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Abstract

This paper presents observations of a protoplanetary disk around a Herbig Ae star, MWC 480, in 12CO (J = 1–0),
12CO (J = 3–2), 13CO (J = 1–0), and C18O (J = 1–0) emission lines. Double-peaked emission profiles originating
from the rotating circumstellar disk were detected in all of the lines. The vertical temperature and radial surface
density structures of the outer region of the disk were derived by applying the similarity solution in the standard
accretion disk model. Taking advantage of differences in the height of the photosphere among the CO lines, the
temperature in the uppermost 12CO (J = 3–2) emitting layer was shown to be about 3-times higher than that of any
other CO emitting region, suggesting that there are at least two distinct temperature regions. Our modeling succeeds
in describing all of the observational results obtained in the four CO lines, particularly different emission extents at
different frequencies, by a single set of the parameters for a disk model. Since the similarity solution model could
be the most suitable for the radial surface density structure, it is likely that the disk around MWC 480 evolves by
transferring angular momentum outward via viscous diffusion. Although further quantitative studies are required
for identifying what disk model is the best for describing physical disk structures, our results suggest the potential
advantage of the similarity solution model, indicating that disks around Herbig Ae/Be stars likely have diffused gas
in the outer regions, and that the disk surface density exponentially decreases with increasing radial distance.
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1. Introduction

It has become evident that the presence of protoplanetary
disks around young stellar objects (YSO) is ubiquitous in our
galaxy, since a quite number of protoplanetary disks were first
detected in the Orion nebula by HST observations (O’Dell
& Wen 1994). The temperature and surface-density distribu-
tions in protoplanetary disks around pre-main sequence stars
are important for understanding the planet formation process,
since the protoplanetary disks are believed to be precursors
of planetary systems. The final configuration of a planetary
system depends on the initial condition of the disk, and there-
fore the diversity in the physical structure of a protoplanetary
disk is responsible for a variety of the present-day observed
exoplanets (Kokubo & Ida 2002). Historically, studies of
T Tauri stars (TTSs) were extensively performed because the
TTSs correspond to the early evolutionary stage of the Sun,
and a number of TTSs exist in nearby star-forming clouds.
Recently, intermediate-mass objects are attracting our atten-
tion and have been observed over a large frequency range.
Herbig Ae (HAe) stars are recognized to be intermediate-mass
counterparts of low-mass TTSs (Waters & Waelkens 1998),
and they are about ten times more luminous than the TTSs.
Thus, their disks are basically warmer than those around the

TTSs, and sufficiently warm enough to allow CO molecules
to remain in the gas phase almost all over the disks (Panić
et al. 2008). The HAe stars are expected to be easier targets
for studying disk structures, particularly the surface density
in general.

Several protoplanetary disk models used to reproduce obser-
vational results have been developed since a number of proto-
planetary disks were detected, and their physical properties had
been derived. Statistical analysis on the dust emission from
protoplanetary disks became possible after an all-sky survey
by Infrared Astronomical Satellite (IRAS) launched in 1983
(Kenyon & Hartmann 1987; Adams et al. 1990). As in the
TTS case, model fitting is the most effective method to esti-
mate the temperature and density structures of disks around
HAe/Be stars (Dullemond et al. 2001; Dullemond 2002; Testi
et al. 2003; Natta et al. 2004; Dent et al. 2005). The temper-
ature distribution along the vertical direction of a disk should
be taken into account when one examines how the gas and dust
inside of it evolve. Theoretical studies predict that protoplane-
tary disks should have two or more layers with distinct temper-
ature in the vertical direction, which are formed by the diffu-
sion of stellar radiation scattered at the disk surface (Chiang &
Goldreich 1997; D’Alessio et al. 1999; Inoue et al. 2009). To
examine the vertical structure of disks based on observations,
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we require as many examples as possible, although several
studies have already tried to unveil the vertical temperature
distribution (Dartois et al. 2003; Piétu et al. 2005, 2007;
Akiyama et al. 2011). In addition, the surface density distri-
bution is also essential for understanding the disk evolution
in gas and dust. Recently, the surface density distributions
of protoplanetary disks are well explained by the similarity
solution in the standard accretion-disk model, and the discrep-
ancies seen in the disk sizes derived by molecular gas lines
and dust continuum emission have been successfully solved
(Hughes et al. 2008; Akiyama 2012). The number of well-
studied disks around HAe stars, however, is still insufficient
to establish a firm understanding of their physical conditions
and their statistics; only a few of limited examples of their
structure have deeply been analyzed, for instance, HD 169142
(Panić et al. 2008), AB Aur (Piétu et al. 2005), and HD 163296
(Isella et al. 2007; Hughes et al. 2008; Akiyama et al. 2011;
Qi et al 2011).

MWC 480 (HD 31648) is one of the well-studied HAe stars;
the strong H˛ emission line from the star was first discov-
ered by Merril, Burwell, and Miller (1942). It is located
in the Taurus–Auriga star-forming region at a distance of
140 pc, where a local group of TTSs and HAe/Be stars is
present. van den Ancker, de Winter, and Tjin A Djie (1998)
estimated that the distance to MWC 480 is 131+24

�18 pc, based
on a Hipparcos measurement. Mannings, Koerner, and Sargent
(1997) spatially resolved the circumstellar disk with 0.024 Mˇ
in disk mass and 695 au in radius by the Owens Valley Radio
Observatory (OVRO) six-element millimeter-wave array. The
stellar mass was derived to be 1.7 Mˇ from the Keplerian
rotation pattern of the CO disk, corresponding to A4 in
spectral type; the stellar age was estimated to be 7 Myr
by adapting a theoretical evolutionary track (Simon et al.
2001). The disk is categorized as a self-shadowed disk in the
Meeus group II, based on its IR spectral energy distribution
(SED) (Meeus et al. 2001; Dominik et al. 2003; Dullemond
2002; Dullemond & Dominik 2004). Hamidouche, Looney,
and Mundy (2006) derived 37ı ˙ 3ı in inclination angle by
an interferometric image obtained by the Berkeley–Illinois–
Maryland Association (BIMA) array, which is consistent with
38ı ˙ 1ı derived from 12CO (J = 2–1) emission by Simon,
Dutrey, and Guilloteau (2001). A high-contrast near IR polar-
ization image revealed a typical full disk with dust smoothly
extending up to 150 au away from the central star (Kusakabe
et al. 2012). These observational results indicate that the disk
gas is not dynamically disturbed by, for example planets, and
thus it maintains its smooth structure. Such a disk is easily
examined on the basis of model fitting without any complicated
assumption when we interpret observational results. MWC 480
with its bright smooth disk is ideal for deriving the surface
density distribution, rather than similar bright protoplanetary
disks with complex structures, such as spiral arms, gaps, and
non-axisymmetric structure s discovered in MWC 758 (Grady
et al. 2013), 2MASS J16042165–2130284 (Mayama et al.
2012), SAO 206462 (Muto et al. 2012), AB Aur (Hashimoto
et al. 2011; Fukagawa et al. 2004), and HD 142527 (Fukagawa
et al. 2006), respectively.

