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1. Observability of the Vertical Shear Instability in protoplanetary disk CO kinematics

Marcelo Barraza-Alfaro, Mario Flock, Sebastian Marino, Sebastian Pérez % Context. Dynamical and turbulent

Context. Dynamical and turbulent motions of gas in a protoplanetary disk are crucial for their evolution and are thought to affect
planet formation. Recent (sub-)millimeter observations show evidence of weak turbulence in the disk’s outer regions. However, the
detailed physical mechanism of turbulence in these outer regions remains uncertain. The vertical shear instability (VSI) is a promising
candidate mechanism to produce turbulence in the outer parts of the disk.

Aims. Our objective is to study the observability of the gas velocity structure produced by the vertical shear instability via CO
kinematics with ALMA.

Methods. We perform global 3D hydrodynamical simulations of an inviscid and locally isothermal VSI-unstable disk. We post-
process the simulation results with radiative transfer calculations, and produce synthetic predictions of CO rotational emission lines.
Following, we compute the line of sight velocity map, and its deviations from a sub-Keplerian equilibrium solution. We explore the
detectability of the VSI by identifying kinematic signatures using realistic simulated observations using the CASA package.

Results. Our 3D hydrodynamical simulations of the VSI show the steady state dynamics of the gas in great detail. From the velocity
structure we infer a turbulent stress value of ;s = 1.4 x 107*. On large scales, we observe clear velocity deviations in the order
of 50 m s™! as axisymmetric rings with radially interspersed signs. By comparing synthetic observations at different inclinations we
find optimal conditions at i < 20° to trace for the kinematic structures of the VSI. We found that current diagnostics to constrain gas
turbulence from non-thermal broadening of the molecular line emission are not applicable to anisotropic VSI turbulence.
Conclusions. We conclude that the detection of kinematic signatures produced by the vertical shear instability is possible with
ALMA’s current capabilities. Observations including an extended antenna configuration are required to resolve the structure (beam
sizes below ~ 10 au). The highest spectral resolution available is needed (~ 0.05 km s™' with ALMA Band 6) for robust detection.
The characterization of the large-scale velocity perturbations is required to constrain the turbulence level produced by the VSI from
gas observations.
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Fig. 2. 3D rendering of a VSI-unstable protoplanetary disk. The color
map shows the perturbed total velocity of the gas in units of the local
sound speed. Only half of our simulation domain in azimuth is shown

for visualization purposes.
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Fig. 4. Results of the line of sight velocity map and extracted velocity perturbations from a VSI unstable disk '>CO(2-1) synthetic lines observa
tions. The velocity centroid of the line was computed at each pixel from mock data cubes with a velocity resolution of 0.05 km s~'. The input field
are shown in Figure 3, which corresponds to a disk after ~ 0.3 Myr of evolution. From top to bottom, are shown the results for disk inclinations o
5°, 20° and 35°. First column: Velocity centroid maps (vp). The images are convolved by a circular Gaussian beam of 50 mas and have no noise
Second column: Residual map of subtracting to vy the velocity centroid map obtained from a disk following an equilibrium solution (v,,). Thin
column: Residual of subtracting to vy the best fit disk model obtained using EDDY (v,,.s). The model corresponds to a geometrically thick disk
that follows power-law profiles for the Velocities in the radial and aznmuﬂﬁ]'%fﬁﬁﬁ'rhe images in this case are convolved by a 0.1 arcsecond
circular Gaussian beam and have an RMS noise of ~ 1.5 mJy beam™'. Fourth column: The same as the third column, but for a 20 h Cycle 7 ALM/
simulated observation using configurations C43-8 and C43-5, with an RMS noise of ~ 1.5 mJy Beam . e resulting beam Size of our syntheti




> A major asymmetric ice trap in a planet-forming disk: II. prominent SO and SO2
" pointing to C/0 < 1

