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(Rodríguez et al.2005, 2008). The presence of jets indicates
ongoing accretion in the vicinity of the protostar. Recently,
Zapata et al.(2015, 2019) reported a binary system seen as
compact dusty objects with an apparent separation of 300 au,
surrounded by a circumbinary disk, using ALMA observations.
Using vibrationally excited CH3OCHO and CS transitions with
upper-state energies ofEu/ k�> �500K, Zapata et al.(2019)
showed that the circumbinary disk is rotating with a Keplerian-
like pro� le of an enclosed mass of �:�o M25 3 . However, the
dynamics at the several�q100 auscale must be controlled by
the individual binary protostars, which has not been well
studied.

We report new multi-band ALMA observations toward
IRAS 16547 with resolutions of�´0. 05 at 1.3 and 3 mm. In this
Letter, we mainly present the detection of sodium chloride,
silicon compounds, and water lines as probes of the individual
circumstellar disks. We propose that these inner-disk tracers
may be common around massive protostars at the scale of
�1100 au, and valuable in understanding the disk properties in
massive star formation.

2. Observations

The 3 and 1.3 mm observations were carried out with
ALMA in Band 3 and 6(ALMA project ID: 2018.1.01656.S).
We also utilize the ALMA archived Band 7(0.85 mm) data in
project 2016.1.00992.S(Zapata et al.2019). We summarize the
information of the observations in Appendix TableA1. The
data were calibrated using CASA(McMullin et al. 2007)
pipeline v5.6.1. After pipeline calibration, we performed phase
self-calibration for all the three bands using the continuum data
combining line-free channels of all the spectral windows, and
applied the self-calibration solutions to the line data. Images are
made with CASA task tclean using the Briggs weighting with
the robustness parameter of 0.5 for Band 3 and 6 data, and
� 0.5 for Band 7 data. The resultant synthesized beams of the
continuum images are as high as�´0. 05 for all wavelengths
(TableA1).

3. Results

3.1. Continuum

Figure1 shows the 1.3 and 3 mm continuum maps. The dust
emission dominates the 1.3 mm continuum, highlighting the
circumbinary disk and out� ow cavities, while the 3 mm
continuum reveals the jet structures. The structures seen in the
1.3 mm continuum are very similar to those in 0.85 mm
continuum(Appendix FigureB1), which was� rst reported by
Zapata et al.(2019). Three protostars are prominent at all
wavelengths, namely IRAS 16547-Ea and IRAS 16547-Eb
(hereafter, sources A and B) forming the proto-binary with an
apparent separation of300 au, and a much weaker third source
IRAS 16547-W. Using the 0.85 mm� uxes, which are less
affected by the free–free emission than the 1.3 and 3 mm
� uxes, we evaluate circumstellar disk masses of �:M0.19 and

�:M0.035 around sources A and B within a radius of�´0. 05
(150 au) assuming a dust temperature of350 K (AppendixB).

The proto-binary is surrounded by a circumbinary disk of
2500 au, out� ow cavities are seen on the northern and southern
sides of the circumbinary disk(see also Zapata et al.2019).

The 3 mm continuum newly reveals jet knots from source A
aligned in a northwest–southeast direction, which is consistent
with the orientation of the central radio source detected by

centimeter observations( � � � � �nP.A. 16 ; Rodríguez et al.
2005, 2008). The resolution of the ALMA observation is an
order of magnitude higher than those in the previous radio
observations, which allows us to spatially resolve this central
radio source into sources A and B and several jet knots, and to
determine that the jet originates from source A. The jet
orientation is also close to the elongated distribution of water
masers(Franco-Hernández et al.2009). The prominence of the
proto-binary and jet knots in 3 mm continuum suggests that
they are dominated by free–free emissions, and the jet knots
may also contain signi� cant synchrotron contributions. We
leave the detailed analysis of the multi-band continuum to a
forthcoming paper.