This paper presents multi-CO line observations of MWC 480
with the Nobeyama 45-meter (NRO 45-m) radio telescope

and the Atacama Submillimeter Telescope Experiment (ASTE)
sub-millimeter telescope, and discusses the vertical tempera-
ture and radial surface density distributions, mainly focused on
the outer edge of the disk. The outline is as follows: details of
the observations are described in section 2, and the results are
provided in section 3. In section 4, the derived physical prop-
erties of the disk, estimated by model fitting in which the radial
temperature distribution in a power-law form and the radial
surface density distribution described by the similarity solution
were assumed, are presented. Interpretation of the model fitting
results as well as comparisons with previous interferometric
observations are given in section 5. Model fitting results based
on the fiducial power-law disk model in both temperature and
surface density are provided in the Appendix as a reference.

2. Observations

2.1. 12CO (J = 1–0) Mapping Observations

Observations of the 12CO (J = 1–0) emission line were
performed in the winter of 2007 by the NRO 45-m tele-
scope, operated by Nobeyama Radio Observatory (NRO),
a branch of National Astronomical Observatory of Japan
(NAOJ). It is necessary to differentiate the disk emission from
other components, such as an envelope or a remnant cloud
surrounding the MWC 480 system; also, extraction of the
disk emission can be performed using a profile map with
sufficiently dense sampling around the star. Thus, 5 � 5
multi-beam receiver, BEam Array Receiver System (BEARS:
Sunada et al. 2000; Yamaguchi et al. 2000), which is capable
of simultaneously observing 25 different positions in double
sideband (DSB) operation, was employed as the frontend.
A profile map with grid spacing of 4000 (� 5600 au) in both
RA and Dec directions, which is smaller than a typical size
of the envelope, can be obtained. The receiver was tuned
at the rest frequency of 12CO (J = 1–0), 115.271 GHz. The
half-power beam width (HPBW) was 1500 at this frequency,
corresponding to 2100 au at a distance of 140 pc. A digital
spectrometer with 16 MHz (41.6 km s�1) in bandwidth and
15.63 kHz (0.08 km s�1 after applying the Hanning window
function) in frequency resolution was used as the backend.
A correction for atmospheric absorption during the observa-
tions was made by the chopper-wheel method (Kutner & Ulich
1981), and the intensities were obtained in antenna tempera-
ture, T �

A, in K. A correction for the main beam efficiency, �mb,
was made when we compared model calculation results (see
in section 4) with the brightness temperature, Tmb = T �

A=�mb,
where �mb = 0.45 for the 12CO (J = 1–0) emission line. The
DSB system noise temperature in the 12CO (J = 1–0) mapping
observations was between 300 K and 700 K. The telescope
pointing was regularly checked against the SiO maser NML-
Tau, and the pointing error was achieved in less than 500 during
the observations. Data reduction and analysis were made
with the NEWSTAR software package developed by NRO,
which is a front end of AIPS developed in the National Radio
Astronomy Observatory (NRAO).

Since it is essential for the observations in the position-
switching mode to find a proper off point, a careful search
for an emission-free point was conducted in the beginning of
the observations by the 12CO (J = 1–0) line, the most optically
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Fig. 1. Profile map around the off point as a result of searching by the 12CO (J = 1–0) line. The central position is
(˛, ı) = (04h58m46 :s27, +30ı15m37 :s0) in J2000, and the angular distance between adjacent points is 4000 in both RA and Dec directions, as
designated at the upper right corner of each panel.

thick line and the best for detecting diffuse gas. An emission-
free position applicable as an off point was finally determined
at about 250 north from MWC 480 based on the result of the
search and AV map reference (Dobashi et al. 2005). Figure 1
is a profile map toward the off point, centered at 04h58m46 :s 27
(J2000) and +30ı15m37 :s 0 (J2000) and covering an 16000
� 16000 (� 0.1 pc � � 0.1 pc) region. To efficiently check out
whether there was no emission component around the stellar
velocity, 5 km s�1 (Mannings & Sargent 1997; Mannings
et al. 1997; Thi et al. 2004), we chose the vicinity direction
[(Δ˛, Δı) = (+0 :0 75, +2 :0 0)] from the above point as the off
position. The integration time of 65 min allowed us to confirm
that there was no prominent emission around 5 km s�1 in VLSR

with target sensitivity (1 � = 0.08 K at Δv = 2.4 km s�1). The
absorption component seen at �2 km s�1 in VLSR appears to be
a result of subtracting the emission component at the second off
point from possible weak emission at the first off point. Since
the systemic velocity of MWC 480 is 5 km s�1, this absorp-
tion component does not affect any data reduction, and the
first off point can be used as the off point in the multi-CO line
observations in the position-switching mode.

2.2. 13CO (J = 1–0) and C18O (J = 1–0) Line Observations

Observations of the 13CO (J = 1–0) line were conducted
using the NRO 45-m telescope in winter 2009, and C18O
(J = 1–0) line observations were subsequently carried out in
winter 2010. Since the 12CO (J = 1–0) emission detected

around 5 km s�1 in VLSR at the central star is isolated, as
described in subsection 3.1, the 13CO (J = 1–0) and C18O
(J = 1–0) observations were intensively made only toward
the stellar position by a pair of sideband-separating receivers
(2SB receivers), T100H/V, which enabled us to simultane-
ously detect both of the polarization components (Nakajima
et al. 2008). The receivers were tuned at the 13CO (J = 1–0)
and C18O (J = 1–0) rest frequencies of 110.201 GHz and
109.782 GHz, respectively, and the HPBW was about 1500
around these frequencies. An acousto optical spectrom-
eter (AOS), whose bandwidth and frequency resolution were
40 MHz (110 km s�1) and 20 kHz (0.05 km s�1), respectively,
was used. The system noise temperature during the observa-
tions was between 150 K and 300 K in the 2SB mode, and
the achieved image rejection ratio (IRR) was 11–15 dB. All
observational data when the wind speed exceeded 5 m s�1

were flagged out before obtaining the final profiles of the
13CO (J = 1–0) and C18O (J = 1–0) lines. The resultant total
integration time was approximately 6 hr on the source. The
pointing check and the correction due to atmospheric variation
including data reduction were carried out in the same manner
as in the 12CO (J = 1–0) observations. Although the receivers
were functioning in a very stable condition, the correction for
the daily intensity fluctuation caused by the receivers was made
by observing Orion KL every observational day. The �mb

values in 2009 and 2010 at 110 GHz were 0.42, and applied
to convert the observed T �

