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AB Aur, a Rosetta stone for studies of planet formation (III): continuum observations
at 2 and 7 mm

Pablo Riviére-Marichalar, Enrique Macias, Clément Baruteau, Asuncién Fuente, Roberto Neri, Alvaro Ribas,
Gisela Esplugues, David Navarro-Almaida, Mayra Osorio, Guillem Anglada ¥ Observational constraints on dust
properties in protoplanetary disks are key to better understanding disks’ evolution. We continue our exploration of
the protoplanetary disk around AB Aur by characterizing its dust properties. We present ALMA observations at 2.2
mm and VLA observations at 6.8 mm. Together with previous ALMA and NOEMA observations at 0.87 and 1.1
mm, these observations are used to compute global spectral index profiles as well as spectral index maps. On the
interpretation side, we present the results of a simple isothermal slab model to help constrain dust properties along
the ring of continuum emission. We also present results of dust radiative transter calculations based on a disc-planet
hydrodynamical simulation to explain how the azimuthal contrast ratio of the ring emission varies with millimeter
wavelength. The spectral energy distribution and the radial profiles of the spectral index indicate that the radiation
from the compact source towards the center is not dominated by dust thermal emission, but most likely by free-free
emission originating in the radio jet: it constitutes 93% of the emission at 6.8 mm, and 37% at 0.87 mm. The
protoplanetary disk has a typical spectral index of 2.3. We estimate a dust disk mass of 8x107° My which, assuming
a mean gas-to-dust ratio of 40, gives a total disk mass of 3.2x107% M. The azimuthal contrast ratio of the ring
outside the millimeter cavity is smaller at 2.2 mm than at 1.1 mm, in agreement with previous findings. The VLA
image shows several knots of 50 emission all along the ring, which are consistent with the ring emission being nearly
axisymmetric at that wavelength. The decrease in the azimuthal contrast ratio of the ring emission from 0.87 to 6.8
mm can be explained by a dust-losing decaying vortex at the outer edge of a planet gap.
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AB Aur, a Rosetta stone for studies of planet formation (lll): continuum observations at 2 and 7 mm
(Riviere-Marichalar et al.)
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(Riviere-Marichalar et al.)
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Fig. 10. Results from fitting the azimuthal profiles of continuum emission with 1D isothermal slab models. The blue curve depicts
the best value at each azimuth and for each parameter, while the thick black curve represents a smoothed version after applying a
Savitzky-Golay filter with a window length of 51 and a polynomial of order 3. The dark grey shaded regions represent the 16%
and 84% confidence levels. The light grey curves represent a smoothed version of the confidence levels after applying the same

Savitzky-Golay filter. The red vertical dashed lines show the approximate azimuthal extent of the dust trap as traced by the 0.87,
1.1, and 2.2 mm continuum maps. 4
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Chemistry of Complex Organic Molecules in the V883 Ori Disk Revealed by ALMA
Band 3 Observations

