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The SOFIA Massive (SOMA) Star Formation Survey. III. From Intermediate- to High-

29. Mass Protostars

Mengyao Liu!, Jonathan C. Tan?*!, James M. De Buizer’, Yichen Zhang®, Emily Moser®, Maria T.
Beltran®, Jan E. Staff’, Kei E. I. Tanaka®, Barbara Whitney”, Viviana Rosero!’, Yao-Lun Yang' and
Rubén Fedriani?

We present ~ 10—40 um SOFIA-FORCAST images of 14 intermediate-mass protostar candidates as part of the SOFIA
Massive (SOMA) Star Formation Survey. We build spectral energy distributions (SEDs), also utilizing archival Spitzer,
Herschel and IRAS data. We then fit the SEDs with radiative transfer (RT) models of Zhang & Tan (2018), based on
Turbulent Core Accretion theory, to estimate key protostellar properties. With the addition of these intermediate-mass
sources, SOMA protostars span luminosities from ~ 102 —10° L, current protostellar masses from ~ 0.5 — 30 M, and
ambient clump mass surface densities, Y. from 0.1 — 3 gem™2. A wide range of evolutionary states of the individual
protostars and of the protocluster environments are also probed. We have also considered about 50 protostars identified
in Infrared Dark Clouds and expected to be at the earliest stages of their evolution. With this global sample, most
of the evolutionary stages of high- and intermediate-mass protostars are probed. From the best fitting models, there
is no evidence of a threshold value of protocluster clump mass surface density being needed to form protostars up to
~ 25 M,. However, to form more massive protostars, there is tentative evidence that ¥, needs to be 21 gem=2. We
discuss how this is consistent with expectations from core accretion models that include internal feedback from the
forming massive star.
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30. ALMA observations and modeling of the rotating outflow in Orion Source I

J. A. Lopez-Vazquez', Luis A. Zapata', Susana Lizano' and Jorge Cant6?

We present 2?SiO(J=8-7) v=0, SiS (J=19-18) »=0, and ?3SiO (J=8-7) v—1 molecular line archive observations made

with the Atacama Large Millimeter/Submillimeter Array (ALMA) of the molecular outflow associated with Orion
Source I. The observations show velocity asvmmetries about the flow axis which are interpreted as outflow rotation.

We find that the rotation velocity (~4-8 km s~!) decreases with the vertical distance to the disk. In contrast, the
cvlindrical radius (~100-300 au), the expansion velocity (~2-15 km s~!), and the axial velocity v, (~-1-10 km s—1!)

increase with the vertical distance. The mass estimated of the molecular outflow M,y taow ~0.66-1.3 M. Given a
kinematic time ~130 yr, this implies a mass loss rate Moytfiow ~ 5.1 — 10 x 1073 M, yr—!. This massive outflow sets
important contraints on disk wind models. We compare the observations with a model of a shell produced by the
interaction between an anisotropic stellar wind and an Ulrich accretion flow that corresponds to a rotating molecular
envelope in collapse. We find that the model cylindrical radii are consistent with the *?SiO(J=8-7) v—0 data. The
expansion velocities and the axial velocities of the model are similar the observed values, except close to the disk
(z ~ £150 au) for the expansion velocity. Nevertheless, the rotation velocities of the model are a factor ~3-10 lower
than the observed values. We conclude that the Ulrich flow alone cannot explain the rotation observed and other
possibilities should be explored, like the inclusion of the angular momentum of a disk wind.
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31 Failed and delayed protostellar outflows with high mass accretion rates
Masahiro N. Machida' and Takashi Hosokawa?

The evolution of protostellar outflows is investigated under different mass accretion rates in the range ~ 107°—
1072 My yr~—! with three-dimensional magnetohydrodynamic simulations. A powerful outflow always appears in

strongly magnetized clouds with By > Bg o = 1074(M. /100 M) G, where M, is the cloud mass. When a cloud

has a weaker magnetic field, the outflow does not evolve promptly with a high mass accretion rate. In some cases

with moderate magnetic fields By slightly smaller than By .., the outflow growth is suppressed or delayed until the

infalling envelope dissipates and the ram pressure around the protostellar system is significantly reduced. In such an
environment, the outflow begins to grow and reaches a large distance only during the late accretion phase. On the

other hand, the protostellar outflow fails to evolve and is finally collapsed by the strong ram pressure when a massive

