
CSD around Source A derived from the ALMA and JVLA
observations are 144°± 3° and 151°± 4°, and those around
Source B are 147°± 11° and 152°± 5°, respectively.
Considering the above-mentioned differences and the statistical
errors, there is no significant difference in the disk position
angles between the ALMA and JVLA results. The centroid
positions of the CSDs derived from the two-dimensional
Gaussian fittings to the ALMA image are (04h31m44 509,
+18°08′31 396) toward Source A and (04h31m44 475, +18°
08′31 622) toward Source B. These positions are within ∼50
mas from the corresponding centroid positions of the JVLA
image. The typical astrometric precision of ALMA observa-
tions is reported as ∼angular resolution/20, which is 0 18/
20∼10 mas in the present observation. We do not consider,
however, that the apparent offsets between the ALMA and
JVLA positions are significant, but they may reflect internal
structures of the CSDs, which are not well resolved with the
present ALMA observations. Hereafter in this paper we will
adopt the ALMA positions for Sources A and B.

Our Cycle 2 observations have also revealed detailed
structures of the CBD in L1551 NE. There is an arm-like
feature to the south of the protobinary. The emission ridge of
this feature exceeds 10σ, and it clearly shows a curling
structure from the southeast to the south, and then to the
northwest. At the northwestern tip, this arm smoothly connects
with the CSD around Source B. Hereafter we call this feature
“Arm B.” To the north there is another feature (we call this
“Arm A”), whose emission ridge above 6σ also curls from the
northwest to the north, and then to the northeast. These two
arm-like features compose the CBD around the protostellar
binary. Compared to our previous lower-resolution 0.9 mm
image taken at the Cycle 0 stage, the new Cycle 2 image
presents the curling, arm-like features more unambiguously and
unveils the connecting feature of Arm B to the CSD of Source
B for the first time. Furthermore, it is also clear that the western
side of the CBD is much brighter than the eastern side. Thus,
there is a non-point-symmetric, m=1 mode of the material

distribution in the CBD. In Figures 1(b) and (c), the simulated
theoretical continuum images after and before the CASA
observing simulation are shown (for the details of the
numerical simulation and the radiative transfer calculations,
see Takakuwa et al. 2014). As described above, our time-
dependent numerical simulation shows that after a period of
∼20 orbits, such an m=1 mode in the CBD is developed and
is then present continuously. In Figures 1(b) and (c) we show
the simulation result of the 73rd orbit. Our simulation
reproduces the observed curling features of Arms A and B,
connection of Arm B to the CSD around Source B, and the
brightness distribution skewed to the west.
From kinematical model fitting of Keplerian rotation to the

C18O (3–2) velocity channel maps of L1551 NE observed with
the SMA, the position and inclination angles of the CBD have
been estimated to be q = n- n

+ n167 27
23 and = n- n

+ ni 62 25
17 , respec-

tively (Takakuwa et al. 2012). These values are adopted in our
simulation, which reproduces the observed features of the CBD
(Figure 1). From the 0.9 mm dust-continuum image taken with
the ALMA Cycle 2 observation, we have also attempted to
reestimate θ and i and their uncertainties. Since the structure of
the CBD is complicated, it is not straightforward to make a
fitting of any simple geometrical shape (such as a two-
dimensional Gaussian) to the observed CBD image and to
derive the fitting uncertainties. We have thus made the
following simplification. First, the CSD components as derived
from the two-dimensional Gaussian fittings described above
were subtracted from the observed 0.9 mm image, and the
CBD-only image was generated. Then, inside and outside the
regions with the image intensities higher than 5σ, the intensities
were replaced with a uniform intensity of unity and zero,
respectively. We then regarded the simplified structure of the
CBD as a uniform circular ring and performed c2 model fitting
with θ, i, the ring inner diameter, and the ring width as the
fitting parameters. The fitting result is shown in Figure 2. The
estimated position and inclination angles are q = n- n

+ n160 14
12 and

Figure 1. (a) 0.9 mm dust-continuum image of L1551 NE observed with ALMA. Contour levels are 3σ, 6σ, 9σ, 12σ, 15σ, 20σ, 50σ, 100σ, 200σ, 400σ
(1σ=0.48 mJy beam−1). Lower left and upper right plus signs indicate the centroid positions of the two-dimensional Gaussian fittings to the central two dusty
components, which we regard as the positions of Sources A and B. A filled ellipse at the bottom-right corner shows the synthesized beam (0 190×0 169; P.
A.=−1°. 9). (b, c) Theoretically predicted 0.9 mm dust-continuum images of L1551 NE. We performed the radiative transfer calculation with the gas distribution
computed from our 3D hydrodynamic model to produce the theoretical image shown in panel (c). Then we conducted the ALMA observing simulation to make the
theoretically predicted ALMA image shown in panel (b). Contour levels in panel (b) are the same as those in panel (a). Contour levels in panel (c) are 15 μJy
pixel−1×6, 9, 12, 15, 20, 50, 100, 200, 400 (1 pixel=5 au2).
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Figure 19. Distribution of separations for protobinary systems in this SMA survey (see Table 6), binned in intervals of linear values of 1000 AU (top left) and 1600 AU
(top right), and binned in intervals of log values of 0.25 (bottom left) and 0.40 (bottom right). The two dashed lines shown in the top panels mark the median linear
resolution (600 AU) and median (projected) separation (1800 AU) in this survey, while the four dashed lines shown in the bottom panels mark the peak values in the
distributions of separations for main-sequence stars (30 AU; see Duquennoy & Mayor 1991) and pre-main-sequence stars (60 AU; see Patience et al. 2002), and the
median linear resolution and separation in this survey. We note that the “separations” shown here are observed projected separations.

