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Stuart Weidenschilling

in conversation with Bo Reipurth

Q: In 1977 you published a very influential paper on aero-
dynamics of solid bodies in the solar nebula. For 20 years
this paper lived in a dormant state, with a handful of ci-
tations per year. But then gradually the paper became
more recognized, and in 2018 alone garnered 100 citations.
What were your key conclusions, and what accounts for
this belated recognition?

A': The chief point of that paper was that the nebular gas
is partially supported by a radial pressure gradient, and
must rotate a bit slower than the Kepler velocity. Solid
bodies lack this support, and must move relative to the
gas. The drag force causes them to spiral inward. This
was first stated by Fred Whipple in 1972 in an obscure con-
ference proceeding, where he gave results for radial veloc-
ities in the limiting cases of large and small bodies. When
I read his paper, I was intrigued by it (perhaps because
my undergraduate degree was in aeronautical engineer-
ing), and I derived equations of motion valid for bodies
of all sizes and various drag laws. Among my conclusions
were that for a typical nebular model the peak radial ve-
locity occurred for roughly m-sized bodies, decreasing at
smaller and larger sizes. The peak rate was tens of m/s,
or ~1 AU/century. Bodies would be lost into the Sun un-
less they could rapidly grow through the meter size range;
this places a strong constraint on any mechanism of plan-
etesimal formation. The interaction of solid particles with
drag of nebular gas is a fundamental process that must be
taken into account by all current models of planetesimal
formation, including collisional coagulation, gravitational
collapse, streaming instability, or the currently popular
pebble accretion. Presumably this is the reason for the
increasing number of citations. Various implications of
particle-gas interactions led me to do many follow-up pa-
pers over the next three decades. My career would have
been very different if I had not encountered that paper by
Whipple!

Q: Another highly cited paper from 1977 dealt with the dis-
tribution of mass in the planetary system and solar neb-
ula.

A: That might be my most-cited paper, and the least use-
ful. It was based on the concept that planets accreted from
material in local 'feeding zones’ at their present heliocen-
tric distances, which was generally taken for granted at
that time. Their masses were consistent with a —3/2 power
law nebular surface density, which seemed plausible. How-
ever, it has become apparent that planets migrate rather
than accrete in situ, rendering the conclusion meaningless.
That paper is now of historical interest only, and serves as
an example of how our understanding of planetary forma-
tion has changed over the last four decades.

Q: In 1980 you published a paper on the way dust settles
towards the midplane of a solar nebula and the subsequent
formation of planetesimals. What were the key results?

A: The drag-induced particle drift velocities are size-depen-
dent. This leads to collisions in any ensemble of particles
with a range of sizes. I modeled numerically the rate at
which bodies would grow and the resulting size distribu-
tion, using simple rules for collisional outcomes (sticking,
erosion, shattering) as functions of size and impact veloc-
ity. Settling and particle growth have a positive feedback;
larger particles settle more rapidly, while the higher den-
sity of particles near the nebular midplane increases their
collision frequency. If sticking occurs, km-sized planetesi-
mals can grow rapidly, on the order of 1000 orbital periods.
When particles settle into a dense layer, they drag the lo-
cal gas with them at nearly the Kepler velocity, faster than
the pressure-supported gas. I showed by dimensional ar-
guments that this shear flow was unstable and would be-
come turbulent. This shear-generated turbulence would
limit the density of the particle layer, inhibiting gravita-
tional instability.

Q: A few years later you explored how solid grains in a
turbulent solar nebula lead to aggregates which, however,
have difficulty growing to larger bodies because of colli-
sions. How have these models held up with time?

A: Particle growth depends on the nebular properties (pres-
sure gradient, turbulent velocities), which determine im-
pact velocities vs. size, but also on the mechanical proper-
ties of the grain aggregates (stickiness and impact strength).
That inspired a lot of experimental work on particle col-
lisions, notably by J. Blum and coworkers in Germany.
They found that for aggregates of silica grains, there is
a size/velocity threshold at which sticking gives way to
bouncing, effectively halting further growth at ~ cm size.
However, if grains in the solar nebula were stickier than
pure silicates, e. g., if they included organic matter or ices,
larger bodies could have grown. Impact velocities still in-
crease up to m-sized bodies, so growth in that size range



could stall due to erosion or shattering, unless aggregates
are sufficiently strong. That result has inspired theories
in which turbulent concentration or streaming instability
forms massive clumps of cm- to decimeter-sized aggre-
gates, which then collapse directly to form large planetes-
imals without growing through intermediate sizes. Those
might be viable growth mechanisms, but collisional co-
agulation would probably be quicker if grain aggregates
could stick through the cm - m size range. We still don’t
know the material properties of primordial aggregates well
enough to decide how planetesimals formed.

