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Figure 1. Illustration for the five zones of debris dust.

generated in collisional cascades that generally result in a steep size distribution (Gaspar
et al. 2012), the observed (optically thin) disk emission is sensitive to the opacity of
the disk, which is dominated by small grains. Ideally we can infer the location of the
dust from the observed dust temperature and the average grain size in a disk and its
optical properties. Using Spitzer IRS spectra and broad-band 70/100 µm photometry
from Spitzer and Herschel, roughly a quarter of debris systems require two (warm and
cold) temperatures to fit the disk emission. Although not all these two-temperature debris
systems have two distinct dust belts, the ones that have resolved disk images at multiple
wavelengths strongly suggest two separate planetesimal belts as we discuss below.

2. Nearby Resolved Debris Disk Structures
The HR 8799 System Among these two-temperature resolved disks, the most fa-

mous one is the HR 8799 (A5V) system, which has been under the spotlight since the
discovery of the four massive planets by direct imaging (Marois et al. 2010). Besides the
massive planets, the system also has a lot of dust generated from leftover planetesimals,
predominantly at two characteristic dust temperatures: !150 K and !45 K (Su et al.
2009). Figure 2 shows the disk images at 24 and 70 µm along with its SED. At 24 µm,
the emission is unresolved and dominated by the material closer to the star. At 70 µm,
the disk is resolved as an elliptical ring with a position angle of 60!, indicating the system
is slightly inclined by 10!–25! from face-on. From these images and dust temperatures
measured from the SED, we can estimate the radial distances of these two belts. The
four massive planets lie between the two dust belts as expected if planetary perturbations
maintain their structures and create the dust free zone between them.

The Fomalhaut System Fomalhaut has a prominent cold (!50 K) excess, domi-
nated by dust generated in a narrow planetesimal belt at !140 AU, well resolved at
multiple wavelengths (e.g. Kalas et al. 2005; Acke et al. 2012; Boley et al. 2012). The
unresolved warm excess near the star was first discovered in the Spitzer 24 µm image by

Su & Reike 2013�
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THE INNER DEBRIS STRUCTURE IN THE 
FOMALHAUT PLANETARY SYSTEM	

(no offset), the ellipse on Figure 1(b) marks the boundary of a
putative 13 AU inner belt. Interestingly, there are a few 1σ–2σ
blobs along the expected disk circumference, suggesting that
this 13 AU inner belt might be detected at 1σ–2σ levels (more
discussion is given in Section 4.2). Although the 1σ–2σ
positive blobs along the non-offset, expected 13 AU disk
circumference are intriguing, we note that there are also many
!2σ blobs in the data as well. In summary, we do not find any
significant extended structure around the star, and the reality of
the putative 13 AU belt needs future confirmation.

3.2. Expected Photosphere Brightness at 870 μm and
aConstraint on the Unresolved Excess

Su et al. (2013) evaluated all available optical to near-
infrared photometry and determined the stellar photospheric
output to be 2.96 Jy in the MIPS 24 μm band. A simple
Rayleigh–Jeans extrapolation then yields an estimate of
2.2 mJy at 870 μm, significantly brighter (by !23%) than the
point source measured at the star position. The discrepancy
likely comes from two sources: (1) the uncertainty of the
ALMA absolute calibration, and (2) the uncertainty of
Rayleigh–Jeans extrapolation.

The accuracy in absolute calibration for ALMA Cycle 2 is
set at 10% for Band 7 (J. Mangum 2015, private communica-
tion). To verify the calibration, we used the solar analog
method (Johnson 1965; Rieke et al. 2008) by comparing
measurements of α Cen A with those of the Sun. We did this in
two parts. First, we verified thatα Cen A is a solar analog by
comparing its colors with those of the Sun. Then, we computed
the submillimeter flux of α Cen A using the solar relation
between measured 24 μm and submillimeter. We derived
colors of V K 1.531 0.023s� � o , V 24[ ]� =1.584±
0.027, and K 24s [ ]� =0.053±0.032 using the available K-
band measurement from Engels et al. (1981), Vband from
Alekseeva et al. (1996), Mermilliod (1991), and Hipparcos,
and 24 μm measurement of 30.84 Jy from Wiegert et al. (2014)

after proper photometric system transformation and calibration
to the zero points defined by Rieke et al. (2008). These colors
are virtually identical to those of the Sun and establish α Cen A
as a valid solar-analog star for the purpose of calibration.
We then used measurements of the solar brightness

temperature to connect the mid-infrared measurements to the
ALMA calibration at 870 μm. We adopt the brightness
temperature at 24 μm to be 4625 K (Model M in Vernazza
et al. 1976)and the brightness temperature at 870 μm to be
5470 K (Loukitcheva & Nagnibeda 2000). Taking
30.84±0.76 Jy as the 24 μm flux of α Cen A (Wiegert
et al. 2014), the scaling from the solar brightness temperatures
suggests thatα Cen A has a flux density of 28.9 mJy at
872 μm. The error associated with this number is not
straightforward to determine, but can be estimated as the
quadratically combined error of 7% (±300 K [6%]in the solar
870 μm brightness temperature, !2% in the solar 24 μm
brightness temperature, and 2.5% of the α Cen A 24 μm
measurement). The measurement of 26.1±0.2 mJy for α Cen
A from Liseau et al. (2015) then suggests that the solar analog
calibration is brighter than the ALMA measurement by 10.7%
±7%, which confirms that the 10% ALMA calibration
uncertainty estimate is plausible.
If we adjust the measurement of Fomalhaut to this alternative

calibration, we find a flux density of 1.98 mJy (instead of
1.789 mJy), still somewhat fainter (by !11%) than the
Rayleigh–Jeans extrapolation from 24 μm. We conclude that
radiative transfer effects may cause a drop in the brightness
temperature of the star, similar to the behavior of the Sun,
which has a brightness temperature 5800. K across the visible
(Vernazza et al. 1976) but of only 5470 K at 870 μm. The result
that Fomalhaut is slightly fainter than the Rayleigh–Jeans
extrapolation value is robust, and this independent calibration
of our measurement also rules out any compact free–free
emission originating from the star as the possible source of
excess emission detected by Spitzer and Herschel.

Figure 1. (a) Cycle 1 ALMA map of the central 6!!6! region centered at the stellar position in the Fomalhaut system. The synthesized beam, shown as a white
ellipse, has an FWHM of 0 45!0 37, !3 AU linear resolution at the distance of Fomalhaut (7.7 pc). Our cycle 1 observations reach an rms of 26 μJy beam!1. (b)
Star-subtracted residual map. No structures that are brighter than 3σ are detected in the 2!!2! (15 AU!15 AU) central region. The expected disk circumference of
a 13 AU narrow belt, which has the same inclination and position angles as the outer cold belt but centered at the star, is marked as the dashed ellipse. A few !2σ
blobs are found along the ellipse.
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lower limit, but one that can be analyzed without introducing
uncontrolled free parameters.

We construct individual SED models for each of the
components according to its spatial constraint and expected
grain population in the drag-in disk. By adjusting the individual
contribution of each component, we then simultaneously obtain
good fits in the KIN measurements and the overall SED.