Yoshihide Yamato, Shota Notsu, Yuri Aikawa, Yuki Okoda, Hideko Nomura, Nami Sakai % Complex organic
molecules (COMs) in protoplanetary disks are key to understanding the origin of volatiles in comets in our solar
system, yet the chemistry of COMs in protoplanetary disks remains poorly understood. Here we present Atacama
Large Millimeter/submillimeter Array (ALMA) Band 3 observations of the disk around the young outbursting star
V883 Ori, where the COMSs sublimate from ices and are thus observable thanks to the warm condition of the disk.
We have robustly identified ten oxygen-bearing COMs including !?C-isotopologues in the disk-integrated spectra. The
radial distributions of the COM emission, revealed by the detailed analyses of the line profiles, show the inner emission
cavity, similar to the previous observations in Band 6 and Band 7. We found that the COMs abundance ratios with
respect to methanol are significantly higher than those in the warm protostellar envelopes of IRAS 16293-2422 and
similar to the ratios in the solar system comet 67P/Churyumov-Gerasimenko, suggesting the efficient (re-)formation
of COMs in protoplanetary disks. We also constrained the 1C/!C and D/H ratios of COMs in protoplanetary disks
for the first time. The 12C/3C ratios of acetaldehyde, methyl formate, and dimethyl ether are consistently lower (~
20-30) than the canonical ratio in the interstellar medium (~ 69), indicating the efficient '3C-fractionation of CO.
The D/H ratios of methyl formate are slightly lower than the values in IRAS 16293-2422, possibly pointing to the
destruction and reformation of COMs in disks. We also discuss the implications for nitrogen and sultur chemistry in
protoplanetary disks.
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Chemistry of Complex Organic Molecules in the V883 Ori Disk Revealed by ALMA Band 3 Observations
(Yamato et al.)
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Figure 1. The 3.3 mm dust continuum image (left top) and the velocity-integrated intensity maps of the molecular line emission (others) in the
V883 Ori disk. The velocity range for integration are +3.5 km s™' with respect to the source systemic velocity vy, = 4.25 km s~ (Tobin et al.
2023) including CH3;0CH; and CH3;COCHj3;, where multiple blended transitions are integrated together. The molecular species, transitions,
and upper state energy levels are indicated in the upper-left corner of each panel. The black contours start from 5o with steps of 2.50-, where o
are the noise level of each map measured on the emission-free region, spanning o = 1.8—4.4 mJy beam™! km s™! depending on the maps. The
synthesized beam and a scale bar of 80 au are shown in the lower left and right corner of each panel, respectively.
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Chemistry of Complex Organic Molecules in the V883 Ori Disk Revealed by ALMA Band 3 Observations
(Yamato et al.)
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The Disk Orientations of Perseus Protostellar Multiples at 8 au Resolution

Nickalas K. Reynolds, John J. Tobin, Patrick D. Sheehan, Sarah I. Sadavoy, Leslie W. Looney, Kaitlin M.
Kratter, Zhi-Yun Li, Dominique M. Segura-Cox, Nathan A. Kaib % We present a statistical characterization
of circumstellar disk orientations toward 12 protostellar multiple systems in the Perseus molecular cloud using the
Atacama Large Millimeter /submillimeter Array at Band 6 (1.3 mm) with a resolution of 25 mas (8 au). This exquisite
resolution enabled us to resolve the compact inner disk structures surrounding the components of each multiple system
and to determine the projected 3-D orientation of the disks (position angle and inclination) to high precision. We
performed a statistical analysis on the relative alignment of disk pairs to determine whether the disks are preferentially
aligned or randomly distributed. We considered three subsamples of the observations selected by the companion
separations, a <100 au, a >500 au, and a < 10,000 au. We found for the compact (< 100 au) subsample, the
distribution of orientation angles is best described by an underlying distribution of preferentially aligned sources
(within 30deg) but does not rule out distributions with 40% misaligned sources. The wide companion (>500 au)
subsample appears to be consistent with a distribution of 40%-80% preferentially aligned sources. Similarly, the
full sample of systems with companions (a< 10000 au) is most consistent with a fractional ratio of at most 80%
preferentially aligned source and rules out purely randomly aligned distributions. Thus our results imply the compact
sources (<100 au) and the wide companions (>500 au) are statistically different.
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Ring Gap Structure around Class 1 Protostar WL 17

Ayumu Shoshi, Naoto Harada, Kazuki Tokuda, Yoshihiro Kawasaki, Hayao Yamasaki, Asako Sato, Mitsuki
Omura, Masayuki Yamaguchi, Kengo Tachihara, Masahiro N. Machida % WL 17 is a Class I object and was
considered to have a ring-hole structure. We analyzed the structure around WL 17 to investigate the detailed properties
of WL 17. We used ALMA archival data, which have a higher angular resolution than previous observations. We
investigated the WL 17 system with the 1.3 mm dust continuum and 12CO and C180 (J = 2-1) line emissions. The
dust continuum emission showed a clear ring structure with inner and outer edges of 11 and 21 au, respectively. In
addition, we detected an inner disk of < 5 au radius enclosing the central star within the ring, the first observation
of this structure. Thus, WL 17 has a ring-gap structure, not a ring-hole structure. We did not detect any marked
emission in either the gap or inner disk, indicating that there is no sign of a planet, circumplanetary disk, or binary
companion. We identified the base of both blue-shifted and red-shifted outflows based on the 12CO emission, which
is clearly associated with the disk around WL 17. The outflow mass ejection rate is 3.6x10~7 Msun/yr and the
dynamical timescale is as short as  10* yr. The C180 emission showed that an inhomogeneous infalling envelope,
which can induce episodic mass accretion, is distributed in the region within 1000 au from the central protostar. With
these new findings, we can constrain the planet formation and dust growth scenarios in the accretion phase of star
formation.
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Cluster Formation in a Filamentary Cloud: The Case of the Stellar Cluster NGC 2316

