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Figure 3. A gallery of 240 GHz (1.25 mm) continuum emission images for the disks in the DSHARP sample. Beam sizes and 10 au

scalebars are shown in the lower left and right corners of each panel, respectively. All images are shown with an asinh stretch to reduce

the dynamic range (accentuate fainter details without over-saturating the bright emission peaks). For more quantitative details regarding

the image dimensions and intensity scales, see Huang et al. (2018a) and Kurtovic et al. (2018).

Andrews et al. (2018)

(Proto)planets already formed?

Star and Planet Formation Introduction

potentially give estimates of the temperature and
rotation pro!les of the disk based on dynamical
processes, independently from sub-mm observations.
It also predicts the evolution of the spiral structures,
which can be observed at timescales of 10–20 years,
providing conclusive tests of the model. Assuming a
planet exists within these structures, we can predict
the locations and, possibly, the masses of the unseen
planets.

For PDS 70, a weak-lined T Tauri star of K5
type, 0.82MSun mass, <10Myr age, a large and sharp
gap is observed. We suggest that the gap could be
formed by dynamical interactions with sub-stellar
companions or multiple unseen giant planets in the
gap.43) Using a generic disk model that can simulta-
neously account for the general features in Spitzer,
SMA, and Subaru observations, the scattered light
images are computed, which agree with the general

trend seen in the Subaru data. Decoupling between
the spatial distributions of the µm-sized dust and
mm-sized dust inside the cavity is suggested by the
model.53),54)

For TW Hya, a K7, 3–10Myr age, 0.55MSun
mass T Tauri star, the scattered light from the disk
was detected from 11 to 81AU and a gap may exist
at 30AU from the central star, in addition to the
80AU gap discovered by HST.49)

Please refer also to Takami et al.55) for an
alternative SEEDS disk interpretation and Brandt
et al.56) for another SEEDS data reduction method.

7. Conclusion and future prospects

The 8.2-m Subaru Telescope has successfully
completed its !rst Subaru Strategic Program, the
SEEDS survey for exoplanets and disks. Via direct
imaging techniques, it has detected a few exoplanets

Fig. 3. SEEDS disk image gallery. From left to right: !rst row (AB Aur, Hashimoto et al. 201136); SAO 206462, Muto et al. 201237);
MWC 758, Grady et al. 201339); LkHa 330, Bonnefoy et al. in prep.; TW Hya, Akiyama et al. 201549)), second row (PDS 70,
Hashimoto et al. 201243); Sz 91, Tsukagoshi et al. 201446); WLY 2-48, Follette et al. 201541); LkCa 15, Thalmann et al. 201042); HR
4796A, Thalmann et al. 201150)), third row (AB Aur close-up, Hashimoto et al. 201136); HD 142527, Fukagawa et al. in prep.; HD
169142, Momose et al. 2015; RX J1604.3-2130A, Mayama et al. 201244); GM Aur, Oh et al. in prep.), and the fourth row (RY Tau,
Takami et al. 2013; SR 21, Follette et al. 201340); MWC 480, Kusakabe et al. 201238); UX Tau A, Tanii et al. 201245); HIP 79977,
Thalmann et al. 201351)). Compiled by Jun Hashimoto.

M. TAMURA [Vol. 92,52

From review of Tamura 2016
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Observations of Disks around Protostars

and several 
more sources

with lower angular resolutions than this work. The peak
position is also measured from the Gaussian !tting to be

2000 04 39 53. 88, 2000 26 03 09. 55h m sB E� � � n a ´( ) ( ) , which
is consistent with previous measurements (Yen et al. 2013;
Ohashi et al. 2014). We de!ne this peak position and the major-
axis direction as the central protostellar position of L1527
IRS and the orientation angle of its dust disk/envelope,
respectively, in this paper. The peak intensity and the total "ux
density of the emission derived from the Gaussian !tting are
101.4 0.2 mJy beam 1o � and 164.6 0.5 mJyo , respectively,
while the total "ux density is 176 mJy when measured in the
whole region of Figure 1. By assuming that the dust continuum
emission is optically thin and dust temperature is isothermal,
total mass can be calculated with the total "ux density
(Andrews & Williams 2005). The total "uxes derived above
correspond to a mass of M M0.013gas _ ! by assuming a dust
opacity of 220 GHz 0.031 cm g2 1L � �( ) (Tobin et al. 2013), a
dust temperature of 30 K (Tobin et al. 2013), and a standard gas
to dust mass ratio, g/d, of 100.