Q: In 1997 you carried out simulations of cometary for-
mation based on drag-induced collisions and gravitational
accretion. Do recent close-up studies of comets from space-
craft support this scenario?

A: In that paper I pointed out that if bodies can grow past
meter size, drag becomes less effective. Relative velocities
decrease with increasing size; growth slows, and mass piles
up at larger sizes, until the largest bodies are controlled
more by their gravity than by gas drag. The minimum
relative velocity occurs when the drag-induced velocities
are comparable to the escape velocity, at sizes ~100m in
that simulation. Further growth would be dominated by
gravitational accretion, starting from primary planetesi-
mals of that size. It is not obvious that structure on that
scale would be preserved through later growth. In any
case, that scenario was not supported by Rosetta’s ob-
servations of 67P, which showed a variety of landforms on
many scales, with no obvious preferred size of components.
That comet’s history is complex, with a surface that has
evolved over many perihelion passages. Ultima Thule is
pristine, and shows hints of hierarchical structure, but was
imaged at a resolution too low to constrain the mechanism
of its formation.

Q: You also used numerical simulations to model growth
of large bodies from planetesimals.

A': Those used another code that treated accretion of bod-
ies using Keplerian dynamics, i.e., large enough that grav-
itational forces were dominant, with gas drag only a minor
perturbation. The swarm of small bodies was modeled as
a statistical continuum in a series of radial zones of semi-
major axis. The largest objects were treated individually
with their own orbital parameters; they could interact by
gravitational perturbations and collisions. I used various
versions of the code to study problems such as how large
protoplanetary embryos emerged from a swarm of plan-
etesimals, their mass distribution and orbital spacing. In
a 1997 paper I showed that rapid runaway growth in the
terrestrial region produced lunar- to Mars-sized embryos
on short timescales, less than 1 Myr. Perhaps the most
interesting application was to accretion in the asteroid re-
gion. In 2011 I published a study of accretion starting
with various initial sizes of planetesimals. The final size

distribution deviates from a self-similar power law, with
bumps produced by transition between regimes governed
by random velocities and Keplerian shear. The placement
of those bumps depends on the initial planetesimal size.
The simulation with small primary bodies of size ~100 m
yielded a much better match to the observed size distri-
bution of asteroids than for the usually assumed km-sized
planetesimals. That result is consistent with formation of
planetesimals by drag-driven coagulation.

Q: In a 1996 study in Nature you suggested that exoplanets
with high eccentricities could be the result of gravitational
scattering, which could also lead to ejection of planets.

A: "Hot Jupiters’ could be brought into close circular or-
bits by tidal interactions with a circumstellar disk, but
some exoplanets were found to have eccentric orbits. I
and my coauthor Francesco Marzari proposed that in sys-
tems in which three or more gas giants formed, their mass
gain during gas accretion could destabilize their orbits.
We performed orbital integrations that showed the usual
outcome was ejection of one planet, leaving two in eccen-
tric but stable orbits. Somewhat later we referred to this
as the ’jumping Jupiters’ model.

Q: What are your current interests?

A: Recently I have been studying the formation of the as-
teroids. Thermal histories derived from meteorites imply
that the onset of accretion was delayed for ~1 Myr, and
extended over a comparable interval, or they would have
been melted by radiogenic heating. This conflicts with dy-
namical models that suggest asteroid-sized bodies would
have accreted rapidly from smaller primary planetesimals.
I have been trying to reconcile this contradiction by model-
ing the evolution of the size distribution during accretion.
Although asteroid-sized bodies can melt, a significant frac-
tion of material can be preserved in bodies too small to
be heated. This material can be added as a veneer on the
larger bodies, possibly accounting for the less processed
types of meteorites. There is also a significant stochastic
variation in accretion histories, so thermal evolution is not
a simple function of asteroid size.



Perspective

Accretion Outbursts in
Low-Mass Protostars

Will Fischer

1 Introduction

In the winter of 1936-1937, A. A. Wachmann watched the
star FU Orionis become about six magnitudes brighter in
the B band. In 2014, University of Toledo undergraduate
Emily Safron, who was working with me and with Tom
Megeath on her senior thesis, discovered in archival Spitzer
images that the protostar HOPS 383 had become brighter
by a factor of 35 at 24 um. Here in the ninth decade
of the study of outbursting young stellar objects, we are
beginning to establish the importance of this phenomenon
for the process of stellar mass assembly.