Figure 20. Observed multiplicity frequencies (left) and companion star fractions (right) with separations from 50 AU to 5000 AU for Class 0 protostars (this work),
Class I young stellar objects (data from Connelley et al. 2008a, 2008b), and main-sequence stars (data from Duquennoy & Mayor 1991). It must be noted that the
SMA survey for Class 0 protobinary systems is incomplete across the observed separations range, and the derived values should be considered as lower limits.
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Figure 4. Composite color image of L1551 NE. The blue, green, and red colors are assigned to the H, [Fe ii], and H2 filter frames, respectively. North is up and east
is left.

or hourglass geometry for the entire reflection nebulosity. Five
isolated compact features are detected on this side: HP 3 and
HP 3E are [Fe ii] emission features, HP 4 is associated with
both [Fe ii] and H2 emissions, and HP 5 and HP 6 are H2
emission features. These features are aligned on a straight line
that is extrapolated from the jet connecting NE and HP 2 and
are naturally assigned to the features on the counter-jet.

HP 3 is located 18.′′9 away from the H-band peak of NE at a
P.A. = 62◦. HP 3E is a faint feature located close to HP 3 at its
east-northeast. Our observations are the first known detection
of these features. HP 4 is located at 43′′ away from the H-band
peak at a P.A. = 61◦. Its H2 emission peak is shifted by 1.′′0
to the north with respect to the [Fe ii] peak. HP 4 corresponds
to HH 454B (Devine et al. 1999) and the H2 feature number
5 (Hodapp & Ladd 1995). HP 5 and HP 6 are faint, diffuse
H2 emission features located ∼ 66′′ and ∼ 77′′ away from NE,
respectively. A comparison of their locations with respect to the
other features suggests that HP 5 corresponds to the [S ii] knot
HH 454C of Devine et al. (1999) and HP 6 to the H2 feature
number 6 of Hodapp & Ladd (1995), although the absolute
distances between the features are different due to their proper
motions.

A rough estimate of proper motion is available for HP 2, HP 4,
and HP 5, because these knots correspond to HH 454A, B, and C,
respectively, for which the peak positions of the [S ii] emission
were measured on 1997 October 29–31 (Devine et al. 1999).
Measuring the proper motion for each of these knots, however,
will result in a relatively large systematic error. This is because
the [S ii] positions were taken with respect to the radio position
of NE, which is assumed to be the driving source of the jet,
whereas the knot positions were measured with respect to the
H-band peak in the present study (see Table 1). The offset is
likely to be ∼ 1′′, as discussed above. We have derived the
relative proper motions of HP 4 and HP 5 with respect to HP
2, which is moving opposite to HP 4 and HP 5, because the
relative measurement is not affected by the uncertainty of the
offset. Comparing the knot positions detected in [S ii] and [Fe ii]

or H2 causes additional unknown uncertainties, because these
lines are not excited under the same conditions. We will simply
give two proper motions for [Fe ii] and H2 with respect to the
previously measured distances between [S ii] knots below.

The distance between the [Fe ii] peaks of HP 2 and HP 4 is
72.′′3, while the distance between the [S ii] peaks of HH 454A and
B is 67.′′9 (Devine et al. 1999). This gives the proper motion of
HP 4 with respect to HP 2 as 0.′′447 yr− 1 or a relative tangential
velocity of 300 km s− 1. If we use the H2 peak positions for
HP 2 and HP 4, then the proper motion will be 0.′′559 yr− 1,
corresponding to 370 km s− 1. Practically the same value of
0.′′552 yr− 1 is obtained if we use the H2 peak positions for HP
2 and HP 5 compared with the [S ii] positions of HH 454A
and C. If we attribute an equal amount of tangential velocity
to the knots on the blueshifted and redshifted sides, we obtain
150–185 km s− 1 as a tangential velocity for each knot.

If, on the other hand, we assume that the H-band peak should
coincide with the radio position of NE, and we derive the proper
motions, we obtain the tangential velocities of 90–120 km s− 1

for HP 2 and 210–260 km s− 1 for both HP 4 and HP 5. The actual
radio position is ∼ 1′′ away from the H-band peak, and this offset
increases the tangential velocity of HP 2, while reducing those
of HP 4 and HP 5 by ∼ 70 km s− 1. Thus, the actual tangential
velocities may be 160–190 km s− 1 for HP 2 and 140–190 km s− 1

for HP 4 and HP 5, agreeing well with the value derived above.
With the radial velocities of 100–130 km s− 1 for these knots
(Devine et al. 1999), the inclination of the jet axis is estimated
to be 45◦–60◦.