3.2. C18O J!=!2!!!1

The C18O J 2 1� � emission was detected above 3T level at
the relative velocity range from !3.3 to 3.2 km s 1� in the LSR
frame with respect to the systemic velocity V 5.8 km sLSR

1� � .
Figure 2 shows the total integrated intensity (moment 0) map
in white contours and the intensity-weighted-mean velocity
(moment 1) map in color; both are derived from the above
velocity range with 3T cutoff. The moment 0 map overall shows
an elongated structure perpendicular to the out"ow axis, centered
at the protostellar position. In more detail, lower contours
("3–6T) show extensions to north-northeast, north-northwest,
south-southeast, and south-southwest. The moment 0 map also
shows two local peaks on the northern and southern sides of the

central protostar with a separation of 1_ ´. This double peak is due
to a “continuum subtraction artifact”; the continuum emission was
subtracted even at channels where the C18O emission has low
contrast with respect to the continuum emission and is resolved
out by the interferometer. Subtraction of the continuum thus
results in negative intensity at the protostellar position. Regardless
of the double peak, the map was !tted with single 2D Gaussian to
measure the overall structure of the C18O emission; a deconvolved
size of the C18O emission is estimated to be 2. 17 0. 04´ o ´ q
0. 88 0. 02´ o ´ , with P.A. 1.8 0.7� � n o n. Peak integrated
intensity and total "ux measured in the whole region of
Figure 2 are 0.20 Jy beam km s1 1� � and 2.2 Jy km s 1� . The
moment 1 map shows a velocity gradient in the north-south
direction, which is perpendicular to the out"ow axis. The
morphology of C18O emission indicates that it traces a "attened
gas envelope and/or a gas disk around L1527 IRS and thus the
velocity gradient seen in the C18O emission is mainly due to their
rotation, as already suggested by Ohashi et al. (2014) and Yen
et al. (2013). Because the C18O emission shows a more
complicated structure than the continuum emission, we assume
the orientation angle of the gas disk/envelope to be the same as
that of the dust disk/envelope in this paper.
Figure 3 shows channel maps of the C18O emission, which

enable us to investigate velocity structures in more detail. In
higher blueshifted- and redshifted velocities (V 1.6 km s 12 �" " ),
emissions show overall circular shapes, and their sizes at 3T
level are smaller than 1. 5_ ´ . The emission peaks are located on
the southern side in the blueshifted range, while on the northern
side in the redshifted range they make a velocity gradient from
the south to the north, as seen in Figure 2. In a middle velocity
range ( V0.4 1.5 km s 11 1 �" " ), more complicated structures

Figure 1. Continuum emission map of L1527 IRS. Contour levels are
3, 3, 6, 12, 24 ,... T� q , where 1! corresponds to 0.2 mJy beam 1� . A blue-

!lled ellipse at the bottom right corner denotes the ALMA synthesized beam;
0. 47 0. 37, P.A. 0.4´ q ´ � � n. The elongation direction (1.5°) is shown with a
white dashed line. Blue and red arrows show the direction of the molecular
out"ow (east-west) from single-dish observations toward L1527 IRS in
12CO J 1 0� � (Narayanan et al. 2012).

Figure 2. Integrated intensity map (moment 0; white contours) and mean
velocity map (moment 1; color) of the C18O J 2 1� � emission in L1527
IRS, where the velocity is relative LSR velocity with respect to the systemic
velocity V 5.8 km sLSR

1� � . Contour levels of the integrated intensity map are
from 5T to 30T in steps of 5T and then in steps of 10T, where 1T corresponds
to 2.3 mJy beam km s1 1� � . A central black plus sign shows the position of the
central protostar (continuum emission peak). A blue-!lled ellipse at the bottom
right corner denotes the ALMA synthesized beam; 0. 50 0. 40, P.A. 3.1´ q ´ � n.
Blue/red arrows and a white dashed line show the direction of the molecular
out"ow and the major-axis direction of the continuum emission, respectively,
as shown in Figure 1.
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• In the Taurus molecular cloud (~140 pc)
• Lbol: 3.7 Lsun
• Tbol: 226 K
• Mstar: 1.6 Msun
• Embedded in ~2,000 au envelope
• At the end of the main accretion phase