The amount of material that can be brought inward from a
dust-producing planetesimal belt as a result ofP-R drag has
been studied analytically (Wyatt 2005) and numerically (van
Lieshout et al. 2014). Basically, it depends strongly on the
amount of material (i.e., the collision rate) in the planetesimal
belt. Assuming a single grain size in the belt and that the
collisions are destructive, the effective optical depth ( r ,eff ( )U
the vertical optical depth for a face-on disk) is parameterized as
Equations (4) and (5) in Wyatt (2005). To estimate reff 0( )U in
Wyatt!s formulae,10we use the observed fractional luminosity
(fd) and the relationship r f r r2 ,deff 0 0( )U � % given by Ken-
nedy & Piette (2015) (where r0 and r% are the belt!s location
and width, respectively). The fd values are !1.2 10 5q � in
our SED models presented in Section 4.2; therefore, reff 0( )U is
in the range of !1 10 .4q � For a planetesimal belt
at !10 AU around a 2.25 M☉ star with an initial optical
depth of 1 10 ,4q � the value of 0I (Equation (5) in
Wyatt 2005) is !2, and Equation (4), r 1 10eff

4( )U � q �

r1 8 1 10 AU ,1[ ( ]� � � gives the maximum amount of
material that can spiral inward. van Lieshout et al. (2014)
performed detailed numerical simulations by including a size
distribution of particles in a collision-dominated planetesimal
beltand found that the amount of the material due to P-R drag
is roughly a factor of 7 lower than the simple analytical
calculation. As suggested by Kennedy & Piette (2015), one can

simply scale the 0I value by a multiplicative factor k where k �
1/7 to match the numerical result from van Lieshout et al.
(2014). In addition, van Lieshout et al. (2014) also found that
the size slope in the drag-in component is expected to be steep
with a wavy distribution. Following the wording suggested in
Kennedy & Piette (2015), we refer to Wyatt!s analytical study
as the low-collision case and van Lieshout!s numerical result as
the high-collision case (or collisiondominated). Furthermore,
Kobayashi et al. (2009) suggest that a density enhancement (a
pileup effect) can occur near the dust sublimation radius of a
P-R drag-in disk (i.e., the inner edge of the P-R disk). As a dust
grain drifts close to the sublimation radius and starts to
sublimate (i.e., reducing its size), the radiation force on the dust
grain becomes stronger and temporarily halts its inward
migration; therefore, a ring near the sublimation radius can
form. The sublimation radius and the enhancement factors
depend on the grain composition. Refractory materials like
silicate and carbon grains can give an enhancement factor up to
!4–6 (Kobayashi et al. 2011).
Based on the theoretical models described above, we

construct the SED of the P-R component in two parts. The
first part is the drag-in disk component that has a constant
surface density, starting from !10 AU (the inner boundary of
the asteroid belt) to !0.23 AU (the sublimation radius for
silicate-like grains when they reach !1300 K), and is composed
of a population of astronomical silicates in a power-law size
distribution with a slope of !5.5, and with sizes ranging from 3
to 10 μm. The choices of grain size parameters follow the
recipe developed by Wyatt (2005) and van Lieshout et al.
(2014), where grains with C � 0.5 are the most dominant sizes
as the product of collisional cascades;hence, they contribute
the most emission from the drag-in disk (see Figure 5 in van
Lieshout et al. 2014). The second part is for the density
enhancement near the silicate sublimation radius. We place an
NR at 0.23 AU with a width of 0.035 AU (i.e., r r% _ 0.15) to

Figure 4. (a) Synthesized image of our model for a 13 AU narrow belt at the same depth as the cycle 1 observation (details see Section 4.2), where the synthesized
beam is shown as the white ellipse in the left-hand corner. No random thermal noise is included in this simulation. The contours mark the inner belt at the levels of 20
and 36 μJy beam!1. (b) Synthesized inner belt image with star subtraction. Random thermal noise is added to the simulated image (a) first, and then the same
procedure that produced Figure 1(b) (a point-source fitting and subtraction in the uv plane) was applied to generate this model residual image. The southeast disk ansa
appears to be at !2σ levels based on this simulated model.

10 The analytical model by Wyatt (2005) has very simplified assumptions:
grains with one single size and emitting like blackbodies. It is then not
straightforward to use the optical depth from an SED model (a size distribution
of grains with imperfect absorption coefficient) in these analytical formulae.
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(no offset), the ellipse on Figure 1(b) marks the boundary of a
putative 13 AU inner belt. Interestingly, there are a few 1σ–2σ
blobs along the expected disk circumference, suggesting that
this 13 AU inner belt might be detected at 1σ–2σ levels (more
discussion is given in Section 4.2). Although the 1σ–2σ
positive blobs along the non-offset, expected 13 AU disk
circumference are intriguing, we note that there are also many
!2σ blobs in the data as well. In summary, we do not find any
significant extended structure around the star, and the reality of
the putative 13 AU belt needs future confirmation.

3.2. Expected Photosphere Brightness at 870 μm and
aConstraint on the Unresolved Excess

Su et al. (2013) evaluated all available optical to near-
infrared photometry and determined the stellar photospheric
output to be 2.96 Jy in the MIPS 24 μm band. A simple
Rayleigh–Jeans extrapolation then yields an estimate of
2.2 mJy at 870 μm, significantly brighter (by !23%) than the
point source measured at the star position. The discrepancy
likely comes from two sources: (1) the uncertainty of the
ALMA absolute calibration, and (2) the uncertainty of
Rayleigh–Jeans extrapolation.

The accuracy in absolute calibration for ALMA Cycle 2 is
set at 10% for Band 7 (J. Mangum 2015, private communica-
tion). To verify the calibration, we used the solar analog
method (Johnson 1965; Rieke et al. 2008) by comparing
measurements of α Cen A with those of the Sun. We did this in
two parts. First, we verified thatα Cen A is a solar analog by
comparing its colors with those of the Sun. Then, we computed
the submillimeter flux of α Cen A using the solar relation
between measured 24 μm and submillimeter. We derived
colors of V K 1.531 0.023s� � o , V 24[ ]� =1.584±
0.027, and K 24s [ ]� =0.053±0.032 using the available K-
band measurement from Engels et al. (1981), Vband from
Alekseeva et al. (1996), Mermilliod (1991), and Hipparcos,
and 24 μm measurement of 30.84 Jy from Wiegert et al. (2014)

after proper photometric system transformation and calibration
to the zero points defined by Rieke et al. (2008). These colors
are virtually identical to those of the Sun and establish α Cen A
as a valid solar-analog star for the purpose of calibration.
We then used measurements of the solar brightness

temperature to connect the mid-infrared measurements to the
ALMA calibration at 870 μm. We adopt the brightness
temperature at 24 μm to be 4625 K (Model M in Vernazza
et al. 1976)and the brightness temperature at 870 μm to be
5470 K (Loukitcheva & Nagnibeda 2000). Taking
30.84±0.76 Jy as the 24 μm flux of α Cen A (Wiegert
et al. 2014), the scaling from the solar brightness temperatures
suggests thatα Cen A has a flux density of 28.9 mJy at
872 μm. The error associated with this number is not
straightforward to determine, but can be estimated as the
quadratically combined error of 7% (±300 K [6%]in the solar
870 μm brightness temperature, !2% in the solar 24 μm
brightness temperature, and 2.5% of the α Cen A 24 μm
measurement). The measurement of 26.1±0.2 mJy for α Cen
A from Liseau et al. (2015) then suggests that the solar analog
calibration is brighter than the ALMA measurement by 10.7%
±7%, which confirms that the 10% ALMA calibration
uncertainty estimate is plausible.
If we adjust the measurement of Fomalhaut to this alternative

calibration, we find a flux density of 1.98 mJy (instead of
1.789 mJy), still somewhat fainter (by !11%) than the
Rayleigh–Jeans extrapolation from 24 μm. We conclude that
radiative transfer effects may cause a drop in the brightness
temperature of the star, similar to the behavior of the Sun,
which has a brightness temperature 5800. K across the visible
(Vernazza et al. 1976) but of only 5470 K at 870 μm. The result
that Fomalhaut is slightly fainter than the Rayleigh–Jeans
extrapolation value is robust, and this independent calibration
of our measurement also rules out any compact free–free
emission originating from the star as the possible source of
excess emission detected by Spitzer and Herschel.