A. S. Booth, N. van der Marel, M. Leemker, E. F. van Dishoeck, S. Ohashi % Gas-phase sulphur bearing volatiles
appear to be severely depleted in protoplanetary disks. The detection of CS and non-detections of SO and SO2 in many disks
have shown that the gas in the warm molecular layer, where giant planets accrete their atmospheres, has a high C/O ratio. In
this letter, we report the detection of SO and SO2 in the Oph-IRS 48 disk using ALMA. This is the first case of prominent
SO2 emission detected from a protoplanetary disk. The molecular emissions of both molecules is spatially correlated with the
asymmetric dust trap. We propose that this is due to the sublimation of ices at the edge of the dust cavity and that the bulk
of the ice reservoir is coincident with the millimetre dust grains. Depending on the partition of elemental sulphur between
refractory and volatile materials the observed molecules can account for 15-100% of the total sulphur budget in the disk. In
strong contrast to previous results, we constrain the C/O ratio from the CS/SO ratio to be < 1 and potentially solar. This has
important implications for the elemental composition of planets forming within the cavities of warm transition disks.
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Table 2. Derived column densities and ratios

Molecule T., (K) Nt (cm™) T
SO,* 50 26+03x10° > 1]
100 4.4 + 0.4 % 105 [> 1]
150 6.6 + 0.4 x 10 [> 1]
330, 50 12+0.1x10%  [0.26]
100 20+02x 10"  [0.08]
150 30+03x10%  [0.04]
SO 50 47 +0.5% 10"  [0.60]
100 7.1+0.7%x10"%  [0.16]
150 99+1.0x 10"  [0.08]
CS 50 <59+06x108 [<23]
100 <29+03x10" [<0.35]
150 <32+03x10% [<0.14]
S/H 50 46x 1077 B
100 7.2 %1077 -
150 1.0 x 10°° -
CS/SO 50 <0.012 -
100 <0.004 -
150 <0.003 -
SO/SO, 50 1.8 -
100 1.6 -
150 1.5 -

* using **SO, and *S/*'S
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Zooming into the Collimation Zone in a Massive Protostellar Jet

Carlos Carrasco-Gonzalez, Alberto Sanna, Adriana Rodriguez-Kamenetzky, Luca Moscadelli, Melvin Hoare,
José M. Torrelles, Roberto Galvan-Madrid, Andrés F. Izquierdo % Protostellar jets have a fundamental role at the
earliest evolution of protostars of all masses. In the case of low-mass (<8 Msun) protostars, strong observational evidence exists
that the launching and collimation is due to the X- and/or disk-wind mechanisms. In these models, it is the protostar/disk
system that creates all the necessary conditions to launch and collimate the jets near the protostar via strong magnetic fields.
The origin of jets from more massive protostars has been investigated much less, in part because of the difficulty of resolving
the collimation zone in these more distant objects. Here we present the highest angular resolution observations of a jet powered
by a massive protostar, the Cep A HW2 radio jet. We imaged the radio emission at projected distances of only 20 au from
the protostar, resolving the innermost 100 au of a massive protostellar jet for the first time. The morphology of the radio
jet emission in this massive object is very different than what is usually observed in jets from low-mass protostars. We found
that the outflowing material in HW2 has two components: a wide-angle wind launched from the protostar/disk system, and a
highly collimated jet starting at 20-30 au from the protostar. We discuss two possible scenarios: an extension of the classical
disk-wind to a massive protostar, or external collimation of a wide-angle wind. These results have important consequences for
our understanding of how stars of different masses are formed.
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Figure 2. A radiative transfer modeling of the 7.5 mm image of Cep A HW2. (a) Image of the radio jet as shown in Figure 1c. (b)
A model consisting of a standard jet (Reynolds 1986) starting at 3 au from the protostar. The left panel is the output image from the
radiative transfer model with the same intensity scale of panel (a); the right panel shows a schematic view of the jet. As can be seen,
an elongated bright source is expected. (c) Same as (b) for a conical wind starting at 3 au from the protostar. The output image only
shows a compact source which traces the densest part of the wind. (d) A combination of a conical wind starting at 3 au, and a standard
jet starting at 25 au from the protostar. (e) Same as panel (d) but the north and south parts of the jet have slightly different P.A.s and
mass-loss rates.