884 HOGERHEIJDE & SANDELL Vol. 534

TABLE 3

NOISE, FLUX, AND GAUSSIAN FITS TO EMISSION PEAK

j Noise RMS Ftotala Fpeakb / Fd)b Sizeb P.A.b
Source (km) (Jy beam~1) (Jy) (Jy beam~1) (Jy) (arcsec) (deg)

L1489 IRS . . . . . . 850 0.02 5.78 0.36 0.43 8 ] 6 54
450 0.10 23.3 1.76 2.82 8 ] 4 51

L1535 IRS . . . . . . 850 0.03 6.03 0.18 0.29 12 ] 9 53
450 0.15 22.4 0.36 1.00 12 ] 9 38

L1527 IRS . . . . . . 850 0.06 10.6 0.84 1.04 9 ] 5 24
450 0.27 65.3 2.79 5.07 10 ] 5 36

TMC 1 . . . . . . . . . 850 0.02 2.60 0.19 0.24 13 ] 11 40
450 0.10 12.5 0.65 1.20 10 ] 5 56

a Total Ñux over entire observed image.
b Parameters of the smallest Gaussian that can be !tted to central peak. Size is deconvolved FWHM.

The estimated error in the !tted peak Ñuxes is 5%, in the FWHM at and in the P.A. is 5¡.0A.3È0A.5,

450 km images with the appropriate beam pro!les, con-
volved them with a single Gaussian to the same resolution
of and calculated14A.5, a \ log (F450/F850)/log (850
km/450 km). The resulting values of a range between 1.8
and 3.5. The largest values are found toward the position of
L1489 IRS and along the outÑow cavity of L1527 IRS; the
lowest values around TMC 1. A proper description of the
beam pro!le is crucial when deriving the spectral index :
using a single Gaussian for the beam lowers a by 0.5 on
average and signi!cantly changes its spatial distribution.

In the submillimeter range, the overall spectral index a
reÑects the emission-averaged values of the dust tem-
perature, the opacity, and the spectral index of the dust
emissivity b. Assuming fully optically thin emission and
b \ 1.5È2.0 ( as expected for dust in dense clouds : Gold-
smith, Bergin, & Lis 1997 ; Ossenkopf & Henning 1994), the
observed a directly translates to dust temperatures of 10È15
K for the extended material and K for the materialZ30
near L1489 IRS and along the outÑow of L1527 IRS; lower
values of b, corresponding to grain growth (Ossenkopf &

FIG. 2.ÈBlow-up of the central 40@@ ] 40@@ of the 450 km images.
Contour levels are drawn at the same 2 p intervals as in Fig. 1. The vertical
bars indicate the FWHM sizes of the beams ; the arrows indicate the
direction of the outÑows.

Henning 1994 ; Pollack et al. 1994), give higher tem-
peratures. At the position of L1527 IRS, the spectral index
shows a local minimum of D2.5. The next section will show
that rather than a lower temperature, a decreased b in the
central region or a signi!cant contribution from optically
thick emission from an unresolved circumstellar disk are
more likely explanations. The extended emission peaks
northeast of L1489 IRS and north of L1535 IRS do not
show up as extrema in a, indicating that they correspond to
enhancements in column density rather than temperature.
In the following, we will refer to these condensations as
L1489 NE-SMM and L1535 N-SMM.

4. MODELING THE STRUCTURE OF THE YSO ENVELOPES

4.1. Power-L aw Density Models
The emission pro!les of Figure 3 show that the emission

of the extended emission follows a radial power law. The
inside-out collapse model predicts a power-law distribution
for the density with negative index between 1 and 2, where
the exact shape is given by the location of the collapse
expansion wave In this section we investigate whichrCEW.
single value of the power-law index p best !ts the overall
emission around the sources ; the next section will focus on
the inside-out collapse model. Since these model results are
mostly constrained by the extended emission, no additional
unresolved sources like circumstellar disks are included (but
see Chandler & Richer [2000] for a discussion of the e†ect
of the presence of an unresolved central source on derived
model parameters). These models are spherically sym-
metric ; at the end of this section (° 5.3) we will look at the
properties of the central elongated emission peaks and how
they di†er from those inferred for the envelope as a whole.