3.2. Lines

Rich molecular lines are detected in IRAS 16547, especially
in Bands 6 and 7. Figure2 shows the integrated intensity maps
of representative emission lines, which trace different compo-
nents in the proto-binary system from the circumbinary disk to
the individual circumstellar disks(see AppendixA for the
summary of the lines presented in this work). Methyl cyanide
CH3CN, which is commonly used as a disk tracer toward
massive protostars(e.g., Johnston et al.2015, 2020; Beuther
et al. 2017), associates with the circumbinary disk and the
out� ow cavity at the 1000 au scale(panels a and b). We detect
the CH3CN (12K– )11K K-ladder fromK�= �0 to K�= �11 with
excitation temperatures from� 60 to �_600 K. Here as
representatives,K�= �4 andK�= �8 lines are shown as they are
less contaminated from neighboring lines. The emission of
sulfur dioxide SO2, another typical hot-core molecule, with

��E k 403 Ku , also traces the circumbinary disk and the
out� ow cavity(panel c). However, peaks of these lower-energy
transitions of CH3CN and SO2 with �1E k 1000 Ku do not
coincide with the positions of sources A and B, due to self-
absorption and/ or absorption against the compact continuum
sources in slightly redshifted velocities, indicating that they
trace the outer cooler infalling material. This wide distribution
makes it dif� cult to study the innermost regions of a few
hundred au by these lines.

On the other hand, the vibrationally excited transitions of
SO2, CS, and H2O with upper-state energies of �2E ku
1000 K trace the innermost region of the circumbinary disk and
the individual protostellar disks(panels d–f). In particular, the
H2O ��v 12 emission with ��E k 3464 Ku is concentrated at
the positions of sources A and B(panel f; the extended
emission comes from contamination of other lines; see
Figure3(d)). Such a high upper-state energy re� ects the high
temperature of protostellar disks in massive star formation at
several hundred au. With lowerEu, the SO2 ��v 12 and CS
v�= �1 lines also trace the rotation of the circumbinary disk on
the 1000 au scale(see below). We note that Zapata et al.(2019)
� rst reported the CSv�= �1 emission tracing the rotating
circumbinary disk, but its connection to the individual
circumstellar disks were not known.

Furthermore, we found that the emissions of NaCl, SiO, and
SiS are also concentrated in the vicinity of the protostars
(panels g–i; again the extended emissions come from
contamination of other lines). These lines are not detected in
the 1000 au scale, although they have the low upper-state
energies of ��E k 100 Ku , and their critical densities of
�_106– ��10 cm7 3 are not high. This fact indicates that these
refractory molecules are enhanced only in the innermost
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regions of several hundred au. It is worth noting that this is the
second reported detection of the alkali metal halide, NaCl, in
protostellar systems after the Orion Source I disk(Ginsburg
et al.2019; Wright et al.2020).

Appendix TableC1summarizes the emission lines presented
in this Letter. We note that some other transitions of NaCl, SiO,
SiS, and vibrationally excited H2O are also detected, which will
be reported in a future paper.

Using these lines, we can illustrate the kinematics from
the circumbinary disk to the individual circumstellar disks.
Figure3(a) presents the moment 1 map of the SO2 ��v 12 line,
showing the rotation of the circumbinary disk as reported by
Zapata et al.(2015, 2019). The systemic velocity of IRAS
16547 is about�� ��31 km s 1 (Garay et al.2003). The rotation
direction is consistent with the elongation of the circumbinary
structure. Following Zapata et al.(2015, 2019), we plot the
position–velocity (PV) diagrams along the major axis of the
circumbinary disk(P.A.= �n50 ), passing between sources A and
B (panel b). The PV diagram of the SO2 ��v 12 line shows a
rotational pro� le with velocity increasing toward the center.
However, inside �´0. 1, or 300 au, the SO2 ��v 12 emission does
not show the high-velocity component, which is expected for
the Keplerian disk. Instead, the SiO emission nicely traces the
central high-velocity components up to ���% �o ��v 30 km slsr

1.