Figure 1. (a) Cycle 1 ALMA map of the central 6!!6! region centered at the stellar position in the Fomalhaut system. The synthesized beam, shown as a white
ellipse, has an FWHM of 0 45!0 37, !3 AU linear resolution at the distance of Fomalhaut (7.7 pc). Our cycle 1 observations reach an rms of 26 μJy beam!1. (b)
Star-subtracted residual map. No structures that are brighter than 3σ are detected in the 2!!2! (15 AU!15 AU) central region. The expected disk circumference of
a 13 AU narrow belt, which has the same inclination and position angles as the outer cold belt but centered at the star, is marked as the dashed ellipse. A few !2σ
blobs are found along the ellipse.
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NO asteroid belt detected…   (Su,.., Wang, Lai et al, 2016)	
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Fig. 2. Observed C18O (2-1): Left: Pure Keplerian rotation curves (v ! R"0.5, red and blue) and infall (v ! R"1, green) are overlaid on the PV
diagram. This suggests that the emission may be rotationally supported with M# $ 0.1-0.2 M%. Center: C18O velocity gradient (halftone) and
intensity integrated (contours) maps. Contours are in steps of 3!, 5!, 10!, 15!, 20! and 25! with ! = 13 mJy beam"1. VLA1623A and B’s
positions are marked with a square and triangle, respectively. Orange and blue lines indicate the image-space PV diagram cuts at PA = 35& (left)
and 125& (right), respectively. Right: Lack of velocity gradient suggests no outflow contamination on the C18O emission. In both PV diagrams
contours are in steps of 3!, 5!, 10! and 15! where ! = 19 mJy beam"1 and the black lines indicate the systemic velocity and position of
VLA1623A.

Fig. 3. C18O (2-1) line profile. The unaltered spectral profile (black) is
overlaid with a portion of the spectral profile mirrored about 4.0 km s"1

(orange). Light blue rectangles mark the widths obtained from the best
fit thin disk model (Table B.1) of the foreground material (1.6 and 3 km
s"1) and the envelope (4.0 km s"1). The horizontal line between 5 and
6.5 km s"1 shows the velocity range used for the UV-space PV diagram.

outer envelope or resolved out emission. On the other hand, the
absorptions near 2 and 3 km s"1 are more likely to be due to fore-
ground clouds. These foreground clouds "eat out" some of the
blueshifted emission, causing the observed red- and blueshifted
C18O emission to seem asymmetric towards VLA1623A.

4. Analysis

4.1. Position-Velocity Diagrams

The first and most common way of analysing the kinematics of
line emission is through Position-Velocity (PV) diagrams. Here
we perform image-space and UV-space PV diagrams. Image-
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Fig. 4. UV-space PV diagram of C18O. The red points indicate the red-
shifted (v > 5.0 km s"1) emission. The velocity range covered in this
diagram is indicated in Figure 3. Blue-shifted emission (v < 2.8 km s"1)
is not included in the diagram since it is greatly a!ected by foreground
emission (see Figure 3 and section 3.2). The points are fit with a power
law of the form v = aRn. The solid line shows the fit to the high velocity
points (v > 5.7 km s"1) while the dashed line shows the fit to the low
velocity points (v < 5.7 km s"1). This suggest that the purely Keplerian
disk extends to a radius of 50 AU.

space PV diagrams project the line emission 3D data cube into a
2D plane along a cut, defined by position angle (PA) and source
position, over the structure of interest. UV-space PV diagrams,
on the other hand, are constructed by fitting, channel by channel,
the UV visibilities of the line emission to find the peak position
in each channel (Lommen et al. 2008; Jørgensen et al. 2009). The
peak positions of each channel are then rotated to the position an-
gle along the velocity gradient, projected onto Position-Velocity
space and fit with a power law in log-log space. The resulting
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Fig. 2. Observed C18O (2-1): Left: Pure Keplerian rotation curves (v ! R"0.5, red and blue) and infall (v ! R"1, green) are overlaid on the PV
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intensity integrated (contours) maps. Contours are in steps of 3!, 5!, 10!, 15!, 20! and 25! with ! = 13 mJy beam"1. VLA1623A and B’s
positions are marked with a square and triangle, respectively. Orange and blue lines indicate the image-space PV diagram cuts at PA = 35& (left)
and 125& (right), respectively. Right: Lack of velocity gradient suggests no outflow contamination on the C18O emission. In both PV diagrams
contours are in steps of 3!, 5!, 10! and 15! where ! = 19 mJy beam"1 and the black lines indicate the systemic velocity and position of
VLA1623A.

Fig. 3. C18O (2-1) line profile. The unaltered spectral profile (black) is
overlaid with a portion of the spectral profile mirrored about 4.0 km s"1

(orange). Light blue rectangles mark the widths obtained from the best
fit thin disk model (Table B.1) of the foreground material (1.6 and 3 km
s"1) and the envelope (4.0 km s"1). The horizontal line between 5 and
6.5 km s"1 shows the velocity range used for the UV-space PV diagram.

outer envelope or resolved out emission. On the other hand, the
absorptions near 2 and 3 km s"1 are more likely to be due to fore-
ground clouds. These foreground clouds "eat out" some of the
blueshifted emission, causing the observed red- and blueshifted
C18O emission to seem asymmetric towards VLA1623A.

4. Analysis

4.1. Position-Velocity Diagrams

The first and most common way of analysing the kinematics of
line emission is through Position-Velocity (PV) diagrams. Here
we perform image-space and UV-space PV diagrams. Image-
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Fig. 4. UV-space PV diagram of C18O. The red points indicate the red-
shifted (v > 5.0 km s"1) emission. The velocity range covered in this
diagram is indicated in Figure 3. Blue-shifted emission (v < 2.8 km s"1)
is not included in the diagram since it is greatly a!ected by foreground
emission (see Figure 3 and section 3.2). The points are fit with a power
law of the form v = aRn. The solid line shows the fit to the high velocity
points (v > 5.7 km s"1) while the dashed line shows the fit to the low
velocity points (v < 5.7 km s"1). This suggest that the purely Keplerian
disk extends to a radius of 50 AU.

space PV diagrams project the line emission 3D data cube into a
2D plane along a cut, defined by position angle (PA) and source
position, over the structure of interest. UV-space PV diagrams,
on the other hand, are constructed by fitting, channel by channel,
the UV visibilities of the line emission to find the peak position
in each channel (Lommen et al. 2008; Jørgensen et al. 2009). The
peak positions of each channel are then rotated to the position an-
gle along the velocity gradient, projected onto Position-Velocity
space and fit with a power law in log-log space. The resulting
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ALMA DCO+: Cycle 2 ACA data & Cycle 0 data	

Disk-shadowing causes a drop in the gas temperature outside of the disk 
on >200 AU scales, encouraging the production of deuterated molecules.  

G. Santangelo et al.: Disentangling the jet emission from protostellar systems (RN)

Fig. 2. Channel maps of the ALMA CO(2!1) emission integrated over three velocity ranges: systemic velocity in the left panels (vsys±1 km s!1,
where the systemic velocity is 3.6 km s!1, see Yu & Chernin 1997; Narayanan & Logan 2006), low-velocity in the middle panels (LV; !2, +3
km s!1 and +5, +10 km s!1), and high-velocity in the right panels (HV; !8, !2 km s!1 and +10, +18 km s!1). O!sets are given with respect to
the pointing coordinates, i.e. !J2000=16h26m26.s419 and "J2000=!24"24#29.##99. Contour levels of emission are traced at 3, 5, and 8 # levels and
increase in steps of 5 #, with the exception of the HV panels where they are shown at 3 and 5 # and increase in steps of 10 #. Negative emission
is showncontours are displayed with dotted (upper) and dashed (lower) contourslines starting at 3 # level and decreasing in steps of 3 #. The
ALMA synthesised beam of the CO map is shown in the left panels. Black triangles represent the three protostellar sources, which are labelled in
the left panel. Other labels indicate the CO features discussed in the text. Black and cyan solid lines are the same as in Fig. 1.

of 75" as for the A outflow (Davis et al. 1999), the maximum
projected velocities of 14 km s!1 (with respect to the ambient
systemic velocity of 3.6 km s!1, Yu & Chernin 1997; Narayanan
& Logan 2006), detected in association with the collimated jet
component, correspond to de-projected velocities of 54 km s!1.
Even assuming an inclination angle of 45", de-projected veloc-
ities of about 20 km s!1 are derived. Thus, we will refer to the
collimated jet component associated with the closest [Oi] 63 µm
peaks and to the compact jet emission from B as fast jet compo-
nents.