The number of outbursting young stellar objects is diffi-
cult to state precisely because of disagreements about the
number of types of outburst, how to classify each source as
one of these types, what distinguishes outbursts from rou-
tine variability, and whether to count objects that have
some characteristics of outbursts but were not directly
observed to burst. Audard et al. (2014) list 41 in their
“non-exhaustive list of eruptive young stars.” Of these,
ten are listed as FU Ori outbursts, the most dramatic and
longest-lasting type. Sixteen are classified as FU Ori-like,
which are spectroscopically similar to FU Ori outbursts
but have not been directly observed to erupt. The other
15 are listed as known or possible EX Lup objects, which
feature less dramatic outbursts that last for months to
years and may repeat in a given star. While other lists
vary in the details, the numbers are similar and growing
with time. Hartmann et al. (2016) note that about one
new outburst is discovered per year.

The spectra of FU Ori stars were long controversial, since
they resemble those of rapidly rotating supergiant stars. It
is now broadly accepted that their spectra are dominated
by contributions from a self-luminous accretion disk. In
contrast, the spectra of normal accreting T Tauri stars
have contributions from both the star and an accretion
disk, modified by accretion processes, with the relative
contributions from each varying with wavelength.

An FU Ori outburst is thought to begin when gravitational
or magnetorotational instabilities in the disk cause it to
fragment, and the accretion rate rapidly spikes as frag-
ments accrete onto the central star (e.g., Zhu et al. 2012;
Vorobyov & Basu 2015; Kratter & Lodato 2016). This
leads to a range of photometric and spectroscopic behav-
ior. Photometric evidence includes a brightening at all
wavelengths. The spectroscopic characteristics of FU Ori
stars in the optical and near-infrared were outlined by Her-
big (1977) and Connelley & Reipurth (2018), respectively.
Comprehensive overviews of the outburst phenomenon in-
clude those by Hartmann & Kenyon (1996), Reipurth &
Aspin (2010), Audard et al. (2014), and sections of Hart-
mann et al. (2016).

By 1990, FU Ori, V1057 Cyg, and V1515 Cyg were the
known FU Ori stars. With the advent of large-scale IR
sky surveys, deeply embedded outbursts have been de-
tected with increasing frequency. In many cases, the stars
are too deeply embedded for optical and IR spectroscopy,
so efforts have focused on the interpretation of their pho-
tometric behavior. It is not clear whether all of the major
protostellar brightenings that have been observed can be
considered part of a homogeneous FU Ori class, so I refer
to them more generally as bursts.

One question that can be addressed through photometric
studies is what fraction of a star’s ultimate main-sequence
mass is accreted in bursts as opposed to quiescent forms
of accretion. This can be written schematically as

fo = My x Aty x Ny,

where Mj is the typical accretion rate during bursts, At
is the typical length of a burst, and N, is the number of
bursts a protostar experiences during its formation period.
I will review our understanding of these parameters during
the protostellar phase, when an infalling envelope is still
present. After the protostellar phase, typical accretion
rates of order 1078 to 10~7 M, yr~! persist for a period
of a few million years, confirming that relatively little of
the star’s mass is accumulated after the envelope is gone.

2 Bursts in the Orion Protostars

The Herschel Orion Protostar Survey (HOPS) obtained
photometry and spectroscopy of protostars in Orion that



were identified in the Spitzer survey of Orion (Megeath
et al. 2012). While HOPS efforts were centered on the
analysis of far-IR data from Herschel, we also included
near-IR to submillimeter photometry, spectroscopy, and
imaging. Furlan et al. (2016) concluded that 319 of the
373 HOPS targets were bonafide protostars. The other 54
were a mixture of Class IT (post-protostellar) young stellar
objects, extragalactic contaminants, and non-detections.
While FU Ori itself lies within the boundaries of the Orion
constellation, it is well to the north of the Orion molecular
clouds. Among the Orion protostars, five bursts have been
reported. They are discussed below.

e V883 Ori. No precise estimate exists for the onset
of this outburst, but Strom & Strom (1993) con-
cluded from a report by Pickering (1890) that it has
been bright since at least the late nineteenth century.

e Reipurth 50. It began its outburst between 1955
and 1979 (Strom & Strom 1993), and it has shown
recent variability that has been interpreted as vari-
able dust obscuration, not a change in its accretion
rate (Chiang et al. 2015).