6. L1551 IRS 5

L1551 IRS 5 (hereafter called IRS 5) is a protostellar binary
system (Rodrı́guez et al. 1998) with a spectacular molecular
outflow (Snell et al. 1980) and a pair of jets emanating from
each of the binary protostars (Fridlund & Liseau 1998; Itoh
et al. 2000; Pyo et al. 2002). The two protostars cannot directly
be seen in the near-infrared wavelength because they are deeply

L1551NE
Hayashi & Pyo 09
Subaru, MOIRCS

(4200 AU)

Jet

Reflection nebula
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Figure 1. (a) Continuum emission at 1.4 mm in white contours at levels 1, 4, 7, 15, and 25 × 0.54 (3σ ) mJy per 0.′′55 × 0.′′34 with position angle (P.A.) 24◦ beam. (b)
Continuum emission at 3 mm in black contours at 1, 5, 10, 20, 30, and 40 × 0.11 (3σ ) mJy per 0.′′97 × 0.′′54 beam with P.A. 45◦. (c) Residual continuum emission
after removing two Gaussian fits at UY Aur A and B. Contour steps are 3σ (0.323 mJy per 1.′′9 × 1.′′7 beam). In all panels, the H-band coronagraphic image by
SUBARU (Hioki et al. 2007) is shown in color scale. The white ellipse marks the 2.1 µm peak intensity of the disk with a semi-major axis of 3.′′7 and inclination of
42◦ determined by Close et al. (1998). Note that the ellipse center is 0.′′7 off in Declination from the phase center. The white square marks the peak at 2.1 µm and
labeled as NIR 1 component by Hioki et al. (2007). The gray triangle marks the SO southeast peak (see Section 3.2.2). The crosses mark the locations of UY Aur A
and B determined using our 1.3 mm continuum image at the epoch of observation.
(A color version of this figure is available in the online journal.)
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Figure 2. Spectral energy distribution plots of UY Aur A and B. The triangle
marks the 3σ upper limit of SA and SB at 6 cm.

Table 1
Flux Densities toward UY Aur A and B

λ SA SB Reference
(mm) (mJy) (mJy)

0.85 48.40 ± 0.66 18.27 ± 0.72 ALMA; Akeson & Jensen (2014)
1.4 22.78 ± 0.09 6.81 ± 0.09 PdBI; this work
3.4 5.4 ± 0.1 1.7 ± 0.1 PdBI; this work
36 0.12 ± 0.03 0.11 ± 0.03 VLA; Contreras & Wilkin (2006)
60 <0.12 <0.12 VLA; data archive

Notes. Columns are wavelengths (λ) in millimeters, flux density in mJy of
UY Aur A (SA) and UY Aur B (SB), and the references.

discussed in Contreras & Wilkin (2006), the 3.6 cm emission is
consistent with the stellar location of the binary. At 6 cm, we
obtained the archival data of the VLA and analyzed them. There
is no emission detected within the field of view, suggesting an
upper limit of 0.12 mJy at 3σ . We derive a spectral index α, de-
fined as S(ν) = S(ν0)(ν/ν0)α , below 2 for both sources (≈ 1.6;
see Figure 2).

At 1.4 mm, the emission around UY Aur A is well repre-
sented by a circular Gaussian of deconvolved size ∼ 0.′′2. The
deconvolved size of ∼ 0.′′2 probably reflects the residual seeing
after self-calibration. On the other hand, the emission around
UY Aur B appears more extended: an elliptical Gaussian fit
yields a major axis ranging from 0.′′34 to 0.′′45, oriented along
the AB line. Using uniform disk models would yield larger sizes
of the disks, i.e., 0.′′34 and 0.′′47 for A and B, respectively. At
3 mm, UY Aur B also appears slightly more extended (0.′′17)
than UY Aur A (0.′′08), although we have to fix the relative
positions because of the more limited angular resolution.

Assuming the whole system is coplanar with the CB ring, we
deproject the visibilities of the 1.4 mm continuum data with an
inclination angle (i) of 42◦ along P.A. 135◦ in order to ease the
comparison with previous studies. The emission from UY Aur A
again appears compatible with a circular Gaussian of size of
0.′′22 (30 AU), which, as mentioned in the previous paragraph, is
most likely an upper limit due to seeing limitations. The 1.4 mm
emission around UY Aur B is fitted by an elliptical Gaussian
with a best-fit major axis of 0.′′46 (65 AU) at P.A. 243◦ ±7◦, i.e.,
18◦ ± 7◦ away from the rotation axis of the system. The fitting
results are listed in Table 2.

We also derive a (deprojected) separation between the mil-
limeter emissions around A and B of 1.′′26 ± 0.′′013 at P.A. =
229.◦6 ± 0.◦3. This separation can be compared to the optical
measurements reported over the last decades (see Table 3),
which are compatible with a circular orbit of radius ∼ 1.′′19
(167 AU Hioki et al. 2007). The millimeter separation is thus
larger by 0.′′07 at a 5σ level. If we allow the orbit to be elliptical
by fitting a linear slope in the deprojected separation, the best-fit
slope is 1.2 ± 0.4 mas yr− 1 (Figure 3) and the 1.4 mm position
still deviates by ∼ 0.′′05 (4σ ) from the extrapolated optical posi-
tion. We note, however, that the inclination angle is uncertain.
A more detailed assessment of the UY Aur system inclinations
will be presented in Section 4.4.