For the power-law model we adopt a density distribution
AU)~p, where is the density at an arbi-o \ o0(r/1000 o0trary radius of 1000 AU. Instead of density o we will use the

number density n as a parameter, assuming aH2““ standard ÏÏ gas-to-dust ratio of 100:1. The inner radius of
the envelope is set at 50 AU, which does not inÑuence the
results, while the outer radius is initially set at 8000 AU.
Following Adams & Shu (1985), we assume the dust tem-
perature to follow a radial power law with index 0.4, Td B
26(r/1000 K. Such a distribution isAU)~0.4(L bol/1 L

_
)0.2

expected for a spherical cloud with an embedded heating
source and which is optically thin to the bulk of the heating
radiation. The dust temperature depends on the luminosity
of the central source as described by Adams & Shu (1985).
For our sources, AU) \ 34 K (L1489 IRS: 3.7T

d
(1000 L

_
)

5’’ (700 au)

Hogerheijde et al. (2000)
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Figure 3. Moment 0 map (contour) overlaid on the moment 1 map (color) of the C18O (2–1) emission in L1489 IRS. A filled ellipse in the bottom right corner denotes
the beam size. A cross shows the protostellar position. Contour levels are from 3! to 15! in steps of 3! , from 15! to 50! in steps of 5! , and then from 50! to 90!
in steps of 10! , where 1! is 10 mJy beam!1 km s!1.
(A color version of this figure is available in the online journal.)

Figure 4 shows the velocity channel maps of the C18O
emission in L1489 IRS. The C18O emission is detected above the
3! level over 62 velocity channels from V = !5.1 to 5.0 km s!1,
and we binned 3 channels together to reduce the total number of
panels for presentation. At V ! !2.9 km s!1 and "2.6 km s!1,
the C18O emission shows a compact, single-peaked blob to
the east and the west of the protostar, respectively. From V =
!2.4 to !1.4 km s!1, an additional emission component to the
northeast of the inner compact blob becomes apparent. Around
the systemic velocity (V = !0.88 to 0.12 km s!1), the C18O
emission is elongated toward the southeast, the direction of
the blueshifted molecular outflow, and thus in these velocities
the C18O emission is likely contaminated by the outflow. The
brightest emission peaks at these velocities, however, appear
to be associated with the central protostar. At V = 0.62 and
1.1 km s!1, the C18O emission shows an extended, curved
structure to the southwest. At V = 1.6 and 2.1 km s!1, two
emission components appear; the one closer to the protostar
appears to be the same component as that seen in the highest
redshifted velocities (V " 2.6 km s!1), and the other is originated
from the curved feature.

To present the main features of the C18O emission at different
velocities, in Figure 5 we show the moment 0 maps of the C18O
emission integrated over three velocity regimes, high velocities
(V = !5.1 to !2.5 km s!1 and 2.5 to 5.0 km s!1), medium
velocities (V = !2.4 to !1.0 km s!1 and 0.6 to 2.3 km s!1),
and low velocities (V = !0.9 to 0.5 km s!1). The high-velocity
C18O emission shows blueshifted and redshifted compact blobs

with sizes of "0.##7 ("100 AU) and positional offsets of "0.##6
("80 AU) to the east and the west of the protostar, respectively.
The position angle of the axis passing through the peak positions
of these two blobs is "70$, consistent with the elongation of the
observed 1.3 mm continuum emission. The high-velocity 12CO
(Figure 2) and C18O emission show similar elongations and
directions of the velocity gradients, and both likely trace the
inner part ("100 AU scale) of the rotational motion seen on
hundreds of AU scale (Brinch et al. 2007b; Yen et al. 2013).
The medium-velocity C18O emission exhibits blueshifted and
redshifted peaks located at "2## ("280 AU) to the northeast
and the southwest, respectively, and shows an elongation with
a position angle of "55$. The protrusions seen in Figure 3 are
clearly seen at the medium velocities. The low-velocity C18O
emission shows a central component close to the protostar as
well as extensions toward the direction of the blueshifted outflow
at both the redshifted and blueshifted velocities. The extensions
at the low velocities are likely related to the outflow.