4. Discussion

We observed compact jet emission very close to B (Bb1 and Br1
knots). In addition, further from sources A and B we detect two
outflow components: one faster red- and blue-shifted jet emis-
sion associated with the closest [Oi] 63 µm peaks and inversely
oriented with respect to the large-scale outflow emission (Bb2
and Br2); and a slower northern red-shifted cavity-like structure
surrounding the [Oi] 63 µm emission (Ar1, Ar2, and Ar3). Two
possible scenarios may explain the present observational results:
1) precession of the A jet; 2) the presence of a fast compact jet
associated with source B.

In the first case, the misalignment of the closest [Oi] 63 µm
emission peaks with respect to the direction of the large-scale

outflow may be explained with a scenario in which the A jet,
with an inclination angle close to the plane of the sky, is precess-
ing, due to the mutual interaction with the B companion. This
causes a change of propagation direction of the outflow driven by
A and the inversion of the blue- and red-shifted emissions. We
note that the presence of precessing jets in this region was al-
ready suggested by Caratti o Garatti et al. (2006), but on much
larger scales than those probed by the present ALMA data. In
this view, the compact jet emission associated with the extremely
young source B (Bb1 and Br1 knots) would represent a pole-on
outflow as already suggested by Murillo & Lai (2013a). How-
ever, the direction of the secondary and therefore (in this view)
older [Oi] 63 µm peaks is consistent with the direction perpen-
dicular to the A disk (and with the large-scale outflow), whereas
if the A jet was precessing we would expect the direction of the
closest [Oi] 63 µm peaks to be consistent with the direction of
the A jet.

A second interpretation could be that the fast collimated jet
emission associated with the closest [Oi] 63 µm peaks (Bb2 and
Br2) and the high-velocity knots close to source B (Bb1 and
Br1) represent a newly detected jet driven by B. This is sup-
ported by the position-velocity diagram along the direction of
this fast collimated jet (identified by the Br1 and Bb1 knots),
which is presented in Fig. 3. It shows how the pairs of corre-
sponding red- and blue-shifted knots lying along this possibly
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Fig. 3. Position-velocity cut of the CO(2!1) emission in false colours and black contours performed along the direction of the collimated jet
identified by Br1 and Bb1 CO knots in Fig. 2 (along the cyan solid line in Figs. 1!2, PA=116"). Labels are the same as in Fig. 2. Dashed vertical
white lines mark the positions of VLA1623A and VLA1623B, while the dashed horizontal white line indicates the ambient systemic velocity of
3.6 km s!1, derived by Narayanan & Logan (2006) from N2H+ observations taken with the Five College Radio Astronomy Observatory (FCRAO)
(see also Yu & Chernin 1997). Dotted black lines connect the corresponding blue- and red-shifted knots associated with the possibly new fast and
collimated jet emission detected with ALMA and labelled in Fig. 2. Both pairs of corresponding knots seem to be associated with B rather than
with A.

new jet seem rather to be associated with source B than with
source A. This would mean that the jet associated with B is not
pole-on as previously argued by Murillo & Lai (2013a) and it
implies a very short dynamical timescale for the close compact
emission knots (Br1 and Bb1). In particular, assuming an incli-
nation angle of 75" as for the A outflow (Davis et al. 1999), the
dynamical timescale of Br1 and Bb1, located at the projected
distance from B of 0.##3 and moving at the radial velocity of $12
km s!1 (Figs. 2!3), is $4 yr. Even assuming an inclination angle
of 45" for the B jet, the dynamical timescale would be $14 yr. On
the other hand, the slower cavity-like structure would be associ-
ated with the large-scale outflow driven by A, which is possibly
extended and poorly collimated and therefore almost completely
filtered out by the ALMA observations. We note that the lack
of CO emission in our map near the systemic velocity is proba-
bly due to interferometric spatial filtering of extended emission
from the envelope and the large-scale outflow. Therefore, our
CO map can only trace emission from compact red- and blue-
shifted material. According to this scenario, source B is driving
a much more compact and collimated outflow with respect to A.
In fact, if we assume for the B jet the same intrinsic length as
that observed for the A outflow, i.e. at least 60!100 arcsec, the
projected length of the B jet of $8## would imply an inclination
for the B jet of $5"!8", which can be excluded given the mor-
phology of the jet emission and the well-separated jet lobes. In
conclusion, this interpretation is consistent with source B being
younger than A, in a very early stage of evolution as already
proposed by Murillo & Lai (2013a), and driving a faster, more
collimated, and more compact jet with respect to the large-scale
slower outflow driven by A.

Finally, the non detection with ALMA of any outflow emis-
sion towards source W could confirm that source W is older than
the other two sources A and B (Murillo & Lai 2013a) and thus
has already swept out all surrounding material. Alternatively, the

W outflow emission, if not compact, could be filtered out by the
interferometer.

ALMA follow-up observations of optically thin (SO) and se-
lective shock tracers (SiO) would be crucial to clarify the pro-
posed scenario. In particular, observations in both the extended
and compact configurations are needed in order to avoid filtering
of the large-scale emission and eventually recover the emission
from the large-scale outflow. This will allow to finally disentan-
gle the two possible jets and will put strong constraints on cur-
rent theoretical models of multiple system formation. Moreover,
wide-band spectra of the A and B sources would be needed in or-
der to understand their nature and chemical compositions (from
the possible detection of complex organic molecule emission).

5. Conclusions

Compact jet emission is detected very close to source B. In addi-
tion, two outflow components are detected further from sources
A and B: one faster and more collimated jet emission associ-
ated with the closest [Oi] 63 µm peaks and inversely oriented
with respect to the large-scale outflow emission; and a slower
cavity-like structure surrounding the [Oi] 63 µm emission. The
observations seem to confirm that source B is younger than A,
in a very early stage of evolution, and driving a faster, more col-
limated, and more compact jet, with respect to the large-scale
slower outflow driven by A. However, a di!erent scenario of a
precessing jet driven by A cannot be firmly excluded from the
present observations.
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Fig. 2. Intensity (contours) and velocity (color-scale) integrated maps
of DCO+ ACA observations. Note the 10 times larger scale of this
figure compared with Fig. 1. The positions of VLA1623A, B and W
are marked with a square, triangle and circle, respectively. The size of
the filled square shows the size of the C18O disk. The red and blue
lines indicate the outflow direction while the gray line shows the
mayor axis of the disk plane. The black ellipse shows the synthesized
beam. Contours are in steps of -3, 3, 5, 7, 10, 15 and 17� with � =
220 mJy beam�1 km s�1.

Fig. 3. Cycle 0 DCO+ (black) and C18O (gray) PV diagram. Cuts
are made at P.A. = 26� for DCO+ and P.A. = 35� for C18O. Keple-
rian (solid line) and Infall plus Keplerian (dashed line) rotation PV
models with M⇤ = 0.2 M� are overplotted (Murillo et al. 2013). Con-
tours are in steps of -3, 3, 5, 10 and 15� with � = 19 mJy beam�1

for C18O, -7, -5, -3, -2, 2, 3, 4, 5� with � = 12 mJy beam�1 for Cycle
0 DCO+

was done with 3C 279, 1733-130, and Titan for bandpass, gain,
and flux calibration, respectively.