Saurabh Sharma, Aayushi Verma, Kshitiz Mallick, Lokesh K. Dewangan, Harmeen Kaur, Ram Kesh Yadav,
Neelam Panwar, Devendra K. Ojha, Tarak Chand, Mamta Agarwal Y We present a multi-wavelength analysis
of the star cluster NGC 2316 and its surroundings. We estimated the physical parameters of the NGC 2316 cluster,
including its shape (elongated), size (Rcluster = 0.4 pc), distance (1.3 +/- 0.3 kpc), and minimum reddening (AV =
1.55 mag). We discovered two massive stars (B2.0V-B1.5V, age 12 Myr) embedded (AV = 4 mag) within this cluster.
The cluster region still forms young stars even though the most massive star was born 12 Myr ago. We also found
evidence of positive feedback from these massive stars. We identified a cold gas/dust lane extending westward from the
cluster. The western end of the dust lane seems to favor low-mass star formation, whereas the cluster’s end tavors bit
massive star formation, which seems to have started earlier than the western end. We found an elongated molecular
cloud in this region, characterized by numerous filamentary structures. The morphology of the filaments, along with
position-velocity (pv) maps, velocity dispersion maps, channel maps, etc., indicate a coalescence of filaments and a
potential longitudinal flow of matter toward the cluster through the western end of the gas/dust lane. This entire
region seems to be a Hub-filamentary system (HFS), in which the NGC 2316 cluster is probably the hub and the dark
lane is the main filamentary structure. Being the gravity well of this HFS, star formation started first in the NGC
2316 region and went on to the other filamentary nodes.
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The Role of Low-energy (< 20 eV) Secondary Electrons in the Extraterrestrial Synthesis
of Prebiotic Molecules

Qin Tong Wu, Hannah Anderson, Aurland K. Watkins, Devyani Arora, Kennedy Barnes, Marco Padovani,
Christopher N. Shingledecker, Christopher R. Arumainayagam, James B. R. Battat % We demonstrate for the
first time that Galactic cosmic rays with energies as high as 1el0 eV can trigger a cascade of low-energy (< 20 eV)
secondary electrons that could be a significant contributor to the interstellar synthesis of prebiotic molecules whose
delivery by comets, meteorites, and interplanetary dust particles may have kick-started life on Earth. We explore the
relative importance of low-energy (< 20 eV) secondary electrons—agents of radiation chemistry—and low-energy (< 10
eV), non-ionizing photons—instigators of photochemistry. Our calculations indicate fluxes of 100 electrons/cm2/s for
low-energy secondary electrons produced within interstellar ices due to incident attenuated Galactic cosmic-ray (CR)
protons. Consequently, in certain star-forming regions where internal high-energy radiation sources produce ionization
rates that are observed to be a thousand times greater than the typical interstellar (Galactic ionization rate, the flux
of low-energy secondary electrons should far exceed that of non-ionizing photons. Because reaction cross-sections can
be several orders of magnitude larger for electrons than for photons, even in the absence of such enhancement our
calculations indicate that secondary low-energy electrons are at least as significant as low-energy (< 10 eV) non-ionizing
photons in the interstellar synthesis of prebiotic molecules. Most importantly, our results demonstrate the pressing
need for explicitly incorporating low-energy electrons in current and future astrochemical simulations of cosmic ices.
Such models are critically important for interpreting James Webb Space Telescope infrared measurements, which are

currently being used to probe the origins of life by studying complex organic molecules found in ices near star-forming
regions.
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The 3D Kinematics of the Orion Nebula Cluster 11: Mass-dependent Kinematics of the
Inner Cluster