> 100M ) initial cloud is weakly magnetized with Bg < 100 1 G. The failed outflow creates a toroidal structure that is
supported by magnetic pressure and encloses the protostar and disk system. Our results indicate that high-mass stars
form only in strongly magnetized clouds, if all high-mass protostars possess a clear outflow. If we would observe either
very weak or no outflow around evolved protostars, it means that strong magnetic fields are not necessarily required

for high-mass star formation. In any case, we can constrain the high-mass star formation process from observations
of outflows.
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3o Exploring the nature of compact radio sources associated to UCHII regions

J.M. Masqué', L.F. Rodriguez®*, S.A. Dzib*, S.N. Medina®*, L. Loinard?, M.A. Trinidad', S.E. Kurtz?
and C. A Rodriguez-Rico’

We present Very Large Array 7 mm continuum observations of four Ultra-Compact (UC)HII regions, observed pre-
viously at 1.3 cm, in order to investigate the nature of the compact radio sources associated with these regions. We
detected a total of seven compact radio sources, four of them with thermal emission, and two compact radio sources
have clear non-thermal emission. The thermal emission is consistent with the presence of an ionized envelope, either
static (i.e., trapped in the gravitational radius of an associated massive star) or flowing away (i.e., a photo-evaporative

flow). On the other hand, the nature of the non-thermal sources remains unclear and several possibilities are pro-
posed. The possibility that most of these compact radio sources are photo-evaporating objects and the remaining ones

more-evolved objects is consistent with previous studies on UCHII regions.

VLAIZC &K 54D DUIltra-Compact (UC) HIl region O£RHEI, 7mm continuum
compact radio sources NI 7{E%detect
4@ H‘thermal emission, 3{f@H non-thermal emissionZz D

thermal emission -> ionized envelope (i.e. photo-evaporative flow)
non-thermal emission -> more-evolved object?



ALMA observations of envelopes around first hydrostatic core candidates

Maria José Maureira'?, Héctor G. Arce!, Michael M. Dunham?®%, Diego Mardones’?, Andrés E.
Guzman®, Jaime E. Pineda? and Tyler L. Bourke’:

We present ALMA 3 mm molecular line and continuum observations with a resolution of 3.5" towards five first

hydrostatic core (FHSC) candidates (L1451-mm, Per-bolo 58, Per-bolo 45, L1448-IRS2E and Cha-MMS1). Our goal
is to characterize their envelopes and identify the most promising sources that could be bona fide FHSCs. We identify

two candidates which are consistent with an extremely young evolutionary state (L1451-mm and Cha-MMS1), with
L1451-mm being the most promising FHSC candidate. Although our envelope observations cannot rule out Cha-

MMSI1 as a FHSC yet, the properties of its CO outflow and SED published in recent studies are in better agreement
with the predictions for a young protostar. For the remaining three sources, our observations favor a prestellar nature
for Per-bolo 45 and rule out the rest as FHSC candidates. Per-bolo 58 is fully consistent with being a Class 0, while
L1448 IRS2E shows no emission of high-density tracers (NH2D and N2H+-) at the location of the previously identified
compact continuum source, which is also undetected in our observations. Thus we argue that there is no embedded
source at the presumptive location of the FHSC candidate L1448 IRS2E. We propose instead, that what was thought
to be emission from the presumed 1.1448 IRS2E outflow corresponds to outflow emission from a nearby Class 0 system,
deflected by the dense ambient material. We compare the properties of the FHSC candidates studied in this work and
the literature, which shows that LL1451-mm appears as possibly the youngest source with a confirmed outflow.
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34 Carbon depletion observed inside T Tauri inner rims: Formation of icy, kilometer size
" planetesimals by 1 Myr

M. K. McClure!

Context: The carbon content of protoplanetary disks is an important parameter to characterize planets formed at
different disk radii. There is some evidence from far-infrared and submillimeter observations that gas in the outer disk
is depleted in carbon, with a cor- responding enhancement of carbon-rich ices at the disk midplane. Observations of
the carbon content inside of the inner sublimation rim could confirm how much carbon remains locked in kilometer
size bodies in the disk.

Aims: 1 aim to determine the density, temperature, and carbon abundance inside the disk dust sublimation rim in a
set of T Tauri stars with full protoplanetary disks.