3.1.2. Extended Continuum Emission

At high spatial resolution, there is no visible emission
outside the stellar positions, in particular around the CB
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UY Aur (Tang+ 14, Hioki+ 07)
SUBARU H-band

L1551 NE (Takakuwa+ 17)
ALMA Cycle-2

CSD around Source A derived from the ALMA and JVLA
observations are 144°± 3° and 151°± 4°, and those around
Source B are 147°± 11° and 152°± 5°, respectively.
Considering the above-mentioned differences and the statistical
errors, there is no significant difference in the disk position
angles between the ALMA and JVLA results. The centroid
positions of the CSDs derived from the two-dimensional
Gaussian fittings to the ALMA image are (04h31m44 509,
+18°08′31 396) toward Source A and (04h31m44 475, +18°
08′31 622) toward Source B. These positions are within ∼50
mas from the corresponding centroid positions of the JVLA
image. The typical astrometric precision of ALMA observa-
tions is reported as ∼angular resolution/20, which is 0 18/
20∼10 mas in the present observation. We do not consider,
however, that the apparent offsets between the ALMA and
JVLA positions are significant, but they may reflect internal
structures of the CSDs, which are not well resolved with the
present ALMA observations. Hereafter in this paper we will
adopt the ALMA positions for Sources A and B.

Our Cycle 2 observations have also revealed detailed
structures of the CBD in L1551 NE. There is an arm-like
feature to the south of the protobinary. The emission ridge of
this feature exceeds 10σ, and it clearly shows a curling
structure from the southeast to the south, and then to the
northwest. At the northwestern tip, this arm smoothly connects
with the CSD around Source B. Hereafter we call this feature
“Arm B.” To the north there is another feature (we call this
“Arm A”), whose emission ridge above 6σ also curls from the
northwest to the north, and then to the northeast. These two
arm-like features compose the CBD around the protostellar
binary. Compared to our previous lower-resolution 0.9 mm
image taken at the Cycle 0 stage, the new Cycle 2 image
presents the curling, arm-like features more unambiguously and
unveils the connecting feature of Arm B to the CSD of Source
B for the first time. Furthermore, it is also clear that the western
side of the CBD is much brighter than the eastern side. Thus,
there is a non-point-symmetric, m=1 mode of the material

distribution in the CBD. In Figures 1(b) and (c), the simulated
theoretical continuum images after and before the CASA
observing simulation are shown (for the details of the
numerical simulation and the radiative transfer calculations,
see Takakuwa et al. 2014). As described above, our time-
dependent numerical simulation shows that after a period of
∼20 orbits, such an m=1 mode in the CBD is developed and
is then present continuously. In Figures 1(b) and (c) we show
the simulation result of the 73rd orbit. Our simulation
reproduces the observed curling features of Arms A and B,
connection of Arm B to the CSD around Source B, and the
brightness distribution skewed to the west.
From kinematical model fitting of Keplerian rotation to the

C18O (3–2) velocity channel maps of L1551 NE observed with
the SMA, the position and inclination angles of the CBD have
been estimated to be q = n- n

+ n167 27
23 and = n- n

+ ni 62 25
17 , respec-

tively (Takakuwa et al. 2012). These values are adopted in our
simulation, which reproduces the observed features of the CBD
(Figure 1). From the 0.9 mm dust-continuum image taken with
the ALMA Cycle 2 observation, we have also attempted to
reestimate θ and i and their uncertainties. Since the structure of
the CBD is complicated, it is not straightforward to make a
fitting of any simple geometrical shape (such as a two-
dimensional Gaussian) to the observed CBD image and to
derive the fitting uncertainties. We have thus made the
following simplification. First, the CSD components as derived
from the two-dimensional Gaussian fittings described above
were subtracted from the observed 0.9 mm image, and the
CBD-only image was generated. Then, inside and outside the
regions with the image intensities higher than 5σ, the intensities
were replaced with a uniform intensity of unity and zero,
respectively. We then regarded the simplified structure of the
CBD as a uniform circular ring and performed c2 model fitting
with θ, i, the ring inner diameter, and the ring width as the
fitting parameters. The fitting result is shown in Figure 2. The
estimated position and inclination angles are q = n- n

+ n160 14
12 and

Figure 1. (a) 0.9 mm dust-continuum image of L1551 NE observed with ALMA. Contour levels are 3σ, 6σ, 9σ, 12σ, 15σ, 20σ, 50σ, 100σ, 200σ, 400σ
(1σ=0.48 mJy beam−1). Lower left and upper right plus signs indicate the centroid positions of the two-dimensional Gaussian fittings to the central two dusty
components, which we regard as the positions of Sources A and B. A filled ellipse at the bottom-right corner shows the synthesized beam (0 190×0 169; P.
A.=−1°. 9). (b, c) Theoretically predicted 0.9 mm dust-continuum images of L1551 NE. We performed the radiative transfer calculation with the gas distribution
computed from our 3D hydrodynamic model to produce the theoretical image shown in panel (c). Then we conducted the ALMA observing simulation to make the
theoretically predicted ALMA image shown in panel (b). Contour levels in panel (b) are the same as those in panel (a). Contour levels in panel (c) are 15 μJy
pixel−1×6, 9, 12, 15, 20, 50, 100, 200, 400 (1 pixel=5 au2).
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CSD around Source A derived from the ALMA and JVLA
observations are 144°± 3° and 151°± 4°, and those around
Source B are 147°± 11° and 152°± 5°, respectively.
Considering the above-mentioned differences and the statistical
errors, there is no significant difference in the disk position
angles between the ALMA and JVLA results. The centroid
positions of the CSDs derived from the two-dimensional
Gaussian fittings to the ALMA image are (04h31m44 509,
+18°08′31 396) toward Source A and (04h31m44 475, +18°
08′31 622) toward Source B. These positions are within ∼50
mas from the corresponding centroid positions of the JVLA
image. The typical astrometric precision of ALMA observa-
tions is reported as ∼angular resolution/20, which is 0 18/
20∼10 mas in the present observation. We do not consider,
however, that the apparent offsets between the ALMA and
JVLA positions are significant, but they may reflect internal
structures of the CSDs, which are not well resolved with the
present ALMA observations. Hereafter in this paper we will
adopt the ALMA positions for Sources A and B.