A into Tmb.
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Fig. 2. Profile map of the 12CO (J = 1–0) line around MWC 480. The map center corresponds to the stellar position
(˛, ı) = (04h58m46 :s27, +29ı50m37 :s0) in J2000, and the angular distance between adjacent points is 4000 in both the RA and Dec directions.

2.3. 12CO (J = 3–2) and 13CO (J = 3–2) Line Observations

Observations of the 12CO (J = 3–2) and 13CO (J = 3–2)
line were initially carried out in 2005 August and repeated
in 2011 November with the ASTE 10-m telescope in Chile
(Ezawa et al. 2004). The HPBWs of the ASTE telescope
at 345.79 and 330.59 GHz are 2200 and 2300, respectively,
which correspond to 3100–3200 au at a distance of 140 pc,
and the �mb was 0.6 around these frequencies. A two-
sideband single-polarization heterodyne receiver and an SIS
mixer receiver having DSB response were employed in the
12CO (J = 3–2) and 13CO (J = 3–2) line observations, respec-
tively. The typical atmospheric opacity at 220 GHz toward
the zenith was 0.05, and the system noise temperature was
250–300 K during the observations. The digital auto-correlator
with 1024 frequency channels was configured so that the total
bandwidth was 128 MHz, resulting in a frequency resolu-
tion of 125 kHz, or � 0.11 km s�1 at the observed frequen-
cies. Telescope pointing was checked every 1.5–2 hr by cross
scanning of Jupiter, and the pointing error was proved to be
�300. All of the spectra were obtained in the position-switching
mode; the off position was at (Δ˛, Δı) = (�200, +200) from
the star. In the 12CO (J = 3–2) observations, the spectra at
the stellar position and four adjacent points, 2200 (� 3100 au)
apart from the stellar position in RA and Dec directions, were
taken to make sure whether the emission at the stellar position

was isolated or not, as shown in subsection 3.2. Since the
12CO (J = 3–2) line emission at the systemic velocity (VLSR

� 5 km s�1) toward the stellar position was proven to be
isolated, the 13CO (J = 3–2) observations were made only
toward the stellar position. However, we could not detect any
13CO (J = 3–2) emission. Data reduction and analysis were
conducted in the same manner as in the 12CO (J = 1–0) obser-
vations described in subsection 2.1.

To obtain a better profile of the 12CO (J = 3–2) emis-
sion at the stellar position, follow-up observations were
carried out in 2011 November. A side-band separating (2SB)
mixer receiver, CATS345, and an XF-type digital spectro-
correlator, MAC, were used. The MAC spectrometer was
set in 128 MHz in bandwidth and 125 kHz (� 0.11 km s�1 in
velocity resolution at 350 GHz) in spectral resolution. The
system noise temperature was 330–380 K during the obser-
vations and �mb was 0.6 at 345.79 GHz. The telescope
pointing was checked every hour by observing the NML-
Tau SiO maser, and the pointing error was less than 300
during the observations. The observations were conducted
in the position-switching mode and the off position was at
(˛, ı) = (04h58m46 :s 27, +30ı15m37 :s 0) in J2000, the same
off position as applied in the 12CO (J = 1–0) observations.
Data reduction and analysis were made by NEWSTAR, a front
end of AIPS, in the same manner as in the 12CO (J = 1–0)
observations, described in subsection 3.1. Clear double-peaked
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Fig. 3. Profiles detected in 12CO, 13CO, and C18O lines toward
the stellar position of MWC 480. (a) In 12CO (J = 1–0),
(b) 13CO (J = 1–0), (c) C18O (J = 1–0), and (d) 12CO (J = 3–2).
The red lines indicate the velocities of the two peaks in the
12CO (J = 1–0) profile.

spectra were obtained by using an on-source integration time
of � 1.5 hr. We use this 12CO (J = 3–2) spectrum with a high
S=N ratio in the model fitting presented in section 4.
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Fig. 4. Pictorial description showing that the origin of the emission is
the star+disk system. (a) 12CO (J = 1–0) profile of MWC 480 shown
in the central panel of figure 2. (b) Averaged 12CO (J = 1–0) profile of
the four locations 4000 away from the central star in figure 2. (c) Profile
after subtracting (b) from (a).

3. Results

3.1. 12CO (J = 1–0), 13CO (J = 1–0), and C18O (J = 1–0)

A 16000 � 16000 profile map centered at the star + disk system
obtained by the 12CO (J = 1–0) line is provided in figure 2.
A clear double-peaked profile at 5 km s�1 in VLSR is detected
only at the center panel, and therefore the 12CO (J = 1–0)
emission originated from the star+disk system (see also figure 5
in the case of the 12CO (J = 3–2) line observations). The
emission feature has a peak intensity of 0.36 K in Tmb,
2.4 ˙ 0.2 km s�1 in FWHM velocity width, and 0.083 K in
the rms noise level after an � 9 hr integration time on the
source, resulting in 4.3 � detection at the peaks. Figure 3a
displays the same profile on the central panel in figure 2 in
an enlarged view. Several panels in figure 2, especially to
the north-east of the center, show an absorption feature at
VLSR = �2 km s�1 as the profile map around the off posi-
tion shown in figure 1. It is important to confirm that no
significant emission at 5 km s�1 around the star+disk system is
presents and verified in figure 4. Figure 4a shows the observed
12CO (J = 1–0) emission profile, as indicated in the center
panel of figure 2 and figure 3a. Figure 4b is the profile after
averaging ambient components, north, south, east, and west
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Fig. 5. Profile map of 12CO (J = 3–2) around MWC 480. The central panel indicates the spectrum of the star+disk system. Note that the profile map
was obtained in 2005 and the stellar position was re-observed by 12CO (J = 3–2) in 2011 due to a deficiency in the red-shifted component, probably
caused by uncertainty in baseline subtraction, or simply a high noise level. The offset in arc-second from the stellar position is shown in the upper-right
corner of each panel.

positions � 4000 away from the MWC 480 system. Figure 4c
is the resultant profile after subtracting the profile in figure 4b
from that in figure 4a. The resultant profile in figure 4c essen-
tially remains unchanged from the profile in figure 4a, and
the absorption component at �2 km s�1 in VLSR successfully
disappears. Thus, we conclude that the double-peaked emis-
sion component at the star is isolated and originates from the
compact circumstellar disk in rotation.

