (B6) methanol transitions
listed in Table 1 were targeted using a channel width of
122 kHz (corresponding to 0.15 km s−1), with a total band-
width of 58.6 MHz per spectral window. The total on-source
observation time was 41 minutes. The continuum was strongly
detected (peak S/N» 500), enabling self-calibration of the B6
data with CASA version 4.3 using the continuum within each
respective spectral window, and a timescale of 30 s. This
increased the dynamic range of the data in each spectral
window by a factor of »3. The synthesized beam was

0 5 × 0 5 (-89 ). Following self-calibration, the line data
were continuum-subtracted and imaged to the same velocity
resolution as the B7 data. An rms noise »5 mJy beam−1 per
channel was achieved in the dirty channel maps at all three
frequencies.
A significant signal was neither found in the individual

channel maps of the B7 data nor the B6 data. The three B7 data
sets at »304, 305, and 307 GHz (corresponding to the lowest
energy transitions) were concatenated into a single measure-
ment set following velocity regridding and then imaged using
CLEAN with natural weighting (i.e., “stacked” in the uv
domain). This resulted in a synthesized beam of 1 4 × 0 73
(-84 ) and an rms noise of 2.0 mJy beam−1, which is a factor
of»2 increase in sensitivity. A single round only of additional
CLEANing was performed. Significant methanol emission is
detected across six channels (2 s3 ) from 2.45 to 3.35 km s−1

reaching a peak S/N of s5.5 . No significant signal was found
in the stacked and imaged B6 data.

3. RESULTS

3.1. Detection of Gas-phase Methanol

The channel map for the stacked B7 data is presented in
Figure 1. The inclination and position angle of TW Hya (7 and
335 , respectively; Hughes et al. 2011) are such that emission
from the northwest and southeast is respectively blueshifted
and redshifted in velocity, with respect to the systemic velocity
(2.9 km s−1, Hughes et al. 2011; Andrews et al. 2012). This
kinematic structure is evident in the methanol channel map. In
all channels in which emission is detected, the peak is offset
from the stellar position, indicating that the emitting methanol
is possibly located in a ring; however, there is significant
emission (2 s3 ) at the source position. The detected emission
appears to be compact compared with the extent of the
continuum emission (»100 20 au). This may be due to the
low S/N, but we cannot exclude a real drop in the CH3OH
abundance in the outer disk.
Figure 2 shows the extracted line profile (dark red dashed

lines in left panel) within the s3 contour of the continuum,
which is marked by the gray contour in Figure 1. The peak flux
density for the stacked line profile is 33 mJy and the rms noise
is 6.5 mJy, resulting in a S/N of 5.1.

3.2. Constraining the Methanol Abundance

The spectrally and spatially resolved CH3OH emission is
used together with an appropriate density and temperature
structure to constrain the CH3OH abundance in the TW Hya
disk. The low S/N of the B7 detection precludes more detailed
modeling. The non-detection in complementary B6 data (see
Table 1) also provides additional constraints. We adopt the TW
Hya disk physical structure from Kama et al. (2016) that
reproduces the dust SED as well as CO rotational line emission
from both single-dish observations and spatially resolved
ALMA data. In Figure 3 we show the gas temperature, number
density, dust temperature, and far-UV integrated flux.
Interstellar methanol is formed on or within icy mantles on

dust grains via CO hydrogenation (Watanabe & Kouchi 2002;
Fuchs et al. 2009; Boogert et al. 2015). CH3OH has a similar
volatility to water ice (e.g., Brown & Bolina 2007); hence,
methanol should reside on grains throughout most of the disk
( 1T 100 K). A small fraction of methanol can be released at
low temperatures via non-thermal desorption, which is

Table 1
Methanol Transitions

Transition Frequency Upper Level Energy
(GHz) (K)

Band 6

–5 40 0 (E) 241.700 47.9
–- -5 41 1 (E) 241.767 40.4
–5 405 04 (A) 241.791 34.8
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メタノールの観測結果1 

・メタノール放射のピークと星の位置がずれている(offset)ことから、 
  メタノールガスがリング状に分布していると思われる。 
・3σ以上の放射が星の位置にも検出されている。	

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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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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左: チャネルマップ 
上: ラインプロファイル　 
　　 Fν = 33 mJy 
　　 S/N = 5.1  
        (rms noise = 6.5 mJy) 
　　 Integ. time = 43min	



メタノールの観測結果2 
Gas-phase methanol in TW Hya
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メタノールの観測3 

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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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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ダスト温度	 ガス温度	 ガス数密度	  

 Kama et al. 2016	

log(Tdust) [K]	 log(Tgas) [K]	 log(n) [cm-3]	

TW Hya円盤の温度や数密度の2次元分布 
　SEDやCO, CI輝線のALMAやハーシェルの観測結果を再現	

鉛直方向は3つ領域に区切り観測量への影響を調べている。	  
H2に対するメタノールの存在比 (Walsh et al. 2016) 
　 nCH3OH / nH2 = 3×10-12 ~ 4×10-11 

メタノールメーザー温度密度環境 (Cragg et al. 2005) 

　　温度範囲：100 – 300 K 

　　密度範囲：104 – 109 cm-3	



メタノールメーザー観測提案1 
背景 
　・6.7GHzメタノールメーザーは大質量星のみ付随している。 
　・近年、比較的小さい質量の星形成領域でも検出されている。 
 

目的　 
　小質量星の形成領域における6.7 GHzメタノールメーザーの 
　存在の検証 
　　ex. 原始惑星系円盤、原始星 
 

ターゲット: 質量1-2M¤の若い星 
　TW Hya (0.8M¤)      59pc   Class II 
　IRAS 16293-2422 (1M¤×2)   120pc  Class 0 
　MWC 480 (2.3M¤)     145pc  Class II 
　HD163296 (2.3M¤)　    122pc  Class II 
　AB Aur (2.4M¤)      144pc  Class II 



メタノールメーザー観測提案2 
モニター観測 
　・メタノールメーザーは周期変動をする。 
　・変光の場合、短周期の可能性が考えられる。 
　　　P-L relation 
　・5日間隔で期間2、3ヶ月程度　　　 
　　　感度よりも特にタイムレゾリューションを考慮。 
　　　過去の観測から、数Jyの強度が見込まれる。 



メタノールメーザー観測提案3 
期待される成果 
　検出の場合 
　　・小質量星でもメーザー発生環境を有することが示せる。 
　　・小質量星の場合、物理量や物理環境が比較的よく理解さ 
　　　れているので、メーザーの発生機構に制限が与えられる 
　　　可能性がある。 
　　・大質量星のトレーサーとして考えられているが、再考の 
　　　必要性を示すことができる。 
 

　未検出の場合 
　　・メーザーの発生機構に制限が与えられる可能性がある。 
　　　(上と同じ) 
　　 