Our Cycle 2 observations have also revealed detailed
structures of the CBD in L1551 NE. There is an arm-like
feature to the south of the protobinary. The emission ridge of
this feature exceeds 10σ, and it clearly shows a curling
structure from the southeast to the south, and then to the
northwest. At the northwestern tip, this arm smoothly connects
with the CSD around Source B. Hereafter we call this feature
“Arm B.” To the north there is another feature (we call this
“Arm A”), whose emission ridge above 6σ also curls from the
northwest to the north, and then to the northeast. These two
arm-like features compose the CBD around the protostellar
binary. Compared to our previous lower-resolution 0.9 mm
image taken at the Cycle 0 stage, the new Cycle 2 image
presents the curling, arm-like features more unambiguously and
unveils the connecting feature of Arm B to the CSD of Source
B for the first time. Furthermore, it is also clear that the western
side of the CBD is much brighter than the eastern side. Thus,
there is a non-point-symmetric, m=1 mode of the material

distribution in the CBD. In Figures 1(b) and (c), the simulated
theoretical continuum images after and before the CASA
observing simulation are shown (for the details of the
numerical simulation and the radiative transfer calculations,
see Takakuwa et al. 2014). As described above, our time-
dependent numerical simulation shows that after a period of
∼20 orbits, such an m=1 mode in the CBD is developed and
is then present continuously. In Figures 1(b) and (c) we show
the simulation result of the 73rd orbit. Our simulation
reproduces the observed curling features of Arms A and B,
connection of Arm B to the CSD around Source B, and the
brightness distribution skewed to the west.
From kinematical model fitting of Keplerian rotation to the

C18O (3–2) velocity channel maps of L1551 NE observed with
the SMA, the position and inclination angles of the CBD have
been estimated to be q = n- n

+ n167 27
23 and = n- n

+ ni 62 25
17 , respec-

tively (Takakuwa et al. 2012). These values are adopted in our
simulation, which reproduces the observed features of the CBD
(Figure 1). From the 0.9 mm dust-continuum image taken with
the ALMA Cycle 2 observation, we have also attempted to
reestimate θ and i and their uncertainties. Since the structure of
the CBD is complicated, it is not straightforward to make a
fitting of any simple geometrical shape (such as a two-
dimensional Gaussian) to the observed CBD image and to
derive the fitting uncertainties. We have thus made the
following simplification. First, the CSD components as derived
from the two-dimensional Gaussian fittings described above
were subtracted from the observed 0.9 mm image, and the
CBD-only image was generated. Then, inside and outside the
regions with the image intensities higher than 5σ, the intensities
were replaced with a uniform intensity of unity and zero,
respectively. We then regarded the simplified structure of the
CBD as a uniform circular ring and performed c2 model fitting
with θ, i, the ring inner diameter, and the ring width as the
fitting parameters. The fitting result is shown in Figure 2. The
estimated position and inclination angles are q = n- n

+ n160 14
12 and

Figure 1. (a) 0.9 mm dust-continuum image of L1551 NE observed with ALMA. Contour levels are 3σ, 6σ, 9σ, 12σ, 15σ, 20σ, 50σ, 100σ, 200σ, 400σ
(1σ=0.48 mJy beam−1). Lower left and upper right plus signs indicate the centroid positions of the two-dimensional Gaussian fittings to the central two dusty
components, which we regard as the positions of Sources A and B. A filled ellipse at the bottom-right corner shows the synthesized beam (0 190×0 169; P.
A.=−1°. 9). (b, c) Theoretically predicted 0.9 mm dust-continuum images of L1551 NE. We performed the radiative transfer calculation with the gas distribution
computed from our 3D hydrodynamic model to produce the theoretical image shown in panel (c). Then we conducted the ALMA observing simulation to make the
theoretically predicted ALMA image shown in panel (b). Contour levels in panel (b) are the same as those in panel (a). Contour levels in panel (c) are 15 μJy
pixel−1×6, 9, 12, 15, 20, 50, 100, 200, 400 (1 pixel=5 au2).

4

The Astrophysical Journal, 837:86 (14pp), 2017 March 1 Takakuwa et al.