Figure3(c) shows the PV diagrams of the SO2 ��v 12 and
SiO emissions along a slit passing through sources A and B
(P.A.� � � � �n65 ). This PV diagram is clearly not a simple
Keplerian pro� le inside �´0. 1, suggesting that the two protostars
dominate the dynamics at this scale. Not only the SiO line but
also the SO2 ��v 12 line shows the high-velocity components
(especially in redshifted velocities) associated with sources A
and B. The same is also seen in the PV diagrams of the H2O

��v 12 emission with P.A.� � � � �n65 (panel d), where the hot-
water emission prominently shows two circumstellar compo-
nents. These indicate that the rotation around the binary system
is smoothly connected to the rotation around the individual
protostars. The two circumstellar components are not quite
parallel in the PV diagrams, judging from the different
direction of velocity gradient. This suggests misalignment of
the rotation directions between the twin disks(see below). We
note that the contaminations by other lines are seen, extending
to the southeast direction at �� ��v 20lsr and �� ��27 km s 1.
We have not been able to identify these contamination lines.
This source is rich in complex organic molecules, and a
simultaneous check through the whole spectrum ranges is
required for accurate line identi� cation, which is left for
future work.

We note that the blueshifted emission of SiO in source A is
missing, probably due to self-absorption(see FigureC1 in

Figure 1. ALMA continuum images of IRAS 16547 at 1.3 mm(color scale and gray contours) and 3 mm(cyan contours). The contour levels are�T�q5 2n

( � � � yn 0, 1, ), with �T��1 0.52 K ( ��0.045 mJy beam1) for the 1.3 mm continuum, and�T��1 0.54 K ( ��0.0083 mJy beam1) for the 3 mm continuum. The synthesized
beams are� ´ � q � ´0. 055 0. 038( � � � nP.A. 30.8) in the 1.3 mm image and� ´ � q � ´0. 048 0. 046( � � � � � nP.A. 16.8) in the 3 mm image, respectively(shown at the lower-left corner).
The R.A. and decl. offset is relative to the continuum peak position of source A, i.e.,( ) ( )� B � E� � � � � n � a � ´, 16 , 58 , 17. 2082, 42 52 07. 421h m s (ICRS). The continuum peak of
source B is at( )� � � n � a � ´16 , 58 , 17. 2173, 42 52 07. 461h m s (ICRS).
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Appendix C), indicating that the SiO emission traces the
out� owing material. However, as opposed to the commonly
seen extended SiO emissions tracing shocked regions along the
out� ow, here the compact morphology of SiO and its close
association with the two protostars suggest that it traces the
material just launched from the disks or the surface layers of
the disks, which can show both rotation and out� owing
motions(e.g., Hirota et al.2017; Maud et al.2019; Zhang et al.
2019a).

Figure4 shows the blueshifted and redshifted emissions of
selected lines of water(panel a), silicon-compound(panels
b–f), and sodium chloride(panels g–h). To better resolve the
kinematics of the individual circumstellar disks, for the lines
in Band 6, we further improve the resolution to� _ � ´0. 035
(�_100 au), by emphasizing data with longer baselines using a
robust parameter of� 0.5. For source A, the H2O and NaCl
emissions show velocity gradients in a northeast–southwest
direction, which is similar to the rotation direction of the
circumbinary disk(P.A.�� �n50 ). Therefore, we interpret this
velocity gradient as the disk rotation of source A. This

orientation is also consistent with the rotating structure traced
by water maser(Franco-Hernández et al.2009) around source
A. We note that this disk feature is not affected by the
extended contaminations seen at �� ��v 20lsr and�� ��27 km s 1