In this paper, we present the results and analysis of the DCO+
(3-2) (rest frequency: 216.11258 GHz) observations. The DCO+

data were calibrated jointly with the continuum, C18O (2-1), and
12CO (2-1) data. Further calibration details and results from the
other observed lines can be found in Murillo et al. (2013). The
spectral set-up provided a velocity resolution of 0.0847 km s�1.
The synthesized beam size for the DCO+ images is 0.8500 ⇥
0.6500 with P.A. = 96�. The rms noise of the channel map is 12
mJy beam�1 for a spectral resolution of 0.0847 km s�1, giving a
peak S/N = 7.

Our ALMA observations provide a maximum scale of 400 and
a field of view (FOV) of 2400, with emission between 400 and 2400
largely filtered out by the interferometer. The FOV together with
the beam size of 0.8500 constrain the scale to which any analysis
of the data can be done.

In addition to the ALMA Cycle 0 observations, we present
the DCO+ (3-2) results from our ALMA Cycle 2 Atacama Com-
pact Array (ACA) observations carried out on 7 August 2014
(pointing coordinates ↵=16:26:26.390 �=-24:24:30.688). Total
observing time was 2 hours. Data calibration was done with
J1517-243 and Mars for flux, J1625-2527 and Mars for gain, and
J1733-1304 for bandpass. The rms noise of the DCO+ channel
map is 73 mJy beam�1 for a spectral resolution of 0.021 km s�1,
with a synthesized beam of 8.600 ⇥ 4.200 with P.A. = -76�. These
observations, with a mosaicked area of 60, provide the DCO+
emission between 400 and 1800 scales.

3. Results

3.1. ALMA 12-m Array Cycle 0

The detected DCO+ emission (Fig. 1) is located between a ve-
locity range of 2.8 to 5.2 km s�1 and shows a clumpy structure
with two main clumps to the north and south of VLA1623A.
The southern clump emission is stronger and is o↵set by about
2.500 (300 AU) from VLA1623A and in addition it borders the
red-shifted emission of the disk traced in C18O. The northern
clump slightly overlaps the blue-shifted emission of the C18O
disk and borders VLA1623B’s continuum emission. A couple of
clumps with emission between 3 and 10� are observed near the
continuum peaks of VLA1623A & B. No significant emission
was detected towards VLA1623W, separated by 1000 to the west
from VLA1623A, possibly either because of the lack of DCO+
or because the emission is too weak and filtered out.

The C18O line emission tracing the disk was found to be in-
fluenced by the outer envelope, with the blue-shifted emission
being a↵ected more than the red-shifted emission (Murillo et al.
2013). We expect the same to hold true for the DCO+ emission,
thus potentially explaining why the northern blue-shifted clump
emission is weaker than that for the southern red-shifted clump
(Fig. 1 a & b).

The velocity weighted (moment 1) map of the DCO+ emis-
sion (Fig. 1c) shows that its velocity gradient is similar to that of
C18O, with the northern clump being blue-shifted and the south-
ern clump being red-shifted, but with a smaller velocity range.
The Position-Velocity (PV) diagrams of DCO+ and C18O emis-
sion (Fig. 3) are constructed and over-plotted with the best fitting
thin disk models, Keplerian and Infall plus Keplerian out to 150
AU, obtained by Murillo et al. (2013). It appears as though both
line emissions are well described by pure Keplerian rotation out
to 300 AU. However the DCO+ emission is too weak, peaking at
7� in the channel map, to carry out further kinematical analysis.
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Fig. 1. DCO+ compared with continuum and C18O towards VLA1623A & B, marked with a square and triangle, respectively. The black ellipse
shows the synthesized beam. Intensity integrated DCO+ (color-scale) with (a) 1.3mm continuum and (b) C18O. DCO+ peaks at 0.0433 Jy beam�1

km s�1. Contours are in steps of 3, 5, 10, 15, 20, 40, 60 and 78� with � = 1 mJy beam�1 for 1.3 mm continuum, and -5, -3, 3, 5, 10, 15, 20 and
25� with � = 13 mJy beam�1 km s�1 for C18O. Velocity map (moment 1, color scale) for (c) DCO+ and (d) C18O overlaid with the corresponding
intensity integrated map (contours). Contours are in steps of -10, -7, -4, 4, 7, 10 and 11� with � = 3 mJy beam�1 km s�1 for DCO+, and the same
as in (b) for C18O.

C18O observations, Murillo et al. (2013) found that VLA1623A
supports a Keplerian disk with a radius of at least 150 AU
and a central mass M⇤ of 0.2 M�. The ALMA Cycle 0 obser-
vations also detected DCO+ molecular line emission towards
VLA1623A bordering the C18O disk. This grants us the oppor-
tunity to probe the disk-envelope interface of VLA1623A.

In this paper we present the results of our ALMA observa-
tions and simple chemical modeling, aiming to understand the
physical structure of the boundary between the envelope and the
disk in a Class 0 protostar.

2. Observations

Using the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) we observed VLA1623 (pointing coordinates
↵=16:26:26.419 �=-24:24:29.988 J2000) during the early
science Cycle 0 period on 8 April 2012. Observations were
carried out using the extended configuration, comprised of 16
antennas with a maximum baseline of ⇠400 m, in Band 6 (230
GHz). Total observing time was one hour with a 58% duty cycle.
The spectral configuration was set to observe DCO+ (3-2), C18O
(2-1), and 12CO (2-1) in addition to continuum. N2D+ was also
observed but no significant detection was made. Data calibration
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ALMA Cycle 2 C18O, 13CO and DCO+ data of integrated intensity maps (top, contours), mean velocity maps (top, color) 
and position-velocity diagrams for VLA1623A (bottom, PA = 35º) overlaid with full Keplerian and Infall + Keplerian (Rdisk = 
150 AU) rotation curves from Murillo et al. (2013) 

Integrated intensity maps of ALMA CO (2-1) emission divided into systemic 
(left), low velocity (middle), and high velocity (right) components.  The high 

velocity components show collimated jet feature around VLA1623 B   

Position-velocity cut of the CO(2−1) emission along the direction of the 
collimated jet identified by Br1 and Bb1 CO knots in the integrated 
intensity maps. Dotted black lines connect the corresponding blue- and 
red-shifted knots associated with the possibly new fast and collimated 
jet emission detected with ALMA. Both pairs of corresponding knots 
seem to be associated with B rather than with A.  

 
 
 

Top: ALMA Cycle 2 ACA 
observations of DCO+.  
Bottom: ALMA Cycle 0 12-m 
array observations. 

ALMA Cycle 2 1.3mm continuum of VLA1623.  The detected 
intensity is consistent with previous ALMA Cycle 0 (Murillo et al, 
2013) and SMA (Murillo & Lai, 2013) observations, supporting 
our previous claim that VLA1623 is a non-coeval triple system 
with A (Class 0), B (first core candidate), and W (Class I). 