Spiral arms

Asymmetry

Physical

From outflows



Summary of L1551 NE

• Class I protobinary
– Main accretion phase, outflows from primary

• d = 140 pc
• M1 = 0.68 M_sun, M2 = 0.13 M_sun, q = 0.19
• Separation = 145 au (3D),  70 au (proected)
• Radius of CBD ~ 300 au
• Mass of CBD = 0.009 – 0.076 M_sun
• Mass of CSD = 0.005 – 0.043 M_sun (primary)
• Mass of CSD = 0.0019 – 0.015 M_sun

(secondary)
• Rotation period = 1.9 x 10^3 years

11
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Numerical Method

12

SFUMATO AMR code

12

1

Isothermal gas
Non-seflgravity
Circular binary orbit
Long-termcaclulations (~100 rev)

W = 1

log density



Super Computer ATERUI  I/II

• Category:  XC-B+

• Parallel computing
– 1024 cores (large-B+ queue),  20 jobs/model,  

160 hours (~ a week)
– 288 cores (bulk-B+ queue),  70 jobs/model, 560 

hours (23 days)
– ~ 20 models in total

13
CfCA, NAOJ, 2018



Surface density distribution (fiducial model)

16

4 Matsumoto et al.
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Figure 2. Surface density and velocity distribution on four different scales for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1) at the
stage of 100 revolutions for the binary stars. The color denotes the surface density distribution integrated along the z-direction over

the computational domain, Σ(x, y) =
∫ 6D
−6D ρ(x, y, z)dz. The arrows denote the density-weighted velocity distribution in the x − y plane,

(v̄x, v̄y) =
∫ 6D
−6D(vx, vy)ρdz/Σ. In the lower right panel, the velocity is converted to that in the rotating frame with the same angular

velocity as the binary stars, while the other panels display the velocity in the rest frame. The Roche potential is shown by contour, of
which levels are the potential levels of the Lagrange points of the L1, L2, and L3 points. The two sink particles are shown by the small
circles with a sink radius rsink. In all the panels, the frames are rotated so that the binary stars are located on the x-axis. The primary
and secondary stars are located in x > 0 and x < 0, respectively. The L2, L1, and L3 points lie on the x-axis from left to right in each
panel.

Keplarian velocity (Figure 5, left panel). The gas of
the spiral arms is accelerated by the gravitational torque
from the orbiting binary stars, showing the fast rotation.
Along the spiral arms, the radial velocity exhibit both

the infall and outflow (Figure 5, middle panel). The in-
ner portion of each spiral arm exhibits inflow, while the
outer portion does outflow. The boundary between the
inflow and outflow coincide with the location of the stag-
nation point near the L2 or L3 point for each spiral arm.
Note that the circumbinary disk (outside the outermost
contour of the Roche potential) has both the inflow and
outflow regions. The outflow regions coincide with the
spiral arms in the circumbinary disk. The inflow regions
coincide with the inter-arm regions in the circumbinary
disk. Such inflow and outflow are caused by the gravi-
tational torque from the orbiting binary stars, and the

outflow regions have been detected by the ALMA obser-
vations (Takakuwa et al. 2014).
The radial mass flux is examined by using the distri-

bution of Σvr in the x− y plane (Figure 5, right panel).
Near the circumstellar disks, the secondary arm exhibits
higher inflow (deeper blue) than the primary arm does.
This is consitent with the fact that the secondary star has
hihger accretion rate than the primary star (Figure 6).
The bridge between the circumprimary and circumsec-
ondary disks shows positive radial flux (pale red), indi-
cating that the gas is transferred from the primary side
to secondary side over the bridge. This flux is however
considerably lower than that through the secondary arm.
This also indicates that the accretion onto the circum-
secondary disk is supplied mainly through the secondary
arm.
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Temporal average to see long-lived structures
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Structure of a protobinary system 7

Figure 4. Temporal average of surface density and velocity distributions for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1).
The temporal average is taken in the period from 80 to 100 revolutions of the binary, and is also taken in a rotating frame with
the same angular velocity as the binary. The color and streamlines denote the surface density and the density-weighted velocity
distributions, respectively. The right panel is a magnification of the left panel. The Roche potential and the sink particles are
shown by the blue lines.

Figure 5. Temporal averages of the di↵erence between the rotation velocity and the Keplerian velocity v' � vkep, where the
Keplerian velocity is defined by vkep = (GMtot/r)

1/2 (left panel), the radial velocity vR (middle panel), and the radial mass flux
⌃vR (right panel) for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1). The temporal average is calculated during the period
from 80 to 100 revolutions of the binary and in a rotating frame with the same angular velocity as the binary. All the values
are density-weighted averages along the z-direction. The velocity is measured in the rest frame. The stage and region plotted
here are the same as those in Figure 4 (left).

shows a positive radial flux (pale red), indicating that
the gas is transferred from the primary side to the sec-
ondary side over the bridge. However, this flux is con-
siderably lower than that through the secondary arm,
thereby indicating that accretion onto the circumsec-
ondary disk occurs mainly through the secondary arm.