A double-peaked profile with a peak intensity of 0.13 K in
Tmb and rms noise level of 0.013 K in � 6 hr integration time
on the source was obtained in the 13CO (J = 1–0) line obser-
vations, as shown in figure 3b. The FWHM velocity width
is 4.4 ˙ 0.15 km s�1, which is nearly twice as large as that of
the 12CO (J = 1–0) emission profile. A weak C18O (J = 1–0)
line emission is marginally detected above the 2.5 � level
in intensity, as shown in figure 3c and provided as a refer-
ence. Although the noise level of the C18O (J = 1–0) emis-
sion is insufficient, the line width of the emission seems to be
wider than that of the 13CO (J = 1–0) line profile. Since the
12CO (J = 1–0), 13CO (J = 1–0), and C18O (J = 1–0) emis-
sions were detected in similar velocity ranges, all of the emis-
sions should have originated from the circumstellar disk around
MWC 480. In addition, the difference among the velocity
widths of the three lines can be well explained by the disk
in Keplerian rotation, as in the case of HD 163296 (Isella
et al. 2007; Akiyama et al. 2011). The intensity ratio of
12CO (J = 1–0) to 13CO (J = 1–0) is less than 5, close to unity

rather than the abundance ratio of 69 (Wilson 1999), suggesting
that the disk is optically thick for the two lines. Our model
fitting results given in subsection 4.2 clearly show that the disk
is optically thick for the 12CO (J = 1–0) and 13CO (J = 1–0)
lines. On the other hand, the ratio of 13CO(J = 1–0) to
C18O (J = 1–0) is about 3, close to the typical abundance ratio
of 8.1 (Wilson 1999), suggesting that the disk is optically thin
for the C18O (J = 1–0) line, although the C18O (J = 1–0)
spectrum is marginally detected.

3.2. 12CO (J = 3–2)

A profile map of the 12CO (J = 3–2) spectra that covers
a 4400 � 4400 (corresponding to � 6200 � 6200 au) region
around MWC 480 is provided in figure 5. Since the signal-
to-noise ratio of the profile at the center was not so high, we
conducted follow-up observations in 2011. Figure 3d shows
the new 12CO (J = 3–2) profile; a clear double-peaked spec-
trum with a peak intensity of 0.95 K in Tmb was success-
fully detected above the 7 � level. To confirm that the emis-
sion originated from the disk, the 12CO (J = 3–2) spectrum
was also analyzed in the same manner as in the case of the
12CO (J = 1–0) emission (see subsection 3.1), as shown in
figure 6. Even after subtracting the profile averaged over the
four adjacent positions, the double-peaked feature at the stellar
position still remains, as shown in figure 6c. This indicates that
the emission at the stellar position is isolated and originates
from the circumstellar disk in rotation.
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Fig. 6. The same description as figure 4 in the case of J = 3–2
transition.

4. Model Fitting

The temperature and surface density distributions in the
protoplanetary disks are believed to be significantly respon-
sible for the formation of a planetary system, and the fiducial
truncated power-law model has been utilized for characterizing
the temperature and surface density distributions of the disks
(Hayashi et al. 1985; Beckwith et al. 1990). The power-law
distributions in temperature and surface density were applied
in the model fitting and the model analysis has been successful
to some extent in estimating the physical properties of the disk,
such as the outer radius, the temperature and surface density
at a specified radius, and the inclination angle (Kitamura et al.
1993; Piétu et al. 2003, 2007; Isella et al. 2007; Panić et al.
2008; Akiyama et al. 2011), and therefore the power-law
description has been recognized as being the most useful for
a long time. However, the power-law description in equa-
tion (A1) in the Appendix adopts a truncation at the outer edge
of the disk. The truncation is obviously artificial, and probably
unrealistic. It should be more natural that the gas gradually
spreads outward from a standpoint of the standard accretion-
disk model when angular momentum transfer and diffusion
kinetics are considered.

Since observations of dust and gas in the circumstellar disks

Table 1. Parameters in model calculation.

Invariables Variables

M� 1.7 Mˇ� T100

d 140 pc Σ100

� 37ı� rout

rin 0.1 au p

X (12CO) 1=10000 q

X (12CO)=X (13CO) 69�

X (13CO)=X (C18O) 8.1�

� Simon, Dutrey, and Guilloteau (2001).
� Hamidouche, Looney, and Mundy (2006).
� Wilson (1999).

around HAe stars had progressed, it became widely known
that the results of dust continuum and those of molecular gas
line emission can not be simultaneously reproduced by the
single truncated power-law model. In AB Aur., for example,
the outer radius of the dust disk derived from 230 GHz dust
continuum observations is 350 ˙ 30 au, whereas the outer
radius of the gas disk derived in the 12CO (J = 2–1) emis-
sion is 1050 ˙ 10 au, three-times larger than the size of the dust
disk (Piétu et al. 2005). A HAe star, HD 163296, also shows
a similar difference: 200 ˙ 15 au by dust continuum obser-
vations and 540 ˙ 40 au by multi-CO emission line observa-
tions (Isella et al. 2007). Hughes et al. (2008) analyzed the
HD 163296 data obtained by Isella et al. (2007), and demon-
strated that the origin of the discrepancy between the two
disk radii comes from the truncation adopted by the power-
law surface density distribution in the radial direction. They
instead introduced the surface density distribution in the simi-
larity solution for an accretion-disk model, which has a power-
law surface density distribution in the inner disk, but an expo-
nential taper in the outer disk, a so-called exponential tail or
exponential cut (Lynden-Bell & Pringle 1974; Hartmann et al.
1998). Using the MWC 480 data obtained by the NRO 45-m
and ASTE telescopes, we applied the similarity solution to all
of the profiles (see the details in subsection 4.1). The model
fitting results by the conventional truncated power-law model
are provided in the Appendix as a reference.