3.4. SO (56–45) Emission

Figure 6 shows the moment 0 and 1 maps of the SO (56–45)
emission in L1489 IRS. The SO emission is elongated from
northeast to southwest and exhibits a clear velocity gradient
along the major axis as in the case of the C18O emission.
Figure 7 shows the velocity channel maps of the SO emission.
The SO emission is detected above the 3! levels over 35 velocity
channels from V =!2.6 to 3.1 km s!1, and we binned 3 channels
together to reduce the total number of the panels for presentation.
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Figure 15. (a) Schematic figure demonstrating the configuration of our model of a flared Keplerian disk with two streams of infalling flows toward the disk. Blue and
red arrows show the directions of the blueshifted and redshifted outflows, respectively. (b) Moment 0 map of the C18O emission (contour; same as Figure 3) overlaid
on the model moment 0 map of the flared Keplerian disk with the infalling flows (color scale). A filled ellipse in the bottom right corner denotes the beam size. A cross
shows the protostellar position.
(A color version of this figure is available in the online journal.)

blueshifted protrusion can be explained by a parabolic trajectory
of material infalling from !0 = 52! and "0 = 74! (blue curve
in Figure 13, left) and that of the redshifted protrusion by !0 =
124! and "0 = 262! (red curve in Figure 13, right). The derived
infalling trajectories and the Keplerian disk are not coplanar, and
the blueshifted and redshifted infalling trajectories are in the far
and near sides of the disk plane, respectively (see Figure 15(a)).

Next, we examine whether the observed velocity structures
of the protrusions match with the predicted motions of the free-
falling gas. We have constructed models of two streams of
infalling flows along the parabolic trajectories derived above,
combined our models of the infalling flows and the flared
Keplerian disk, and generated model images. The velocities
and density distributions of the infalling flows are described as
(e.g., Ulrich 1976; Mendoza et al. 2004)

Vr = "
!

GM#

r
·

"

1 +
cos !

cos !0
, (24)

V! =
!

GM#

r
· (cos !0 " cos ! )

sin !
·

"

1 +
cos !

cos !0
, (25)

V" =
!

GM#

r
· sin !0

sin !
·

"

1 " cos !

cos !0
, (26)

n = n1 ·
#

r

Rc

$"1.5#
1 +

cos !

cos !0

$"0.5# cos !

2 cos !0
+

Rc

r
cos2 !0

$"1

,

(27)
where Rc is adopted to be 300 AU, !0 = 124! and "0 = 262! are
for the redshifted infalling trajectory, and !0 = 52! and "0 = 74!

are for the blueshifted infalling trajectory. In reality the infalling
flows must have certain characteristic widths, which depend on
the distribution of the injected material as a function of !0 and "0,
but it is not straightforward to unambiguously determine such

widths and density distribution. For simplicity, in our model we
assume that both redshifted and blueshifted infall flows have an
initial solid angle of !0 ± 3! and "0 ± 3!, an n1 value of 3 $
107 cm"3, and a C18O abundance of 3 $ 10"7, which produce
the model image approximately consistent with the observed
images. The lengths of the redshifted and blueshifted infalling
flows are adopted to be 5000 AU and 2000 AU, respectively. The
temperature profile is assumed to be isotropic and extrapolated
from the best-fit temperature profile of the Keplerian disk,
T (r) = 44 $ (r/100 AU)"0.3 K. Figure 15 compares the
observed and model moment 0 maps, and Figures 16(a) and
(b) present the P-V diagrams of the observed C18O emission
and the model along the curvature of the protrusions (blue and
red curves in Figure 13). For comparison, we have also made a
model of Keplerian-rotating protrusions that are coplanar to the
central Keplerian disk (Figures 16(c) and (d)). Figure 16 shows
that the velocity structures of the protrusions can be explained
by the infalling model better than the Keplerian rotation model.