e V1647 Ori. Just before the beginning of Spitzer’s
scientific operations in late 2003, this star began an
outburst that illuminated McNeil’s Nebula in Lynds
1630. It peaked in both 2003 and 2008 (Reipurth &
Aspin 2004; Aspin 2011).

e HOPS 223. This burst was discovered in near-IR
imaging by Caratti o Garatti et al. (2011). Also
known as V2775 Ori, it is a flat-spectrum protostar
(one with a relatively weak envelope) that bright-
ened from 4.5 to 51 Lg between 2005 and 2007 and
subsequently faded to 28 Lg (Fischer et al. 2012).

e HOPS 383. This burst was discovered and first
reported by Safron et al. (2015). It lies about 2’ east
of the northern end of the integral-shaped filament
(Johnstone & Bally 1999). It is a deeply embedded
Class 0 protostar that brightened by a factor of 35 at
24 pm between 2004 and 2008, reaching a luminosity
of 7.5 L.

Another two Orion protostars, Haro 5a/6a and NGC 2071
MM3, are reported by Connelley & Reipurth (2018) as FU
Ori-like objects. They have near-IR spectra typical of the
class but no observed outbursts.

HOPS 223 and HOPS 383 have been the subject of de-
tailed multiwavelength investigations by the HOPS team.
Figure [l shows mid-IR images of HOPS 223 before and
after its outburst as well as the evolution of its SED, dis-
cussed above. Figure 2] shows how it has the character-
istic spectrum of an FU Ori outburst, differing sharply
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Figure 1: Top: Images of HOPS 223 before (above) and
after (below) its outburst. Cyan circles show the beam
sizes. At 24 pm, the source surpassed its neighbor HOPS
221 in brightness. Bottom: The SED of HOPS 223. In-
tegrating the pre-outburst photometry (red) from before
2006 gives a luminosity of 4.5 L. The IRS spectrum, ob-
tained in 2007, implies a luminosity of 51 L. The data
obtained between 2008 and 2011 can be fit reasonably well
with a single model; the combined SED has an integrated
luminosity of 28 L.

from that of a normal young stellar object with a high ac-
cretion rate (DR Tau) and roughly matching the near-IR
spectrum of FU Ori after accounting for extinction.

Such a comparison is a reliable way to detemine that an
outburst is of the FU Ori class as opposed to the EX Lup
class. Reipurth et al. (2012) made a similar comparison
for V900 Mon, and Connelley & Reipurth (2018) presented
diagnostics for use in distinguishing the near-IR spectra of
FU Ori bursts from those of other young stellar objects.
These include deep CO absorption in the K band, weak
metal absorption lines, a broad continuum peak in the H
band due to water absorption on either side, strong He 1
A10830 absorption, and few to no emission lines.
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Figure 2: Comparison of the near-IR spectra of HOPS
223 (red), FU Ori (black), and DR Tau (blue). DR Tau
is a rapidly accreting but otherwise normal T Tauri star.
Its spectrum features numerous emission lines, most of
which are due to H 1. The strongest absorption line is
He 1 A10830. Other absorption lines, including those of
CO, are weak to absent. The spectrum of FU Ori features
deep CO absorption in the K band, a broad continuum
peak in the H band due to water absorption on either side,
strong He 1 A\10830 absorption, and few to no emission
lines. HOPS 223 closely matches the spectrum of FU Ori,
reddened by Ay = 20, supporting its membership in the
class. The bottom panels highlight key lines in the three
stars, using the same color scheme as in the upper panels
to further demonstrate the similarities between HOPS 223
and FU Ori. HOPS 223 was observed with SpeX on the
Infrared Telescope Facility (IRTF); the spectrum is the
mean of seven obtained between 2011 January 27 and 2012
September 17. No evidence for variability was seen. DR
Tau was observed on 2006 November 27 with the same
instrument, and FU Ori was observed on 2016 January 18
with TripleSpec on the Palomar 200” telescope.
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Figure 3: Top: Images of HOPS 383 before (above) and af-
ter (below) its outburst. Cyan circles show the beam sizes.
It changed from a marginal detection to a bright but very
red point source. Bottom: The SED of HOPS 383. Inte-
grating the post-outburst photometry (blue) gives a lumi-
nosity of 10 L. Dividing by the factor of 35 change in the
24 pm flux suggests a pre-outburst luminosity of 0.2 L),
consistent with a very low-mass star. HOPS 383 may be
entering a phase in which much of its main-sequence mass
will be assembled.