4.1. Similarity Solution Model

The power-law temperature distribution, T (r), and tapered
surface density distribution, Σ(r), the radial direction are
adopted in the similarity solution model, and described
as follows:

T .r/ = T100

� r

100au

��q

; (1)

Σ.r/ = Σout

�
r

rout

��p

exp

�
� 3

�
r

rout

�2�p�
; (2)

where r is the radius in a cylindrical coordinate system
centered on the star. The coefficient T100 indicates the temper-
ature at r = 100 au. The coefficient Σout can be expressed by
the local surface density of the disk, for example, the surface
density at r = 100 au, and described by
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Table 2. Best fit-parameters when rout = 700 au, p = 1.0, and q = 0.65.

Σ100 [g cm�2] T100 [K]�
12CO (J = 3–2) 12CO (J = 1–0) 13CO (J = 1–0)

0.0001 57+4
�4 17+3

�3 15+3
�2

0.001 54+4
�4 16+3

�3 14+3
�2

0.01 51+4
�3 15+3

�3 13+2
�2

0.1 46+3
�3 15+3

�3 13+3
�2

� The quality of C18O (J = 1–0) results is too low to include here due to high noise level.

Σout = Σ100

�
100au

rout

�p

exp

�
3

�
100au

rout

�2�p�
: (3)

Note that the definition of rout is different from rout in the
truncated power-law model, and is defined as the disk size
containing 95% of the total disk mass in our calculation.
Therefore, the factor 3 in the exponential term, which is not
included in the original equation introduced by Lynden-Bell
and Pringle (1974), is introduced (Kitamura et al. 2002).
The parameter p determines how greatly the surface density
decreases exponentially. The derivation of the equation in
detail can be found in Hartmann et al. (1998). The radial
temperature distribution in the similarity solution model and
the number of free parameters are the same as in the truncated
power-law disk model.

The local thermodynamic equilibrium (LTE) is assumed in
the model fitting. The LTE assumption is sometimes inade-
quate for the analysis of protoplanetary disks, since it tends
to overestimate the excitation temperature for a high transition
with a high critical density. However, Pavlyuchenkov et al.
(2007) evaluated many types of model calculations, and found
that the LTE approximation seems to be valid for the cases
of J = 4–3, or a lower transition of CO. The LTE assump-
tion is, therefore, applicable in our model calculations for the
J = 1–0 and J = 3–2 transitions of 12CO, 13CO, and C18O.
The abundance ratios of H2 to 12CO, 12CO to 13CO, and 13CO
to C18O are assumed to be 104, 69, and 8.1, respectively,
which are typical values in the interstellar medium (Frerking
et al. 1982; Wannier et al. 1982; Wilson 1999). The disk is
assumed to be heated only by stellar radiation, and accretion
heating is neglected. This is a reasonable approximation for
the disk around MWC 480 with a modest accretion rate (a few
� 10�8 Mˇ yr�1: Grady et al. 2010). The parameters in the
similarity solution model are summarized in table 1.

All of the parameters in table 1 should be taken into account
in the model calculation for the best accuracy, but some of
them do not sensitively affect the model calculation. Emission
profiles are mostly characterized by the parameters T100, Σ100,
rout, p, and q, which are regarded as free parameters (vari-
ables) to be adjustable, and the other parameters are fixed to
be constants (invariables), as listed in table 1. In actual calcu-
lations, Σ100 was fixed in each run, and the best-fit value of
T100 was searched. The search for T100 was done for Σ100

� 1 g cm�2 in our model fitting because T100 in each CO line
is well confined due to the asymptotic behavior of the best-
fit temperature for the Σ100 � 10�3 g cm�2 region, and the

results for the large Σ100 remain almost the same as that for
Σ100 = 1 g cm�2. The line intensity is affected by both T100

and Σ100 in the case of optically thin emission, and by only
T100 in the case of optically thick emission. The best-fit q was
searched in the range of 0.4 to 0.7 based on a theoretical predic-
tion by Kusaka, Nakano, and Hayashi (1970), and model fitting
results by Hughes et al. (2008). It was found that the parameter
p affected less sensitively on the fitting results than the param-
eter q on the basis of our preliminary check on the parameter
dependency; as a result, we adopted p = 1, which is the same
value previously derived from interferometric observations (p
= 1.1 in Hughes et al. 2008). The radius rout was initially
guessed based on the separation between the two peaks in the
profiles obtained from our observations, since the Keplerian
velocity at rout [V.rout/] roughly corresponds to half of the
separation between the two peaks of the profile if the disk is
not in the face-on orientation. The initial guess of rout was set
to be between 500 and 1000 au, and then finely adjusted so that
the peak-to-peak velocity width of the model profile in each
CO line matches with that in the observed profile.

4.2. Fitting Results

The emission with the widest velocity width is the optically
thin, C18O (J = 1–0) line, which traces dense gas rotating with
a high Keplerian velocity in the inner disk, while the narrowest
velocity width is seen in the optically thick, 12CO (J = 1–0)
line, which traces low-density gas rotating with a low Keplerian
velocity in the outer disk. Figure 3 shows different velocity
widths between the two peaks seen in the 12CO (J = 1–0),
13CO (J = 1–0), and C18O (J = 1–0) profiles. The different
velocity widths seen in the profiles are simultaneously well
reproduced when r = 700 au and q = 0.65. The best-fit temper-
atures at 0.0001, 0.001, 0.01, and 0.1 g cm�2 in Σ100 where the
disk solution with a single set of the parameters surely exists
for all of the CO lines provided in table 2. The best-fit results
when Σ100 = 10�2 g cm�2 as a representative value are shown
in figure 7, and the best-fit temperature at several specific Σ100

is provided in figure 8. Note that the fitting solution in the lower
range of Σ100 may be unreliable even though a best-fit solution
exists, because the disk mass becomes too low to keep consis-
tency with the results derived from the dust continuum and the
other CO line observations. Since the surface density tapers off
gradually in the radial direction, and the mass still remains in
the outer region of the disk in the similarity solution model, in
contrast to the truncated structure seen in the truncated power-
law model, the model fitting by the similarity solution can be
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No. 6] The Temperature and Surface Density Structures of a Typical Full Disk around MWC 480 123-9

Fig. 7. (Upper panels) Comparisons between the line profiles obtained by our observations (curves in black) and best-fit model calculations when
rout = 700 au, Σ100 = 10�2 g cm�2, p = 1.0, and q = 0.65 (curves in green color) in the case of (a) 12CO (J = 1–0), (b) 12CO (J = 3–2),
(c) 13CO (J = 1–0), and (d) C18O (J = 1–0). Best-fit values for T100 are listed in table 2. (Lower panels) Difference between the observed and
calculated profiles shown in the upper panels.