4.3. Accretion Rates

Figure 6 shows the accretion rates for the primary
and secondary for the fiducial model. To reduce the
short-term variability of the accretion rates, we mea-
sured the accretion rates as average rates, Ṁi(t) =
(Mi(t � �t/2) � Mi(t + �t/2))/�t for i = 1, 2 (the

primary and secondary), where �t ' 1.5 (' 0.25 rota-
tion period). The accretion rate for the secondary (Ṁ2)
reaches a constant value by the early phase, while that
for the primary (Ṁ1) gradually increases with significant
modulation. The secondary has a higher accretion rate
than the primary by a factor of Ṁ2/Ṁ1 ⇠ 4 � 6 after
t ⇠ 300.
Figure 6 also shows the dimensionless variable of

� =
q̇/q

Ṁtot/Mtot

=
(1 + q)

⇣
Ṁ2 � qṀ1

⌘

q
⇣
Ṁ1 + Ṁ2

⌘ . (1)
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Gravitational torque -> fast/slow rotation (super/sub-Kepler) -> outflow/infall
Gravity of stars -> infall onto stars

Rotation excess from Kepler rotation
c.f., swing-by of of a satelitte
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Outflow along arm
Super-Kepler rot.

PrimarySecondaryInfall in inter-arm

Gas flow is due to gravitational torque from binary stars.
Detection of the flow is a direct evidence of grav. torque.
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Comparison btw ALMA and simulation

23CSD around Source A derived from the ALMA and JVLA
observations are 144°± 3° and 151°± 4°, and those around
Source B are 147°± 11° and 152°± 5°, respectively.
Considering the above-mentioned differences and the statistical
errors, there is no significant difference in the disk position
angles between the ALMA and JVLA results. The centroid
positions of the CSDs derived from the two-dimensional
Gaussian fittings to the ALMA image are (04h31m44 509,
+18°08′31 396) toward Source A and (04h31m44 475, +18°
08′31 622) toward Source B. These positions are within ∼50
mas from the corresponding centroid positions of the JVLA
image. The typical astrometric precision of ALMA observa-
tions is reported as ∼angular resolution/20, which is 0 18/
20∼10 mas in the present observation. We do not consider,
however, that the apparent offsets between the ALMA and
JVLA positions are significant, but they may reflect internal
structures of the CSDs, which are not well resolved with the
present ALMA observations. Hereafter in this paper we will
adopt the ALMA positions for Sources A and B.

Our Cycle 2 observations have also revealed detailed
structures of the CBD in L1551 NE. There is an arm-like
feature to the south of the protobinary. The emission ridge of
this feature exceeds 10σ, and it clearly shows a curling
structure from the southeast to the south, and then to the
northwest. At the northwestern tip, this arm smoothly connects
with the CSD around Source B. Hereafter we call this feature
“Arm B.” To the north there is another feature (we call this
“Arm A”), whose emission ridge above 6σ also curls from the
northwest to the north, and then to the northeast. These two
arm-like features compose the CBD around the protostellar
binary. Compared to our previous lower-resolution 0.9 mm
image taken at the Cycle 0 stage, the new Cycle 2 image
presents the curling, arm-like features more unambiguously and
unveils the connecting feature of Arm B to the CSD of Source
B for the first time. Furthermore, it is also clear that the western
side of the CBD is much brighter than the eastern side. Thus,
there is a non-point-symmetric, m=1 mode of the material

distribution in the CBD. In Figures 1(b) and (c), the simulated
theoretical continuum images after and before the CASA
observing simulation are shown (for the details of the
numerical simulation and the radiative transfer calculations,
see Takakuwa et al. 2014). As described above, our time-
dependent numerical simulation shows that after a period of
∼20 orbits, such an m=1 mode in the CBD is developed and
is then present continuously. In Figures 1(b) and (c) we show
the simulation result of the 73rd orbit. Our simulation
reproduces the observed curling features of Arms A and B,
connection of Arm B to the CSD around Source B, and the
brightness distribution skewed to the west.
From kinematical model fitting of Keplerian rotation to the

C18O (3–2) velocity channel maps of L1551 NE observed with
the SMA, the position and inclination angles of the CBD have
been estimated to be q = n- n

+ n167 27
23 and = n- n

+ ni 62 25
17 , respec-

tively (Takakuwa et al. 2012). These values are adopted in our
simulation, which reproduces the observed features of the CBD
(Figure 1). From the 0.9 mm dust-continuum image taken with
the ALMA Cycle 2 observation, we have also attempted to
reestimate θ and i and their uncertainties. Since the structure of
the CBD is complicated, it is not straightforward to make a
fitting of any simple geometrical shape (such as a two-
dimensional Gaussian) to the observed CBD image and to
derive the fitting uncertainties. We have thus made the
following simplification. First, the CSD components as derived
from the two-dimensional Gaussian fittings described above
were subtracted from the observed 0.9 mm image, and the
CBD-only image was generated. Then, inside and outside the
regions with the image intensities higher than 5σ, the intensities
were replaced with a uniform intensity of unity and zero,
respectively. We then regarded the simplified structure of the
CBD as a uniform circular ring and performed c2 model fitting
with θ, i, the ring inner diameter, and the ring width as the
fitting parameters. The fitting result is shown in Figure 2. The
estimated position and inclination angles are q = n- n