HOPS 383 was a late addition to Safron’s undergradu-
ate thesis. Until her project began, we had not been ex-
plicitly searching for major variability in the Orion proto-
stars, and we had included the most recent Spitzer data
for each source in the basic catalog, a mixture of data from
2004 and 2008. Comparing the 2008 MIPS photometry of
HOPS 383 to the 2010 Wide-field Infrared Survey Ezxplorer
(WISE) photometry did not reveal a burst, but the burst
was obvious when Safron reviewed all the data back to
2004. Figure [3 shows mid-IR images of HOPS 383 before
and after its outburst as well as its SED evolution. Un-
fortunately, it is too deeply embedded in its envelope for
near-IR spectroscopy, making its nature more mysterious.



3 Measuring Burst Parameters

3.1 The Accretion Rate in Bursts

It is challenging to measure the accretion rates of outburst-
ing protostars. The two usual methods for T Tauri stars
are to directly measure the excess accretion emission in the
ultraviolet or to measure the luminosities of optical and
near-IR emission lines as proxies. The UV is extinguished
by dust in embedded protostars. The copious emission
lines seen in accreting young stars, which typically be-
come stronger as accretion speeds up, ironically disappear
or go into absorption in FU Ori-like spectra (Figure [2)).

The spectrum changes because the way in which gas ac-
cretes onto the star changes. In normal accretors, the ac-
cretion disk is truncated a few stellar radii from the surface
of the star by the star’s magnetic field, and optically thin
gas flows from the disk to the star along magnetic field
lines (magnetospheric accretion). In FU Ori stars, the disk
reaches the surface of the star, and the accretion zone is
optically thick. Another challenge in measuring accretion
rates is that we need stellar masses and radii to convert
accretion luminosities into accretion rates, and these have
historically been difficult to obtain for outbursts because
the central star is faint compared to the disk.

The largest accretion rates measured from emission lines
are those of the EX Lup outbursts mentioned above. Their
accretion rates are of order 1076 Mg yr~!. Lacking emis-
sion lines, we assume that the accretion luminosity of an
FU Ori burst is roughly equal to its total luminosity; i.e.,
any contribution from the star itself is minimal. Assum-
ing L is roughly equal to GM@M /Re, where deviations
of the M, /R, ratio from solar and the details of the ac-
cretion process may affect the result by a factor of a few,
10 L corresponds to about 107° Mg yr—!, and 100 L

corresponds to about 10™% My yr—L.

The classical FU Ori outbursts have luminosities of a few
hundred Lg, and the recently discovered outbursts HOPS
223 and HOPS 383 have luminosities of 28 L and 10 L),
respectively. Baraffe et al. (2012) showed that the tran-
sition from typical magnetospheric accretion to outburst
accretion takes place around 107° My yr—!. This sug-
gests that HOPS 223, with its FU Ori-like spectrum, may
revert to a typical emission-line spectrum if it fades sig-
nificantly. While the first FU Ori stars to be discovered
have become less bright over time, such a reversion to a
typical spectrum has not yet been observed.

3.2 The Interval between Bursts

Comparing sky surveys across multiple epochs is useful in
statistically constraining the frequency of bursts. Scholz
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Figure 4: Probability function for the burst interval based
on mid-IR observations of 319 Orion protostars over 6.5 yr.
It peaks at just over 1000 yr, and the 90% confidence
interval is broad, extending from 700 to 40,000 yr.

et al. (2013) compared Spitzer and WISE data for 4000
Class II young stellar objects (T Tauri stars) across the
Gould Belt. They found one to four bursts in their sample,
implying an interval of 5000 to 50,000 yr between bursts.

We carried out a similar comparison for the 319 targets in
the Herschel Orion Protostar Survey (HOPS) that were
determined to be the likeliest protostars (Furlan et al.
2016). We found two bursts in our comparison of Spitzer
data from 2004-05 to WISE data from 2010 (Fischer et
al. 2019). These are the HOPS 223 and HOPS 383 bursts
described above. The other Orion bursts began before the
comparison period and are not counted for this purpose.