Fig. 8. Best-fit values of T100 with uncertainties for the acceptable fit in model calculations as a function of Σ100. The panel (a) shows the cases of
Σ100 = 10�8–1 g cm�2, and the panel (b) magnifies the lower right part of (a).

done by adjusting T100, even for the lower Σ100 values than
those in the truncated power-law model.

The averaged value in the best fit T100 for the
12CO (J = 3–2) line in table 2 is 52+9

�9 K, and this range is
significantly higher than those estimated for the other CO lines,
16+4

�4 K (see figure 8). This difference in the best-fit temper-
ature of T100 implies that the disk is composed of at least
two layers with distinct temperatures. The uncertainty in the
best-fit temperature is small for higher surface densities, or
large optical depths. In lower surface density, the uncertainty
becomes drastically larger, or even no solution exists: the
best-fit temperature in 12CO (J = 3–2) has a large uncertainty
when Σ(r) < 10�6 g cm�2 and the solutions in 13CO (J = 1–0)
and C18O (J = 1–0) do not exist. The Σ100 that is greater
than 0.01 g cm�2 corresponds to & 10 in optical depth, and
therefore the disk around MWC 480 should be optically thick

for 13CO (J = 1–0). Note that we can not conclude whether
the C18O (J = 1–0) line is optically thin or not because the
signal-to-noise ratio of C18O (J = 1–0) profile is still high,
which makes it difficult to estimate the optical depth through
model fitting.

5. Discussion

5.1. Vertical Temperature Structure of the Disk

Taking advantage of the different mass opacities of the
CO isotopologue emission lines that can trace the temper-
atures at the individual depths from the disk surface, the
vertical temperature structure can be probed as in the previous
study. Figure 8 shows that the temperature of � 50 K traced
by the 12CO (J = 3–2) line is about three-times higher than
those by the other lines, even when taking account of the
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Fig. 9. The vertical height from the mid-plane of the disk
normalized by the scale height as a function of r when
Σ100 = 0.01 g cm�2. The radial temperature dependence is set to be
T (r) = 20 (r=100 au)�0:5 [K].

uncertainties. Figure 9 shows the vertical locations of the
photospheres probed by the CO isotopologue lines. Note that
the optical depth (� ) at the photosphere is 2=3, but we adopt
� = 1 in this study for simplicity. The detailed description and
derivation are provided in Scoville et al. (1986) and Akiyama
et al. (2011). The relation between the best-fit temperatures
and the heights of the photospheres for the CO lines indi-
cate that the temperature of the upper layer with a height
of 2 � H at r = 100 au is more than 3-times higher than
those in the lower layers with heights of 0.5–1.0 � H at
r = 100 au. Therefore, we conclude that the disk around
MWC 480 is comprised of at least two layers with different
temperatures beyond � 100 au from the central star. Such two
layers in irradiated accretion disks around TTSs have been
theoretically predicted (Chiang & Goldreich 1997). D’Alessio
et al. (1999) constructed a detailed 3-D model of an irradi-
ated accretion disk, and extensively explored the dependence of
the disk structure and molecular line-emission profiles, emis-
sion properties on the mass-accretion rate, viscosity param-
eter, and disk radius. Furthermore, the temperatures traced
by the 12CO (J = 1–0) and 13CO (J = 1–0) lines seems to
be slightly higher than that by the C18O (J = 1–0) line,
suggesting three layers. Inoue, Oka, and Nakamoto (2009)
proposed a 3-layer disk model; the middle layer forms at
around the heights where the optical depth of the emission
re-radiated from dust grains in the upper layer is less than unity.

The temperatures traced by the 12CO (J = 1–0) and
13CO (J = 1–0) lines are lower than those previously
derived from interferometric observations: 21+4

�4 K in the
13CO (J = 1–0) (Piétu et al. 2007). The cause for the different
temperatures in the same transition line is most likely to be
the difference between the applied disk models; the truncated
power-law model was used in the model fitting analysis of the

interferometric images, while the similarity solution model was
applied in our study. Hughes et al. (2008) compared the two
models, and showed that the outer radius or the disk size should
increase in the similarity solution model to maintain the same
disk mass in the truncated power-law model. Since a larger
disk makes the fitting temperature lower, the best-fit temper-
ature derived by the similarity solution model accordingly
becomes lower. To quantitatively check the difference between
the two models, we also obtained the best-fit temperatures by
the truncated power-law model in the case of rout = 500 au
(rout = 520 au in Piétu et al. 2007), and summarize the results
in table 3 in the Appendix. The best-fit temperatures in the
truncated power-law model are 21+6

�6 K in 12CO (J = 1–0) and
19+5

�4 K in 13CO (J = 1–0) at r = 100 au, and are consistent
with the previous results obtained by interferometric obser-
vations. Consequently, the difference between the best-fit
temperatures in the low transition lines is not caused by
the calibration uncertainties in the observations, but by the
different disk models adopted in the studies.

5.2. Radial Density Structure of the Disk

The diversity of extrasolar planetary systems is theoretically
thought to stem from that in the protoplanetary disk structures,
in particular, the radial surface density distribution. The combi-
nation of multi-CO line observations and model fitting can
unveil the disk structure including the radial surface density
distribution. Our successful fitting in the similarity solution
model indicates that the surface density of the disk around
MWC 480 probably falls off gradually with increasing radius,
rather than a sharp outer edge previously derived from the trun-
cated power-law model (Mannings et al. 1997).

Figure 3 is a comparison among the velocity widths of the
CO isotopologue emission profiles in the same J = 1–0 rota-
tional transition. The velocity width of optically thicker emis-
sion is narrower, while that of the optically thinner emission
is wider. Since the different velocity width reflects a different
radial distance from the central star, each CO emission line
traces a different radial location: the outer-disk region can
be traced by the optically thicker line, whereas the inner-disk
region can be traced by the optically thinner line. As explained
in subsection 4.2, Hughes et al. (2008) solved the disk size
discrepancy between the dust continuum and molecular line
emission observations by introducing the similarity solution
model. Although the different velocity width is also qualita-
tively describable in the truncated power-law model, the simi-
larity solution model seems to be more suitable for tracing the
outer disk component, and therefore probing the radial surface
density structure.