+ n160 14
12 and

Figure 1. (a) 0.9 mm dust-continuum image of L1551 NE observed with ALMA. Contour levels are 3σ, 6σ, 9σ, 12σ, 15σ, 20σ, 50σ, 100σ, 200σ, 400σ
(1σ=0.48 mJy beam−1). Lower left and upper right plus signs indicate the centroid positions of the two-dimensional Gaussian fittings to the central two dusty
components, which we regard as the positions of Sources A and B. A filled ellipse at the bottom-right corner shows the synthesized beam (0 190×0 169; P.
A.=−1°. 9). (b, c) Theoretically predicted 0.9 mm dust-continuum images of L1551 NE. We performed the radiative transfer calculation with the gas distribution
computed from our 3D hydrodynamic model to produce the theoretical image shown in panel (c). Then we conducted the ALMA observing simulation to make the
theoretically predicted ALMA image shown in panel (b). Contour levels in panel (b) are the same as those in panel (a). Contour levels in panel (c) are 15 μJy
pixel−1×6, 9, 12, 15, 20, 50, 100, 200, 400 (1 pixel=5 au2).

4
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S-shaped moment 1 map is reflected by gravitational torque.
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Figure 8. Temporal average of the circumbinary disk in the period of 80− 100 revolutions of binary stars for the model with (q, jinf , c) =
(0.2, 1.2, 0.1). The temporal average is calculated in the rotating frame with the angular velocity of 0.266Ω⋆, which is a mean pattern
speed of the asymmetry mode of the circumbinary disk in the period of 80 - 100 revolutions. The color scales depict the column density
distribution (left panel), the density distribution in the z = 0 plane (middle panel) and the y = 0 plane (right panel). The stream lines
indicate the density-weighted velocity distribution (left panel), the velocity distribution in the z = 0 plane (middle panel) and the y = 0
plane (right panel). In all the panels, the circumbinary disk is rotated so that the maximum surface density lies on the x-axis.

Figure 9. Specific angular momentum distribution (color) and velocity (stream lines) for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1).
The streamlines are plotted in accordance with the velocity measured in the rotating frame with Ωp = 0.266Ω⋆. The snapshot at the stage
of 100 revolutions is shown in the left panel, while the temporal average in the 80 - 100 revolutions is shown in the right panel. In the
left panel, the red contour lines show the Roche potential. In the right panel, the blue and red contour lines show the specific angular
momentum distribution and the surface density distribution near their peaks, respectively. Their contour levels are j = 1.70, 1.71, · · · 1.74,
and Σ = 3.8, 3.9, · · · 4.1. The white circle denotes the centrifugal radius with a angular velocity of Ωp. The stage and region plotted in the
left panel are same as those of Figure 2 (upper right).
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Figure 9. Specific angular momentum distribution (color) and velocity (stream lines) for the fiducial model with (q, jinf , c) = (0.2, 1.2, 0.1).
The streamlines are plotted in accordance with the velocity measured in the rotating frame with Ωp = 0.266Ω⋆. The snapshot at the stage
of 100 revolutions is shown in the left panel, while the temporal average in the 80 - 100 revolutions is shown in the right panel. In the
left panel, the red contour lines show the Roche potential. In the right panel, the blue and red contour lines show the specific angular
momentum distribution and the surface density distribution near their peaks, respectively. Their contour levels are j = 1.70, 1.71, · · · 1.74,
and Σ = 3.8, 3.9, · · · 4.1. The white circle denotes the centrifugal radius with a angular velocity of Ωp. The stage and region plotted in the
left panel are same as those of Figure 2 (upper right).

Blue cont: specific angular mom.
Red cont:  surface density
Black : stream lines 
White: centrifugal radius with Wp

Time average btw 80-100 rev in the rotating frame with Wp (rotation with pattern)

Gravitational torque 
-> j increases
-> exchange radial position
-> vortex 
-> density bump (e.g., RWI)
-> asymmetry



Summary

• Comparison between ALMA observations with high-resolution 
simulations is a powerful tool.

• We found that an evidence of gravitational torque acting on 
the CBD of L1551NE in gas motion.
– inflow / outflow, super-sub Kepler rotation.

• Asymmetry in circumbinary disks are explained by the 
numerical simulation.  It is caused by resonance between 
Kepler rotation and gravitational torque.

• Spiral arms and asymmetry are natural outcome of interaction 
between binary stars and CBD.
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A Statistical Study of Massive 
Cluster-forming Clumps
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Shimoikura, Tomomi; Dobashi, Kazu
hito; Nakamura, Fumitaka; Matsumo
to, Tomoaki; Hirota, Tomoya

Shimoikura et al. 2018, ApJ, 855, 45

<- from Twitter @eao_jcmt



Scenario of cluster formation
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JCMT observation (M18BP015)
Onset of cluster formation

Shimoikura+ 18

(clumps w/o clusters) (clumps w/ clusters) 
(clumps w/ clusters; 
poor correlations)

(clusters w/o clumps)



Types of clumps and clusters; 15 regions and 24 clumps
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Type 1 (clumps w/o clusters) Type 2 (clumps w/ clusters) 
Type 4 (clusters w/o clumps)

Type 3 (clumps w/ clusters; poor correlations)

Observations: NRO 45m telescope Shimoikura+ 18



Chemical evolution and types of clusters

32

Type 1 clusters are older than other types; long-lived.

Shimoikura+ 18

fractional abundance of molecules wrt H2

Chemical models

Bergin & Langer 97