Our model of infalling flows suggests the presence of infalling
gas that is not coplanar to the inner Keplerian disk, and the angles
between the infalling flows and the disk plane are 30!–40!.
Previous SMA observations of L1489 IRS in the millimeter
continuum and the HCO+ (3–2) line by Brinch et al. (2007b)
and their modeling also show the infalling envelope tilted by
34! from the central disk plane, consistent with our results. The
nature of the infalling flows will be further discussed in the next
section.

5. DISCUSSION

Our ALMA results and analyses show that L1489 IRS is sur-
rounded by a Keplerian disk with a radius of 700 AU plus non-
Keplerian protrusions seen in the C18O emission on a 1000 AU
scale. These protrusions likely trace two streams of infalling
flows from the north and the south, which are adjunct to the
eastern and western parts of the Keplerian disk, respectively.
Their velocity structures can be modeled by parabolic free-fall

16

color: model
contour: observation

140 au
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Yen et al. (2014)



• Project number: 2013.1.01086.S 
(PI: S. Koyamatsu, Cycle 2) 

• In ALMA Band 6
• C18O J=2-1 (219.56035GHz)
• 12CO, 13CO J=2-1, and SO 

(56-45) lines
• 1.3 mm continuum

• At a resolution of ~0.3’’ (~40 au)

ALMA Observations

• In C18O 2-1
• rms: 5.1 mJy/beam
• (SNR~10)
• Δv: 0.17 km/s
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Figure 3. Moment 0 map (contour) overlaid on the moment 1 map (color) of the C18O (2–1) emission in L1489 IRS. A filled ellipse in the bottom right corner denotes
the beam size. A cross shows the protostellar position. Contour levels are from 3! to 15! in steps of 3! , from 15! to 50! in steps of 5! , and then from 50! to 90!
in steps of 10! , where 1! is 10 mJy beam!1 km s!1.
(A color version of this figure is available in the online journal.)

Figure 4 shows the velocity channel maps of the C18O
emission in L1489 IRS. The C18O emission is detected above the
3! level over 62 velocity channels from V = !5.1 to 5.0 km s!1,
and we binned 3 channels together to reduce the total number of
panels for presentation. At V ! !2.9 km s!1 and "2.6 km s!1,
the C18O emission shows a compact, single-peaked blob to
the east and the west of the protostar, respectively. From V =
!2.4 to !1.4 km s!1, an additional emission component to the
northeast of the inner compact blob becomes apparent. Around
the systemic velocity (V = !0.88 to 0.12 km s!1), the C18O
emission is elongated toward the southeast, the direction of
the blueshifted molecular outflow, and thus in these velocities
the C18O emission is likely contaminated by the outflow. The
brightest emission peaks at these velocities, however, appear
to be associated with the central protostar. At V = 0.62 and
1.1 km s!1, the C18O emission shows an extended, curved
structure to the southwest. At V = 1.6 and 2.1 km s!1, two
emission components appear; the one closer to the protostar
appears to be the same component as that seen in the highest
redshifted velocities (V " 2.6 km s!1), and the other is originated
from the curved feature.

To present the main features of the C18O emission at different
velocities, in Figure 5 we show the moment 0 maps of the C18O
emission integrated over three velocity regimes, high velocities
(V = !5.1 to !2.5 km s!1 and 2.5 to 5.0 km s!1), medium
velocities (V = !2.4 to !1.0 km s!1 and 0.6 to 2.3 km s!1),
and low velocities (V = !0.9 to 0.5 km s!1). The high-velocity
C18O emission shows blueshifted and redshifted compact blobs

with sizes of "0.##7 ("100 AU) and positional offsets of "0.##6
("80 AU) to the east and the west of the protostar, respectively.
The position angle of the axis passing through the peak positions
of these two blobs is "70$, consistent with the elongation of the
observed 1.3 mm continuum emission. The high-velocity 12CO
(Figure 2) and C18O emission show similar elongations and
directions of the velocity gradients, and both likely trace the
inner part ("100 AU scale) of the rotational motion seen on
hundreds of AU scale (Brinch et al. 2007b; Yen et al. 2013).
The medium-velocity C18O emission exhibits blueshifted and
redshifted peaks located at "2## ("280 AU) to the northeast
and the southwest, respectively, and shows an elongation with
a position angle of "55$. The protrusions seen in Figure 3 are
clearly seen at the medium velocities. The low-velocity C18O
emission shows a central component close to the protostar as
well as extensions toward the direction of the blueshifted outflow
at both the redshifted and blueshifted velocities. The extensions
at the low velocities are likely related to the outflow.