Chemical models show that “drop abundance” that 
simulates the situation of disk-shadowing can better 
reproduce the observed intensity profile. 
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Table 1. DCO+ chemical network reactions and adopted rate coe�cients

ID Reaction ⇣a ↵b �c �d Ref.
s�1 cm3 s�1 K

1 H2 + cr ���! H2
+ + e– 1.26 (-17) ... ... ... 1

2 H2
+ + H2 ���! H3

+ + H ... 2.08 (-9) 0 0 2
3 H3

+ + HD ���! H2D+ + H2 ... 3.50 (-10) 0 0 3, 4
4 H2D+ + H2 ���! H3

+ + HD ... 3.50 (-9) 0 220.0 3, 4
4a H2D+ + p�H2 ���! H3

+ +HD ... 1.40 (-10) 0 232.0 5
4b H2D+ + o�H2 ���! H3

+ +HD ... 7.00 (-11) 0 61.5 5
5 H2D+ + e– ���! HD + H ... 6.79 (-8) -0.52 0 5e

6 H3
+ + CO ���! HCO+ + H2 ... 1.61 (-9) 0 0 6, 7

7 HCO+ + e– ���! H + CO ... 2.80 (-7) -0.69 0 8
8 H2D+ + CO ���! DCO+ + H2 ... 5.37 (-10) 0 0 4
9 DCO+ + e– ���! D + CO ... 2.40 (-7) -0.69 0 4

Notes. The reactions in bold (4a and 4b) substitute the back reaction of the bottleneck (4) in the network when o�H2 and p�H2 are included.
(a) ⇣ is the cosmic-ray ionization rate of H2. (b) ↵ is the rate coe�cient at T = 300 K. (c) � is the temperature coe�cient. (d) � is the activation
barrier. (e) Value obtained by summing the rate coe�cients for the reaction channels to three possible products.
References. (1) Black 1975; (2) Theard & Huntress 1974; (3) Gerlich et al. 2002; (4) Albertsson et al. 2013; (5) Walmsley et al. 2004; (6) Plessis
et al. 2010; (7) OSU Database; (8) Amano 1990

the abundance of H2D+ (Mathews et al. 2013). However, since
both molecules, CO and H2D+, are parent molecules of DCO+, a
balance must be reached before the e↵ective formation of DCO+
takes place. This scenario is found to be common for the en-
velopes of early embedded protostars (Jørgensen et al. 2005)
where the outer region shielded from the protostellar and in-
terstellar radiation heating has low enough temperature that CO
freezes out onto dust grains.

In molecular clouds, and consequently in protostellar
cores, H2 chemistry plays a major role, hence the ortho-to-
para ratio of H2 influences the chemical reactions, and has
been found to be crucial to the deuterium chemistry (Flower
et al. 2006; Pagani et al. 2009). The e↵ect of ortho- and para-
H2 (o-H2 and p-H2) is studied in our model through the in-
clusion of the ortho-to-para ratio (o/p) and the distinction of
o-H2 and p-H2 in the back reaction of the bottleneck (Eq. 2)
in the chemical network. o-H2 and p-H2 are only added in
the back reaction since it is here where the distinction has a
significant e↵ect (Table 1). We set a lower limit on o/p of 10�3

at low temperatures, as constrained by models and observa-
tions (Flower et al. 2006; Faure et al. 2013). The o-H2 and
p-H2 reactions and their parameters for the rate coe�cients
are taken from Walmsley et al. (2004).

When o-H2 and p-H2 are included in the network, a ther-
mal (LTE), upper- or lower-limit o/p ratio can be selected. In
LTE, the ortho-to-para ratio is given by

o/p = 9 exp
 �170

T

!
(5)

where T is the gas temperature. Selecting the upper-limit ra-
tio produces 3 times more o-H2 than p-H2. Since the back re-
action with o-H2 has a lower activation barrier � than with p-
H2, the o/p upper-limit implies that H2D+ is being destroyed
faster than generated, leading to a decreased production of
DCO+ (Fig. A.3), since H2D+ is a parent molecule of DCO+
(Fig. 4). The lower-limit ratio, on the other hand, implies
more p-H2 which has a higher activation barrier � for the
back reaction, thus H2D+ is generated faster than it is de-
stroyed in turn increasing the DCO+ production (Fig. A.3).

As a starting point for our analysis of VLA1623A’s DCO+
emission, we use the density and temperature profile of

Fig. 5. CO abundance profiles used in the model. The vertical dashed
lines show the limits for the Drop abundance profile, evaporation tem-
perature Tev and desorption density nde. X0 denotes the abundance in
the constant profile. Xin, XD and X0 are the inner, drop and outer region
abundances for the drop profile.

VLA1623 obtained by Jørgensen et al. (2002) where 30 K is at
⇠1.5" assuming a distance of 120 pc. The profile was obtained by
fitting single dish JCMT continuum images and the spectral en-
ergy distribution (SED) with continuum radiative transfer mod-
eling using DUSTY resulting in a power law density profile of
the form n / r�1.4. In the single dish continuum observations
VLA1623A and B are unresolved and the density profile ex-
tends well beyond the ALMA field of view. It is expected, how-
ever, that VLA1623A dominates at 870 µm and that VLA1623B
does not contribute much to the 450 µm continuum (Murillo &
Lai 2013). Thus, the density and temperature profile obtained
by Jørgensen et al. (2002) is representative of VLA1623A since
VLA1623B is not significantly contributing to the continuum
emission or the SED used to constrain the profiles.

The results of the analytic chemical network are run through
the molecular excitation and line radiative transfer program RA-
TRAN to generate line emission maps. Since the structure we
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ALMA RESULTS OF THE PSEUDODISK, ROTATING 
DISK, AND JET IN THE CONTINUUM AND HCO +IN 

THE PROTOSTELLAR SYSTEM HH 212 ���
Chin-Fei Lee et al 2014	

M*~ 0.18 M¤,    dM*/dt~5×10-6M¤/yr	

è similar to VLA1623A 	



ANGULAR MOMENTUM EXCHANGE BY 
GRAVITATIONAL TORQUES AND INFALL IN THE 

CIRCUMBINARY DISK OF THE PROTOSTELLAR 
SYSTEM L1551 NE���
Takakuwa et al. 2014	



MAPPING CO GAS IN THE GG TAURI A TRIPLE SYSTEM 
WITH 50 au SPATIAL RESOLUTION (Tang et al. 2016)	– 5 –

Fig. 2.— Panel a and b: Continuum emission map at 0.9 mm (contours) overlaid on the

intensity weighted velocity map (color scale) of 13CO 3-2 in panel a and of 12CO 3-2 in
panel b. Panel c: 12CO 3-2 moment 0 map overlaid on the HST polarization image from

Silber et al. (2000) in color scale. Panel d: Moment 0 map of 12CO 3-2 overlaid on the 0.9
mm continuum (color scale). Panel e: 12CO (contours) moment 0 map overlaid on the 13CO
3-2 moment 0 map (color scale). Panel f: 12CO (contours) moment 0 map overlaid on the
12CO 6-5 moment 0 map (color scale). The triangles and the square mark the peak locations
of CO 6-5 and 2-1, respectively. The rest of the symbols are the same as in Fig. 1.