Lingteng Wei, Christopher A. Theissen, Quinn M. Konopacky, Jessica R. Lu, Chih-Chun Hsu, Dongwon Kim
% We present the kinematic anaylsis of 246 stars within 4’ from the center of Orion Nebula Cluster (ONC), the closest
massive star cluster with active star formation across the full mass range, which provides valuable insights in the
the formation and evolution of star cluster on an individual-star basis. High-precision radial velocities and surface
temperatures are retrieved from spectra acquired by the NIRSPEC instrument used with adaptive optics (NIRSPAO)
on the Keck II 10-m telescope. A three-dimensional kinematic map is then constructed by combining with the proper
motions previously measured by the Hubble Space Telescope (HST) ACS/WFPC2/WFC3IR and Keck IT NIRC2. The
measured root-mean-squared velocity dispersion is 2.26+0.08 km s™!, significantly higher than the virial equilibrium’s
requirement of 1.73 kms™!, suggesting that the ONC core is supervirial, consistent with previous findings. Energy
equipartition is not detected in the cluster. Most notably, the velocity of each star relative to its neighbors is found to
be negatively correlated with stellar mass. Low-mass stars moving faster than their surrounding stars in a supervirial
cluster suggests that the initial masses of forming stars may be related to their initial kinematic states. Additionally,
a clockwise rotation preference is detected. A weak sign of inverse mass segregation is also identified among stars
excluding the Trapezium stars, though it could be a sample bias. Finally, this study reports the discovery of four new
candidate spectroscopic binary systems.
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Insights into the first and second hydrostatic core stages from numerical simulations

Alison K. Young % The theory of how low mass stars form from the collapse of a dense molecular cloud core has
been well-established for decades. Thanks to significant progress in computing and numerical modelling, more physical
models have been developed and a wider parameter space explored to understand the early stages of star formation
more fully. In this review, I describe the expected physical properties of the first and second core stages and how
the inclusion of different physics affects those predicted characteristics. I provide an overview of chemical models and
synthetic observations, looking towards the positive identification of the first core in nature, which remains elusive.
However, there are a few likely candidate first cores, which are listed, and I briefly discuss the recent progress in
characterising the youngest protostellar sources. Chemistry will be instrumental in the firm identification of the first
core so we require robust theoretical predictions of the chemical evolution of protostellar cores, especially of the first
and second core outflows. Looking ahead, simulations can shed light on how the protostellar collapse phase shapes
the evolution of the protostellar disc. Simulations of dust evolution during protostellar core collapse show there is
significant enhancement in grain size and abundance towards the centre of the core. Chemical models show that the

warm, dense conditions of the first core drive chemical evolution. There is a wide scope for further study of the role
that the first and second core stages play in determining the structure and composition of the protostellar disc and
envelope and, of course, the eventual influence on the formation of planets.
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Surveys of clumps, cores, and condensations in Cygnus-X: SMA observations of SiO
(5—4)

Kai Yang, Keping Qiu, Xing Pan ¥ The SiO emissions are usually used to trace high-velocity outflow shocks in star-
forming regions. However, several studies have found low-velocity and widespread SiO emissions not associated with
outflows in molecular clouds. We aim to detect and characterize the SiO emissions in massive dense cores (MDCs), and
explore the properties of the central sources of SiO emission. We present high-angular-resolution (~1.5") observations
of the SiO (5—4) line made with the Submillimeter Array towards a sample of 48 MDCs in the Cygnus-X star-forming
complex. We studied the SiO emission structures, including their morphologies, kinematics, and energetics, and
investigated their relationship with the evolution of the central sources. The SiO (5—4) emission is detected in 16
out of 48 MDCs. We identify 14 bipolar and 18 unipolar SiO (5—4) outflows associated with 29 dust condensations.
Most outflows (24 out of 32) are associated with excess Spitzer 4.5 um emissions. We also find diffuse low-velocity
(Av < 1.2 km s71) SiO (5—4) emission closely surrounding the dust condensations in two MDCs, and suggest that
it may originate from decelerated outflow shocks or large-scale shocks from global cloud collapse. We find that the
SMA SiO (5—4) emission in MDCs is mostly associated with outflows. Probably due to the relatively high excitation
of SiO (5—4) compared to SiO (2—1) and due to the spatial filtering effect, we do not detect large-scale low-velocity
SiO (5—4) emission, but detect more compact low-velocity emission in close proximity to the dust condensations. We
oroup the sources into different evolutionary stages based on the infrared emission, radio continuum emission, and
gas temperature properties of the outflow central sources, and find that the 24 ym luminosity tends to increase with
evolution.
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