The mid-plane density of the disk is � 2 � 10�3 g cm�3,
which is slightly smaller than the value derived from Hughes
et al. (2008). This is probably caused by other parameters,
especially the index p in Σ(r) [represented by � in Hughes
et al. (2008) paper]. They applied p = 1.1, which is a slightly
steeper decrease in Σ(r), and thus makes their mid-plane
density larger than ours. We also show that the exponen-
tial taper description effectively functions for reproducing the
difference in velocity width seen in each CO profile. This is the
first case to show that the different velocity width that occurrs
in gas emissions is fitted by the similarity solution model with
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No. 6] The Temperature and Surface Density Structures of a Typical Full Disk around MWC 480 123-11

Fig. 10. Fitting results of (a) 12CO (J = 1–0), (b) 12CO (J = 3–2), (c) 13CO (J = 1–0), and (d) C18O (J = 1–0) spectrum in the truncated power-law
model. (Upper panels): Comparisons between the line profiles obtained by the observations (curves in black) and best-fit model calculations when rout

= 500 au and Σ100 = 0.1 g cm�2 (curves in green) are provided. The corresponding T100 for each line profile is listed in table 3. (Lower panels):
Difference between the observed and calculated profiles shown in the upper panels.

Fig. 11. The same as figure 10 in the case of rout = 1000 au and Σ100 = 0.1 g cm�2. T100 is given in table 4.

a single set of physical parameters.
Model fitting by the truncated power-law model is also

successful, and seems to be supportive of a sharp outer edge
of the disk around HD 163296. However the disk is thought to
be rather evolved, i.e., an intermediate phase from the Class II
to III evolutionary stage (Isella et al. 2007), and therefore
some amount of gas could already have been dissipated. If
this is the case, the exponential tail is still present in the very
tenuous outer regions of the disk, but has not been detected,
owing to insufficient sensitivity of the present observations.
McCaughrean and O’Dell (1996) presented an analysis of
silhouettes disks in the Orion Nebula obtained by HST and
ground-based telescopes. They realized that the disks appear
to be tapered at the near outer edge, probably because tidal
interactions between a star+disk system stripping outer edge of
the disk may occur. The exponential tail may be detected in
future work by, for example, ALMA with very high sensitivity.

Although Hughes et al. (2008) showed a successful fit by the
similarity solution disk model for four nearby disk systems, the
power-law surface density distribution with truncation at the
outer edge may still be more suitable than the power-law with
an exponential tail in some cases. For example, in the case of
our solar system, the radial distribution of the trans-Neptunian
objects has a sudden decrease at a distance of 50 au from the
Sun (Luu & Jewitt 2002). Such a feature might originate from
the primordial solar nebula with a sharp outer edge, like in the
case of the truncated power-law disk model.

6. Summary

We derived the vertical temperature and radial surface
density structure of the disk by applying the similarity
solution with taper at the outer edge of the disk based
on the multi-spectra of 12CO (J = 1–0), 12CO (J = 3–2),
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Fig. 12. Best-fit T100 parameter with uncertainties for the acceptable fit when r = 500 au, p = 1.3, and q = 0.65 as a function of Σ100 in the truncated
power-law model. (Left): The panel shows the best-fit T100 between 0.003 and 3 g cm�2 in Σ100, (Right): It is the same panel as the one on the left in
an enlarged view of the lower-right part.

Fig. 13. Same as figure 12 when rout = 1000 au, p = 1.3, and q = 0.65.

13CO (J = 1–0), and C18O (J = 1–0) lines. Taking advantage
of the difference in the position of the photosphere among
the CO isotopologue lines, we revealed the temperature
distribution in the vertical direction; there are at least two
distinct temperature layers. The temperature in the upper-
most 12CO (J = 3–2) emitting layer is more than 3-times
higher than that of any other CO emitting region. Such
a vertical temperature distribution in a disk had been iden-
tified both in T Tauri and Herbig Ae stars (e.g., DM Tau,
AB Aur, and HD 163296), and thus may be ubiquitous
in protoplanetary disks.

The exponential taper description in the similarity solution

model effectively functions for reproducing the difference in
the velocity width caused by a different Keplerian rotation
velocity traced by each CO line. Our multi-CO line fitting
results are consistent with the interferometric results of the
combination of the dust continuum and the molecular gas emis-
sion analyzed by the same disk model, indicating that the disk
has diffused gas in outer region, and gas tapers off gradu-
ally. This is the first case to show that the multi-CO emission
profiles with different velocity widths are successfully repro-
duced by the similarity solution model with a single set of
physical parameters. It also implies that the gas disk evolves
by transferring angular momentum outward via viscous
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Table 3. Best-fit parameters at rout = 500 au, p = 1.3, and q = 0.65.

Σ100 [g cm�2] T100 [K]�
12CO (J = 3–2) 12CO (J = 1–0) 13CO (J = 1–0)

0.01 75+11
�12 22+5

�6 22+2
�4

0.03 71+11
�11 20+5

�5 19+3
�3

0.1 66+ 9
�10 20+5

�5 18+1
�2

0.3 64+ 9
� 9 20+5

�5 17+2
�2

� The quality of C18O (J = 1–0) results is too low to include here due to high noise level.

Table 4. Best-fit parameters at rout = 1000 au, p = 1.3, and q = 0.65.

Σ100 [g cm�2] T100 [K]�
12CO (J = 3–2) 12CO (J = 1–0) 13CO (J = 1–0)

0.01 56+7
�8 17+3

�3 18+1
�2

0.03 53+7
�7 17+3

�3 16+2
�2

0.1 51+6
�6 16+3

�3 15+2
�1

0.3 49+5
�6 16+3

�3 15+1
�2

� The quality of C18O (J = 1–0) results is too low to include here due to high noise level.

diffusion. Such a temperature and surface density distributions
are still open questions, and can be verified when the disk is
sufficiently resolved. It is expected that ongoing ALMA opera-
tion with drastically improved sensitivity and spatial resolution
will unveil the disk structure in more detail.

Appendix. Analysis based on the truncated power-law
disk model

The conventional truncated power-law model has been
utilized for characterizing the temperature and surface density
distributions in a protoplanetary disk. The temperature distri-
bution in the truncated power-law model has the same form as
that in the similarity solution model (see subsection 4.1), but
the radial surface density distribution, Σ(r), is given as

Σ.r/ = Σ100

� r

100au

��p

; (A1)

where Σ100 is the surface density at r = 100 au and p charac-
terizes how steeply the Σ(r) drops as a function of r .