A few Press Release Results	



ALMA Unveils Details of Planet 
Formation around Binary Star	
±  	

Red: Dust,  Blue: CO  
 

Dust frozen out on to the dust grains 
(Isella et al, 2013) 	



ALMA Sheds Light on Planet-
Forming Gas Streams	

Red: Dust,  Green: HCO+ 
 

Flows of gas through a protoplanetary gap 
(Casassus et al, 2013, Nature) 	



ALMA confirms predictions on the interaction 
between protoplanetary disks and planets	

dust ring that surrounds the young star Sz 91. 
(Caovas et al, 2016) 	



Circumstellar disks, exoplanets and the Solar system	


•  Protoplanetary disk around HL Tau	


(ALMA Partnership et al, 2015)	
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Spatially resolved magnetic field structure in the disk
of a T Tauri star
Ian W. Stephens1,2, Leslie W. Looney2, Woojin Kwon3, Manuel Fernández-López2,4, A. Meredith Hughes5, Lee G. Mundy6,
Richard M. Crutcher2, Zhi-Yun Li7 & Ramprasad Rao8

Magnetic fields in accretion disks play a dominant part during the
star formation process1,2 but have hitherto been observationally poorly
constrained. Field strengths have been inferred on T Tauri stars3

and possibly in the innermost part of their accretion disks4, but the
strength and morphology of the field in the bulk of a disk have not
been observed. Spatially unresolved measurements of polarized emis-
sion (arising from elongated dust grains aligned perpendicularly to
the field5) imply average fields aligned with the disks6,7. Theoretically,
the fields are expected to be largely toroidal, poloidal or a mixture of
the two1,2,8–10, which imply different mechanisms for transporting an-
gular momentum in the disks of actively accreting young stars such
as HL Tau (ref. 11). Here we report resolved measurements of the
polarized 1.25-millimetre continuum emission from the disk of HL
Tau. The magnetic field on a scale of 80 astronomical units is coin-
cident with the major axis (about 210 astronomical units long12) of
the disk. From this we conclude that the magnetic field inside the disk
at this scale cannot be dominated by a vertical component, though a
purely toroidal field also does not fit the data well. The unexpected
morphology suggests that the role of the magnetic field in the accre-
tion of a T Tauri star is more complex than our current theoretical
understanding.

HL Tau is located 140 pc away13, in the Taurus molecular cloud. Al-
though HL Tau is a T Tauri star, it is considered to be in an early stage
of development owing to its bipolar outflow14 and possible residual en-
velope15. Observations and modelling of this protostar assuming a thick,
flared disk suggest a stellar mass of ,0.55 times the solar mass (M[)
and a disk mass of 0.14M[ (ref. 12). A possible planet forming in the
disk of HL Tau has been observed16, though this detection was not
confirmed12. However, the disk of HL Tau is gravitationally unstable,
which could favour fragmentation into Jupiter-mass planets12,16. HL Tau
has the brightest disk of any T Tauri star at millimetre wavelengths, al-
lowing observations of the fractional polarization (P) to have the best
possible sensitivity. Previous observations of the polarization of the disk
of HL Tau yielded marginally significant, spatially unresolved polariza-
tion detections with the James Clerk Maxwell Telescope (JCMT; polariza-
tion P 5 3.6 6 2.4% at 140 5 1,960 astronomical units (AU) resolution)6

and the Submillimetre Array (SMA; polarization P 5 0.86 6 0.4% at
20 5 280 AU resolution, archival observations released in this Letter). In
addition, observations of HL Tau with the Combined Array for Millimeter-
wave Astronomy (CARMA) have shown that the interferometric emis-
sion comes entirely from the disk with no contamination from large-scale
envelope emission12. HL Tau is therefore a very promising source to
search for a spatially resolved polarization detection.

Only through observations of polarized dust emission can the mor-
phology of the magnetic field be ascertained; however, higher-resolution
dust polarimetric observations of T Tauri star disks do not detect polar-
ization and place stringent upper limits (P , 1%) on the polarization
fraction17,18 that disagree with theoretical models of high efficiency grain

alignment with a purely toroidal field8. There is a clear discrepancy
between theoretical models of the magnetic fields in disks and the ob-
servations to date, requiring more sensitive observations of the dust
polarization. The SMA recently detected the magnetic field morpho-
logy in the circumstellar disk of the Class 0 (that is, the earliest proto-
stellar stage) protostar IRAS 16293–2422 B19, but since this disk is nearly
face-on, observations cannot detect the vertical component of the mag-
netic field. Moreover, this source is perhaps one of the youngest of the
known Class 0 sources20, increasing the chances that the polarized flux
could be from the natal environment. Nevertheless, since the disk is the
brightest component at the probed scale, polarization most probably
comes from the disk, and the magnetic field morphology hints at toroi-
dal wrapping19.

We obtained 1.25-mm CARMA polarimetric maps of HL Tau at 0.60
(84 AU) resolution and plot the magnetic field morphology in Fig. 1.
This is a spatially resolved detection (with approximately three inde-
pendent beams) of the magnetic field morphology in the circumstellar
disk of a T Tauri star. The central magnetic field vector has a measured
position angle (PA, measured anticlockwise from north) of hB 5 143.6

1Institute for Astrophysical Research, Boston University, Boston, Massachusetts 02215, USA. 2Department of Astronomy, University of Illinois, Urbana, Illinois 61801, USA. 3SRON Netherlands Institute for
Space Research, Landleven 12, 9747 AD Groningen, The Netherlands. 4Instituto Argentino de Radioastronomı́a, CCT-La Plata (CONICET), CC5, 1894 Villa Elisa, Argentina. 5Van Vleck Observatory,
Astronomy Department, Wesleyan University, Middletown, Connecticut 06459, USA. 6Astronomy Department and Laboratory for Millimeter-wave Astronomy, University of Maryland, College Park,
Maryland 20742, USA. 7Astronomy Department, University of Virginia, Charlottesville, Virginia 22904, USA. 8Institute of Astronomy and Astrophysics, Academia Sinica, Hilo, Hawaii 96720, USA.
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Figure 1 | Detected magnetic field morphology of HL Tau at 0.60 resolution.
The polarization vectors (short coloured lines) have been rotated by 90u to show
the inferred magnetic field orientation. Red vectors are detections .3sP

while blue vectors are detections between 2sP and 3sP, where sP is the
r.m.s. noise of P. We do not show vectors when the signal-to-noise ratio for
Stokes I is below 2. The sizes of the vector are proportional to the fractional
polarization, P, with the red scale bar corresponding to P 5 1%. Stokes I
contours are shown for [23, 3, 4, 6, 10, 20, 40, 60, 80, 100] 3 sI, where
sI 5 2.1 mJy per beam and is the r.m.s. noise of I. The dashed line shows the
major axis of PA 5 136u (ref. 12). The synthesized beam is shown at bottom
right and has a size of 0.650 3 0.560 and PA 5 79.5u. Dec., declination; RA,
right ascension.
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optically thick and thin regions, driving any derived values of
dust opacity spectral index to be lower than reality.

3.1.4. Compact Spectral Lines

At 1!. 1 resolution, the HCO+(1-0) emission shows a
morphology similar to the 12CO(1-0) shown in Figure 1(a),
albeit somewhat less extended. Interestingly, it also shows a
barely resolved velocity gradient across the HL Tau disk itself,
though it is confused with the surrounding outflow gas,
especially to the NE of the disk. Fortunately, at 0!. 25 resolution

most of the outflow emission is resolved out, making it possible
to spatially resolve the morphology of the HL Tau molecular
gas disk for the first time. The 0!. 25 resolution HCO+(1-0)
channel maps shown in Figure 4 reveal: (1) a notable deficit of
blueshifted versus redshifted emission, (2) HCO+(1-0) absorp-
tion near the systemic velocity 6.5–7.0 km s!1, (3) a roughly
Keplerian velocity distribution with a detectable radial velocity
range of 2.0 to 12.0 km s!1, and (4) comparable gas and
continuum disk sizes (at least at the current sensitivity level).
To further explore points (1) and (2), Figure 5 shows spectra
from the 1!. 1 resolution cubes toward the continuum peak. All
of the lines show absorption at 6.0–7.0 km s!1, indeed CN and
HCN(1-0) are only detected in absorption. Additionally, the
absorption is non-Gaussian in shape, instead showing a gradual
increase in absorption on the blueshifted side compared to a
steeper rise on the redshifted side. As shown in Figure 1(a), the
blueshifted outflow emerges from the NE of HL Tau and, based
on the continuum disk orientation, propagates toward us at
i 47≈ °. Self-absorption by this outflowing gas is likely
responsible for both the non-Gaussian line shape and the
deficit of observable blueshifted disk emission. The deepest
absorption for the CN and HCN transitions occurs at an LSRK
velocity of 7.0± 0.2 km s!1, which we take to be the rest
velocity of the system.
Under the assumption of circular Keplerian motion and

noting that the velocity extrema of HCO+(1-0) emission occurs
at V 5Δ ± km s!1 (see Figure 4) from the systemic velocity
(7.0 km s!1) at a radius of !25 AU, we find that with i 47= °,
the enclosed mass is !1.3 M⊙. This value is near the high end
of the range previously reported for HL Tau (see Section 1).
However, it is clear that even on the less absorbed redshifted
side, the velocity pattern is not so simple and may, for example,
have a contribution from infall (see, for example, Gómez &
D’Alessio 2000). Future detailed radiative transfer analysis
coupled with a physical model will be required to reproduce the
complex HCO+(1-0) absorption and emission toward the
HL Tau disk in order to obtain a more accurate kinematic
stellar mass.