Methods: Using medium-resolution, near-infrared (0.8 to 2.5 pum) spectra and the new GAIA DR 2 distances, I self-
consistently determine the stellar, extinction, veiling, and accretion properties of the 26 stars in my sample. From
these values, and non-accreting T Tauri spectral templates, I extract the inner disk excess of the target stars from
their observed spectra . Then I identify a series of C0O recombination lines in 18 of these disks and use the CHIANTI
atomic line database with an optically thin slab model to constrain the average ne, Te, and nC for these lines in the

five disks with a complete set of lines. By comparing these values with other slab models of the inner disk using the
Cloudy photoionization code, I also constrain nH and the carbon abundance, XC , and hence the amount of carbon

'missing’ from the slab. For one disk, DR Tau, I use relative abundances for the accretion stream from the literature
to also determine XS i and XN .

Results: The inner disks modeled here are extremely dense (ng ~ 10'® em=3), warm (T, ~ 4500 K), and moderately
ionized (logX. ~ 3.3). Three of the five modeled disks show robust carbon depletion up to a factor of 42 relative
to the solar value. I discuss multiple ways in which the 'missing’ carbon could be locked out of the accreting gas.
Given the high-density inner disk gas, evidence for radial drift, and lack of obvious gaps in these three systems, their
carbon depletion is most consistent with the 'missing’ carbon being sequestered in kilometer size bodies. For DR Tau,
nitrogen and silicon are also depleted by factors of 45 and 4, respectively, suggesting that the kilometer size bodies
into which the grains are locked were formed beyond the N2 snowline. I explore briefly what improvements in the
models and observations are needed to better address this topic in the future.

O D kR Dabundance ZEIRNAD ANRY KL TN B,

ﬁ%d) _ﬁ?él-/lfl\ﬁﬁb\’:\)\ Ne, Te, NC 7Ld: é:“%X? /\\':7_\\)1/%1;5’3—(’/[%%0
EFILH S, HEREIZextremely dense(nH~1016 cm-3), warm (Te~4500K),

moderately ionized (log Xe ~3.3). KEEHEELICK UT421F Dcarbon depletion -> MEREF TR ?




35 Measuring the atomic composition of planetary building blocks

Melissa McClure!, Carsten Dominik? and Mihkel Kama®

Context: Volatile molecules are critical to terrestrial planetary habitability, yet they are difficult to observe directly
where planets form at the midplanes of protoplanetary disks. It is unclear whether the inner 71 AU of disks are
volatile-poor or if this region is resupplied with ice-rich dust from colder disk regions. Dust traps at radial pressure
maxima bounding disk gaps can cut off the inner disk from these types of volatile reservoirs. However, the trap
retention efficiency and atomic composition of trapped dust have not been measured.

Aims: We present a new technique to measure the absolute atomic abundances in the gas accreting onto T Tauri
stars and infer the bulk atomic composition and distribution of midplane solids that have been retained in the disk
around the young star TW Hya. Methods. We identify near-infrared atomic line emission from gas-phase material
inside the dust sublimation rim of TW Hya. Gaus- sian decomposition of the strongest H Paschen lines isolates the
inner disk hydrogen emission. We measure several key elemental abundances, relative to hydrogen, using a chemical
photoionization model and infer dust retention in the disk. With a 1D transport model, we determine approximate
radial locations and retention efficiencies of dust traps for different elements.

Results: Volatile and refractory elements are depleted from TW Hya’s hot gas by factors of 7102 and up to 105,
respectively. The abundances of the trapped solids are consistent with a combination of primitive Solar System
bodies. Dust traps beyond the CO and N2 snowline cumulatively sequester 96% of the total dust flux, while the trap
at 2 AU, near the H2 O snowline, retains 3%. The high depletions of Si, Mg, and Ca are explained by a third trap at
0.3 AU with >95% dust retention.

Conclusion: TW Hya sports a significant volatile reservoir rich in C- and N-ices in its outer submillimeter ring structure.
However, unless the inner disk was enhanced in C by earlier radial transport, typical C destruction mechanisms and
the lack of a C resupply should leave the terrestrial planet-forming region of TW Hya ’dry’ and carbon-poor. Any
planets that form within the silicate dust trap at 0.3 AU could resemble Earth in terms of the degree of their volatile
depletion.
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