3.4. SO (56–45) Emission

Figure 6 shows the moment 0 and 1 maps of the SO (56–45)
emission in L1489 IRS. The SO emission is elongated from
northeast to southwest and exhibits a clear velocity gradient
along the major axis as in the case of the C18O emission.
Figure 7 shows the velocity channel maps of the SO emission.
The SO emission is detected above the 3! levels over 35 velocity
channels from V =!2.6 to 3.1 km s!1, and we binned 3 channels
together to reduce the total number of the panels for presentation.
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resolution: ~1’’

• Flattened, elongated, and 
non-axisymmetric shape

• Clear velocity gradient 
due to rotation



± 2.55 – 4.59 km/s

Low-velocity component High-velocity component

140 au 140 au

± 1.19 – 2.21 km/s

Detailed Gas Morphology Result & Analysis
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± 2.55 – 4.59 km/s

140 au 140 au

± 1.19 – 2.21 km/s

Detailed Gas Morphology 

Low-velocity component High-velocity component

Gaps at~150-300 au
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Result & Analysis



± 2.55 – 4.59 km/s

140 au 140 au

± 1.19 – 2.21 km/s

P.A ~ 54º ± 2.9º

P.A. ~ 69º ± 2.6º

~15º

Rotational axes are tilted

Detailed Gas Morphology 

Low-velocity component High-velocity component
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Result & Analysis
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close to edge-on

~600 au

~100 au

~200 au

~15º

Gapped and warped disk?

Suggested C18O Gas Disk Structure
Result & Analysis
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100 au

+

inner disk
• radius: 0.1 – 200 au
• P.A.: 69º
• i: 73º

ring shape outer disk
• radius: 300 – 600 au
• P.A.: 54º
• i: 73º

15º

• Calculated temperature profile and solve radiative transfer with RADMC-
3D 

• Σ(r) ∝ r -0.5

• h/r = 0.03 (r/1 au)0.25
• M* = 1.6 Msun

• parameters for the model

Warped Disk Model Result & Analysis
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• Mdisk=0.0071 Msun

face-on view



Observations vs Model

140 au

color: model
contour: observation
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Result & Analysis

velocity 
channel maps



(a) (b)warped model planar model

Planar disk model
(without warp and gaps)Warped disk model

Gaps

Offset

Observations vs Model Result & Analysis
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color: model
contour: observation



5.4 比角運動量分布の進化 68

Jy
/b
ea
m

図 5.1 ダスト連続波と C18Oガスのギャップ構造の比較。グレースケールは 1.3 mm連続波を示し，カラーコン
トアは 1.19 km/s ! |Vsys " VLSR| ! 2.21 km/sの速度範囲で作成した C18O (2" 1)輝線の積分強度図を示してい
る。コントアの間隔や 1!の値は図 4.1 (b)と同じである。

140 au

Grayscale: 1.3-mm continuum
Color contour: C18O 2-1• CO gas depletion?

• Some mechanisms to 
cool disk temperature 
at ~200–300 au are 
needed

• non-uniform dust size 
distributions could make a 
non-monotonic 
temperature profile 
(Cleeves+16, Facchini+17)

Origin of the Gaps Discussion
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• Misalignment between an envelope and a disk would produce the warped 
disk structure

• Such misalignment can occur in a turbulent magnetized core (Matsumoto 
et al. 2017)

envelope

disk

Origin of the Warped Structure

warped 
outer disk

rotational axis 
changes

Discussion
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Origin of the Warped Structure
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Origin of the Warped Structure



• Revealing the evolution of the circumstellar disk is important to 
understand planet formation

• We have observed the late-phase protostar L1489 IRS with ALMA at 
a high angular resolution of ~0.3’’ (~40 au)

• In C18O 2-1 line emission, we have revealed:
• A warped disk structure extending to ~600 au in radius

• would be formed through accretion process where an 
envelope changes direction of its rotational axis

• Gap structures at ~150-300 au in radius in the C18O line 
whereas dust continuum shows no gaps

• could be due to CO depletion 

Summary
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