3.2. XZ Tau 2.9 mm Continuum

At 2.9 mm we resolve the known multiple system XZ Tau
into two components, A and B (Figure 1(b) and Table 1; also
see Forgan et al. 2014 and Carrasco-González et al. 2009),
separated by 273± 1 mas at a P.A. of 128.7 0 .5± ◦ . This
separation is 8% smaller than predicted by Forgan et al. (2014)
for a circular, face-on orbit (296± 1 mas), particularly in R.A.
This is likely an indication that the orbit is not face-on, but will
require future observations to confirm and quantify. Like
Forgan et al. (2014), we find no evidence for component “C”
(a putative third star) reported by Carrasco-González et al.
(2009) at 7 mm. Using the 2.9 mm flux densities from Table 1
and the JVLA 7mm flux densities from Forgan et al. (2014),
we find spectral indices of +1.8± 0.5 for both XZ Tau A and
B, suggesting both have a free–free component in addition to
dust emission (see also Carrasco-González et al. 2009).

3.3. LkH!358 2.9 mm Continuum

At 2.9 mm, we have resolved the LkH!358 disk for the first
time in the millimeter continuum to a size of only 21± 1 AU
with an inclination angle of 56 2± ° at a P.A. 170 3= ± ° (see
Figure 1(c) and Table 1). Schaefer et al. (2009) used PdBI to

Figure 3. Panel (a) shows the deprojected 1.0 mm B6+B7 image of
HL Tau (see Section 3.1.3); the angular resolution is 38.6 19.3× mas (P.A .

20.7− ◦ ). Rings for which a full range of ellipse parameters could be fit are
labeled horizontally (solid and dashed lines), while the less distinct rings are
labeled vertically (dotted lines). Panels (b) and (c) show cross-cuts at P.A.

138= ° through the continuum peak of the 1.0 mm continuum and spectral
index images shown in Figures 2(e) and (f) (positive values of distance
correspond to the SE portion of Figure 2(e)). In panel (c) the gray region
delineates the statistical 1σ spectral index uncertainty; it does not account for
the absolute flux uncertainty. For the fully fitted rings, panels (b) and (c) show
dashed lines for the locations of dark rings and solid lines for bright rings. The
fitted offsets from the continuum peak (Table 2) have been taken into account.
Panel (d) shows the same cross-cut as panel (b) but on a Planck brightness
temperature (TB) scale. Panels (b) and (d) are shown on a log scale on the y-
axis. The dashed curve on panel (d) shows a representative power law for TB as
a function of radius with an exponent of !0.65 extending from the B1 peak; it
is not a fit.
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beam. Then the position of each point was moved to the nearest
local radial maximum (or minimum for dark rings). To avoid
regions where the rings become less distinct, points were
discarded if they moved outside the nominal width of the
individual rings (5 to 8 AU). Eight rings retained 55%> of the
points, to which we subsequently fit an ellipse, including its
center position, using a Markov Chain Monte Carlo (Foreman-
Mackey et al. 2013). The results are listed in Table 2, with the
full range of parameters given for the eight most distinct rings,
and just the semimajor axis for the others. It seems likely that
the “gap,” “enhancement,” and “clump” observed in VLA 1.3
and 0.7 cm images (Greaves et al. 2008; Carrasco-González
et al. 2009) at !10, 20, and 55 AU along the major axis of the
disk correspond to the D1, B1, and the combined emission
from the B2 to B4 rings, respectively.

The weighted average of the best-fit inclination and P.A. for
the eight fitted rings yields i 46 .72 0 .05= ±◦ ◦ and P.A.

138 .02 0 .07= ±◦ ◦ , consistent with the constraints found for

the average disk geometry over large scales. However, the best-
fit ellipses have their centers offset with respect to the peak of
the 1.0 mm emission, as can be seen in the equatorial offsets
reported in Table 2. These offsets are statistically significant for
all but the innermost ring (D1). Interestingly, the magnitude of
the position offset increases with orbital distance from the
center.
Using the weighted average inclination and P.A., we have

deprojected the combined 1.0 mm visibility data into a
circularly symmetric, face-on equivalent view (see Figure 3
(a)). We have also extracted cross-cuts at an angle of138° from
both the 1.0 mm continuum image and the spectral index map
shown in Figures 2(e) and (f). These cross-cuts are shown in
Figures 3(b) and (c). The variation in intensity between the
bright and dark rings is readily apparent. Considering only the
fully characterized rings, the largest average intensity contrast
is between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 being

Figure 2. Panels (a), (b), and (c) show 2.9, 1.3, and 0.87 mm ALMA continuum images of HL Tau. Panel (d) shows the 1.3 mm PSF for the same FOV as the other
panels as well as an inset with an enlarged view of the inner 300 mas centered on the PSF’s peak (the other bands show similar patterns). Panels (e) and (f) show the
image and spectral index maps resulting from the combination of the 1.3 and 0.87 mm data. The spectral index (!) map has been masked where 4errorα α < . The
synthesized beams are shown in the lower left of each panel; also see Table 1. The range of the color bar shown for panel (b) at 1.3 mm corresponds to 2− × rms to
0.9× the image peak using the values in Table 1. The color scales for panels (a), (c), and (e) are the same except using the values of rms and image peak
corresponding to each respective wavelength in Table 1.
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Spectral Index is higher in the gaps =>  Grain growth!	



Gas Gaps in the Protoplanetary Disk around the 
Young Protostar HL Tau (Yen et al 2016)  
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Fig. 2.— (a) Radial profile of the HCO+ integrated intensity in the disk around HL Tau observed

with ALMA. Vertical blue solid and dashed lines denote the radii of the bright rings and the gaps

identified in the 1 mm continuum image observed with ALMA at an angular resolution of 0.!!03

(corresponding to !5 AU; ALMA Partnership et al. (2015)). (b) Radial profile of the S/N ratios

of the HCO+ integrated intensity. (c) Radial profile of the HCO+ column density derived from the

intensity profile. Red dashed and dotted lines present the fitted power-law density profiles outside

the inner and outer gaps, respectively, and red solid lines delineate the observed gaps. The centers,

widths, and depths of the gaps are listed in Table 1. Error bars in panels (a) and (c) correspond

to the 1! uncertainties.
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of the HCO+ integrated intensity. (c) Radial profile of the HCO+ column density derived from the

intensity profile. Red dashed and dotted lines present the fitted power-law density profiles outside

the inner and outer gaps, respectively, and red solid lines delineate the observed gaps. The centers,

widths, and depths of the gaps are listed in Table 1. Error bars in panels (a) and (c) correspond

to the 1! uncertainties.
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Outer Gap

Inner Gap

Fig. 3.— (a) 3 mm continuum image and (b) our reconstructed high-resolution image of the HCO+

(1–0) integrated intensity of the disk around HL Tau observed with ALMA at angular resolutions

of !0.!!07, corresponding to a physical scale of !10 AU.
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