Constraining Spatial Densities of Early Ice Formation in Small Dense Molecular Cores
from Extinction Maps

Laurie E. U. Chu, Klaus W. Hodapp % Tracing dust in small dense molecular cores is a powerful tool to study the
conditions required for ices to form during the pre-stellar phase. To study these environments, five molecular cores were
observed: three with ongoing low-mass star formation (B59, B335, and L.483) and two starless collapsing cores (L63 and L694-
2). Deep images were taken in the infrared JHK bands with the United Kingdom Infrared Telescope (UKIRT) WFCAM (Wide
Field Camera) instrument and IRAC channels 1 and 2 on the Spitzer Space Telescope. These five photometric bands were used
to calculate extinction along the line of sight toward background stars. After smoothing the data, we produced high spatial
resolution extinction maps (~13-29") . The maps were then projected into the third dimension using the AVIATOR algorithm
implementing the inverse Abel transform. The volume densities of the total hydrogen were measured along lines of sight where
ices (H20, CO, and CH30H) have previously been detected. We find that lines of sight with pure CHz3OH or a mixture of
CH3;OH with CO have maximum volume densities above 1.0x10° cm ™. These densities are only reached within a small fraction
of each of the cores (~0.3-2.1%). CH3OH presence may indicate the onset of complex organic molecule formation within dense
cores and thus we can constrain the region where this onset can begin. The maximum volume densities toward star-forming
cores in our sample (~1.2-1.7x10° cm™) are higher than those toward starless cores (~3.5-9.5x10° cm™?).

2RIk R KRices DI KIZHIBEE A5 LT EFEEIT7 TOFRAMNERIIKE
BHE
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Chu+ 2020:
Observations of the Onset of Complex Organic Molecule Formation in Interstellar Ices
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Figure 1. Color images for the molecular cores in which we study ice absorption features. These were made by
combining JHK colors from the UKIRT WFCAM instrument. The following are the total exposure times used for
each cloud: B59: J=1.0 hr, H=1.2 hr, K=1.4 hr, L483: ]J=5.6 hr, H=2.8 hr, K=2.8 hr, B335: J=4.0 hr, H=2.8 hr,
K=3.2 hr. L694-2: J=3.2 hr, H=2.0 hr, K=2.0 hr. Stars circled in green represent background targets and red
circles are YSO candidates in our sample. Blue squares show where other nearby YSOs are located in relation to
targets in our sample. Size scales are shown for the quoted distances in the text for each core.
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Chu+ 2021:
Constraining Spatial Densities of Early Ice Formation in Small Dense Molecular Cores form
Extinction Maps
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5. TRAO Survey of the nearby filamentary molecular clouds, the universal nursery of stars

(TRAO FUNS). II. Filaments and Dense cores in IC 5146

Eun Jung Chung, Chang Won Lee, Shinyoung Kim, Maheswar Gopinathan, Mario Tafalla, Paola Caselli, Philip
C. Myers, Tie Liu, Hyunju Yoo, Kyoung Hee Kim, Mi-Ryang Kim, Archana Soam, Jungyeon Cho, Woojin
Kwon, Changhoon Lee, Hyunwoo Kang % We present the results on the physical properties of filaments and dense cores
in IC 5146, as a part of the TRAO FUNS project. We carried out On-The-Fly mapping observations using the Taeduk Radio
Astronomy Observatory (TRAO) 14m telescope covering about 1 square degree of the area of IC 5146 using various molecular
lines. We identified 14 filaments (24 in total, including sub-filaments) from the C'®*O (1-0) data cube and 22 dense cores from
the NoH* (1-0) data. We examined the filaments’ gravitational criticality, turbulence properties, accretion rate from filaments
to dense cores, and relative evolutionary stages of cores. Most filaments in IC 5146 are gravitationally supercritical within the
uncertainty, and most dense cores are formed in them. We found that dense cores in the hubs show a systemic velocity shift of
0.3 km/s between the NoH* and C'®O gas. Besides, these cores are subsonic or transonic, while the surrounding filament gas
is transonic or supersonic, indicating that the cores in the hubs are likely formed by the turbulence dissipation in the colliding
turbulent filaments and the merging is still ongoing. We estimated the mass accretion rate of 15 — 35 Mg Myr~! from the
filaments to the dense cores, and the required time scales to collect the current core mass are consistent with the lifetime of the
dense cores. The structures of filaments and dense cores in the hub can form by a collision of turbulent converging flows, and
mass flow along the filaments to the dense cores may play an important role in forming dense cores.
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Figure 2. Integrated intensity maps of *CO (1 — 0) (top left) and C®0 (1 — 0) (bottom left) with contours on the
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RA (J2000) and those of C'%0 are 3, 8, 13, and 18x¢. The positions of the represented spectra in the right are indicated with crosses. In
the right spectra panels, C'®O line intensity is scaled up (the factor is written under each C'®0 spectrum).
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Probing jets from young embedded sources: clues from HST near-IR [Fe II] images