Although fitting temperatures of all CO lines derived by
the similarity solution model result in lower temperatures than
those in the truncated power-law model, because of different
rout and Σ(r) treatments, both results show a similar tendency
in the vertical temperature distributions. The best-fit results are
shown in figures 10 and 11 for rout = 500 and 1000 au, respec-
tively. The parameters Σ100, p, and q have the same values in
the two cases: Σ100 = 0.1 g cm�2, p = 1.3, and q = 0.65.
In contrast to the case of the similarity solution model, we
could not describe all of the CO line profiles by a single set
of the model parameters. In figure 10, for example, the fitting
of the 12CO (J = 1–0) line is not successful, while the other

three lines achieve good fittings. When an improvement in
the 12CO (J = 1–0) line fitting is attempted, the fitting in the
other lines becomes worse, as shown in figure 11. We made
every effort in the model fitting for all of the CO lines, but
could not find the best-fit solutions that well reproduce all of
the CO line profiles at the same time. MWC 480 shows large
differences in the peak-to-peak velocity widths of the four CO
lines, as shown in figure 3, and it is very difficult to simultane-
ously reproduce all of the CO line profiles by a single value of
rout in the truncated power-law model. The best-fit rout for the
12CO (J = 1–0) line profile is 500 ˙ 100 au, whereas the best-
fit rout for the other three lines is 1000 ˙ 100 au. Consequently,
the truncated power-law model bears potential improvements.
The best-fit temperatures as a function of Σ100 in the range
from 10�4 to 3 g cm�2 for rout = 500 and 1000 au are provided
in figures 12 and 13, and corresponding numerical values are
summarized in tables 3 and 4, respectively. Although the
temperatures in the truncated power-law model are higher than
those in the similarity solution model, because of different
rout and Σ(r) treatments, the truncated power-law model also
shows vertical temperature distributions similar to those in the
similarity solution model. The averaged best-fit temperature
of 12CO (J = 3–2) in the range of Σ(r) for rout = 500 and
1000 au in tables 3 and 4 shows the highest value among all
of the CO lines, for example, 69+17

�14 K in rout = 500 au and
52+11

�9 K in rout = 1000 au when Σ100 = 0.1 g cm�2, whereas
the temperatures of the other lines are 3–5 times lower than
the 12CO (J = 3–2) temperature. These best-fit results in the
truncated power-law model imply that the disk is composed of
at least two layers with distinct temperatures, as the similarity
solution model suggests.
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ApJ, 527, 893
Dartois, E., Dutrey, A., & Guilloteau, S. 2003, A&A, 399, 773
Dent, W. R. F,, Greaves, J. S., & Coulson, I. M. 2005, MNRAS, 359,

663
Dobashi, K., Uehara, H., Kandori, R., Sakurai, T., Kaiden, M.,

Umemoto, T., & Sato, F. 2005, PASJ, 57, S1
Dominik, C., Dullemond, C. P., Waters, L. B. F. M., & Walch, S. 2003,

A&A, 398, 607
Dullemond, C. P. 2002, A&A, 395, 853
Dullemond, C. P., & Dominik, C. 2004, A&A, 417, 159
Dullemond, C. P., Dominik, C., & Natta, A. 2001, ApJ, 560, 957
Ezawa, H., Kawabe, R., Kohno, K., & Yamamoto, S. 2004, Proc.

SPIE, 5489, 763
Frerking, M. A., Langer, W. D., & Wilson, R. W. 1982, ApJ, 262, 590
Fukagawa, M., et al. 2004, ApJ, 605, L53
Fukagawa, M., Tamura, M., Itoh, Y., Kudo, T., Imaeda, Y., Oasa, Y.,

Hayashi, S. S., & Hayashi, M. 2006, ApJ, 636, L153
Grady, C. A., et al. 2010, ApJ, 719, 1565
Grady, C. A., et al. 2013, ApJ, 762, 48
Hamidouche, M., Looney, L. W., & Mundy, L. G. 2006, ApJ, 651,

321
Hartmann, L., Calvet, N., Gullbring, E., & D’Alessio, P. 1998, ApJ,

495, 385
Hashimoto, J., et al. 2011, ApJ, 729, L17
Hayashi, C., Nakazawa, K., & Nakagawa, Y. 1985, in Protostars

and planets II, ed. D. C. Black & M. S. Matthews (Tucson, AZ:
University of Arizona Press), 1100

Hughes, A. M., Wilner, D. J., Qi, C., & Hogerheijde, M. R. 2008, ApJ,
678, 1119

Inoue, A., Oka, A., & Nakamoto, T. 2009, MNRAS, 393, 1377
Isella, A., Testi, L., Natta, A., Neri, R., Wilner, D., & Qi, C. 2007,

A&A, 469, 213
Kenyon, S. J., & Hartmann, L. 1987, ApJ, 323, 714
Kitamura, Y., Momose, M., Yokogawa, S., Kawabe, R., Tamura, M.,

& Ida, S. 2002, ApJ, 581, 357
Kitamura, Y., Omodaka, T., Kawabe, R., Yamashita, T., & Handa, T.

1993, PASJ, 45, L27

Kokubo, E., & Ida, S. 2002, ApJ, 581, 666
Kusaka, T., Nakano, T., & Hayashi, C. 1970, Prog. Theor. Phys., 44,

1580
Kusakabe, N., et al. 2012, ApJ, 753, 153
Kutner, M. L., & Ulich, B. L. 1981, ApJ, 250, 341
Luu, J. X., & Jewitt, D. C. 2002, ARA&A, 40, 63
Lynden-Bell, D., & Pringle, J. E. 1974, MNRAS, 168, 603
Mannings, V., & Sargent, A. I. 1997, ApJ, 490, 792
Mannings, V., Koerner, D. W., & Sargent, A. I. 1997, Nature, 388, 555
Mayama, S., et al. 2012, ApJ, 760, L26
McCaughrean, M. J., & O’Dell, C. R. 1996, AJ, 111, 1977
Meeus, G., Waters, L. B. F. M., Bouwman, J., van den Ancker, M. E.,

Waelkens, C., & Malfait, K. 2001, A&A, 365, 476
Merril, P. W., Burwell, C. G., & Miller, W. C. 1942, ApJ, 96, 15
Muto, T., et al. 2012, ApJ, 748, L22
Nakajima, T., et al. 2008, PASJ, 60, 435
Natta, A., Testi, L., Neri, R., Shepherd, D. S., & Wilner, D. J. 2004,

A&A, 416, 179
O’Dell, C. R., & Wen, Z. 1994, ApJ, 436, 194
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