in Figure 3(d), because they are signi� cantly weakened by
emphasizing the longer baselines. The disk A rotation is more
dif� cult to identify in silicon-compounds emissions because
these emissions could be blended with the out� owing motion.
The velocity gradients of thev�= �0 emissions of SiO and30SiO
are ambiguous due to the strong absorption in the blueshifted
component. For the SiO emission, comparing the redshifted
emission position and the continuum peak position gives a
velocity gradient direction in �_ �nP.A. 10 , which could be the
out� ow direction(or the direction between the out� ow and the
disk rotation). If this is the case, resembling the typical star
formation picture, the out� ow direction would be nearly
perpendicular to the disk rotation, and close to parallel with the
jet-knot orientation. On the other hand, the velocity gradient of
the vibrationally excited29SiO line is consistent with the disk A
rotation, as this line is optically thinner than the SiOv�= �0 line

Figure 2. Integrated intensity maps of emission lines(color scale and black contours) overlaid with the 1.3 mm continuum emission(gray contours). The molecule
names, transitions, upper-state energiesEu, and the integratedvlsr ranges are labeled in each panel. The red crosses indicates the continuum peaks of sources A and B.
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due to its rarity and high-excitation state. For SiS, redshifted
components ofv�= �0 and 1 lines roughly follow the same
velocity gradients seen by H2O and NaCl, suggesting the
existence of SiS in the disk. However, the blueshifted
component is missing in the low excitation(v= 0) map,
probably due to the similar reason for SiO. The NaCl lines trace
the disk components even for the lower excitations, suggesting
NaCl does not exist in the out� ow unlike silicon compounds.

In source B, the velocity gradients seen in the emissions of
H2O, 30SiO, 29SiO, and SiSv�= �0 are close to parallel to the
disk A rotation, but in theoppositedirection, suggesting that
the circumstellar disk of source B is rotating in the opposite
direction to the disk A and the circumbinary disk. The high-
velocity component of the SiOv�= �0 emission again shows a
gradient perpendicular to the disk rotation, which may also
trace the out� owing motion, similar to source A.

4. Discussions

4.1. Salt, Silicon Compounds, and Hot Water as Disk Probes

Based on the new high-resolution ALMA observations, we
identify two groups of molecular lines tracing the innermost
100 au scale of the massive binary system IRAS 16547.
The � rst group is the vibrationally excited“hot” lines
with ��E k 1000 Ku . Especially, the H2O line with

��E k 3000 Ku nicely traces the individual circumstellar
disks. The second group is the refractory molecules, i.e., alkali
halides(NaCl) and silicon compounds(SiO and SiS) in the
case of IRAS 16547. The lines of refractory species do not
necessarily have high excitation of�� 1000 K, but they trace
only the innermost regions around the circumstellar disks. This
fact indicates they are released to the gas phase within the disks

Figure 3. (a): Moment 1 map of the SO2 ��26 263,23 2,24 ��v 12 line (color scale), overlaid with the 1.3 mm continuum maps in contours(same as Figure1(a)). The
two lines show the directions along which the position–velocity(PV) diagrams shown in panels(b)� (d) are made.(b): The PV diagrams of the SO2 ��v 12 line (color
scale and thin contours) and SiO 5� 4 line (thick contours), along a slit passing through the midpoint between of the two sources with�� �nP.A. 50 . The red bar in the
lower-left corner indicates the resolution beam size.(c): Same as panel(b), but along a slit with � � � � � nP.A. 65 . The locations of the two sources are labeled.(d): Same
as panel(c), but showing the H2O v2�= �1 line in thick contours. Note that the PV diagram of H2O is contaminated by other lines around � � � �v 20lsr and�� ��27 km s 1.
In panels(b)� (d), the SO2 contours have the� rst level and intervals of ��2.1 mJy beam1, the SiO contours have the� rst level and intervals of ��2.2 mJy beam1, and
the H2O contours have the� rst level and intervals of ��1.4 mJy beam1.
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