Jessica Erkal, Brunella Nisini, Deirdre Coffey, Francesca Bacciotti, Patrick Hartigan, Simone Antoniucci, Teresa
Giannini, Jochen Eisléffel, Carlo Felice Manara % We present near-infrared [Fe 1I| images of four Class 0/1 jets (HH
1/2, HH 34, HH 111, HH 46/47) observed with the Hubble Space Telescope Wide Field Camera 3. The unprecedented angular
resolution allows us to measure proper motions, jet widths and trajectories, and extinction along the jets. In all cases, we detect
the counter-jet which was barely visible or invisible at shorter wavelengths. We measure tangential velocities of a few hundred
km /s, consistent with previous HST measurements over 10 years ago. We measure the jet width as close as a few tens of au from

the star, revealing high collimations of about 2 degrees for HH 1, HH 34, HH 111 and about 8 degrees for HH 46, all of which are
preserved up to large distances. For HH 34, we find evidence of a larger initial opening angle of about 7 degrees. Measurement
of knot positions reveals deviations in trajectory of both the jet and counter-jet of all sources. Analysis of asymmetries in the
inner knot positions for HH 111 suggests the presence of a low mass stellar companion at separation 20-30 au. Finally, we find
extinction values of 15-20 mag near the source which gradually decreases moving downstream along the jet. These observations
have allowed us to study the counter-jet at unprecedented high angular resolution, and will be a valuable reference for planning
future JWST mid-infrared observations which will peer even closer into the jet engine.

HST Wide Field Camera 3T NIR [Fe II] $B#R £8 8% =i
420 Class0/I jets; HH1/2, HH34, HH111, HH46/47
= 2 fE 9 fRBE T, proper motion, jet width, jetDE A EZ S 1=
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jet width (£ HV520-30 au): collimation ~ 2 deg. (HH1, HH34, HH111), & 8 deg. (HH46)
jet trajectory Masymmetry Hljet & counter-jetifi A TR ONB(EKIK)
Jet asymmetry (HH111) => wiggleBJT. alow mass stellar companion at 20-30 auM{F{E?
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Figure 5. [Fe II] 1.64pm line+continuum image of the
HH 111 jet and cavity. [O I] contours are overplotted in black
(levels are 0.2 and 1 x107'? ergs™'em=2 A~! pixel™),
showing that at optical wavelengths the jet is observed only
at large distances from the source (marked by the black cir-
cle). The red-shifted jet is not detected in the optical.

0.3

HH 111

0.2

0.1+

Flux (10~ erg s~ cm™2)

0.0
3004 == 0=232°

o il

100 A

Jet Width (au)

) 0 500 1000 1500 2000 2500 3000 3500

Deprojected Distance Along Jet (au)

o
w
I

11

=
N

L
IH

LLLL

n
Ax (")
1)
o
o
LLLL LLLL Hl\ L
[
"
n
Ul UL nlo {111 Ul

o

.

O L ml
c

[ , [
-0 -40 -20 0 20 40
Projected distance (")

Figure 17. A model fit to the observed photocentre offse
positions of the HH 111 inner knots as a function of distanc
from the exciting source. Blue boxes indicate the measure«
offsets. The solid green line is the best fit of the interna
knots wiggle produced by an orbital motion of the jet sourc
around a companion.