With two bursts in 6.5 years in 319 protostars, the aver-
age interval between bursts in a given protostar was esti-
mated in that survey to be just over 1000 yr, although the
90% confidence interval extends to 40,000 yr. This is plot-
ted in Figuredl Subsequent Spitzer mapping of Orion in
2017 has revealed two additional bursts, which Wafa Za-
kri (U. Toledo) is investigating for her PhD work. With
four bursts in 13 years in the same sample, the most likely
interval remains the same, ~ 1000 yr, but this reduces
the upper 90% confidence limit to 5000 yr. We can say
with relative certainty that outbursts are more frequent in
the protostellar stage than in the later, optically revealed
stage.

Recently, Contreras Pefia et al. (2019) used red optical
photometry to conclude that the outburst interval is 10° yr
in Class II objects and 10* yr in protostars. Continued
monitoring of larger samples over larger periods of time
will be essential to constrain these intervals more precisely.



3.3 The Durations of Bursts

With no space-based far-IR telescopes expected to launch
for at least a decade, the Stratospheric Observatory for
Infrared Astronomy (SOFIA) is crucial for monitoring the
durations of protostellar bursts that are not accessible to
optical and near-IR facilities. We observed HOPS 223
with SOFIA’s FORCAST instrument in November 2015,
and we observed it again alongside HOPS 383 in February
2016. In both cases, the protostars had mid-IR fluxes
consistent with their 2008 Spitzer and 2010 WISFE fluxes,
showing that the bursts had persisted for nearly a decade.

3.4 Implications for Mass Assembly

The HOPS 223 outburst features a luminosity that is a
factor of 15 above its quiescent state, and this state has
persisted for more than 10 yr. The fractional change
in luminosity is expected to be similar to the fractional
change in accretion rate. If protostars have an accretion
rate 15x above their quiescent rate for 20 out of every
1000 yr, or 2% of the time, this suggests that roughly
(0.02x15)/(0.02x 15+0.98) = 23% of the mass of the star
is accumulated in times of outburst. The parameters that
go into this estimate still feature large uncertainties, and
it is unlikely that a similar situation prevails for every pro-
tostar. Nonetheless, a range of inputs would be consistent
with outbursts being responsible for an important fraction
of each star’s main-sequence mass. This schematic calcu-
lation is consistent with the estimate of Offner & McKee
(2011) that the mass fraction accumulated in outbursts is
approximately 25%.

4 Outlook and Conclusions

If a protostar typically bursts every 1000 yr, then in the
Orion sample of 319 protostars, one should burst every 3
to 3.5 yr, on average. The outburst of McNeil’s proto-
star began just before our Spitzer to WISE comparison,
in 2003. Perhaps the two protostars shown by Connel-
ley & Reipurth (2018) to have FU Ori-like spectra, but
for which no burst was observed, were the previous two
sources to erupt. Fischer et al. (2017) reported a surplus
of intermediate-luminosity protostars across Orion; these
may be bursts from the last few centuries that have not
completely returned to their pre-outburst states. Orion
has been a particular focus of our statistical studies be-
cause it contains hundreds of protostars at a distance where
they can, for the most part, be individually resolved by the
most recent generation of IR space telescopes. It is not
clear whether the star-forming environment affects out-
burst rates or the properties of individual outbursts, and

this should become clear with future study of more distant
large regions.

In addition to the luminosity, the chemical signatures of
a protostar are also affected by outbursts. Poteet et al.
(2011) found evidence for crystalline silicates in HOPS
68, which could be explained by a relatively recent period
of intense heating. Molecular tracers in the protostellar
environment can also serve as archaeological evidence for
bursts (Visser et al. 2015; Frimann et al. 2017; Hsieh et al.
2019). These chemical signatures of a burst can persist in
spectra, for 10° yr, which is long compared to some of the
recurrence timescales that have recently been derived. In
this case, most protostars should show evidence for a past
burst.

If most protostars do not show evidence for past bursts,
it may be the case that only a subset of protostars are
prone to bursting. Their bursts would recur on timescales
shorter than derived if we assume that all protostars un-
dergo such events. They may, for example, have massive
disks that drive recurrent major luminosity spikes due to
enhanced accretion, while most protostars are more qui-
escent. There may be an additional dependence on the
mass of the central object or on the evolutionary state.
Most studies so far have considered all protostars together,
but perhaps Class 0 protostars burst more frequently than
Class I protostars (Hsieh et al. 2019). Far-IR monitoring
of larger samples than studied to date will enable substan-
tial progress on these matters.

Further study of HOPS 383 should be fruitful in under-
standing bursts of the youngest protostars. Initially, this
source was virtually invisible in Spitzer images. Its esti-
mated luminosity of only 0.2 Lg was consistent with that
of a very low-mass star. It then brightened over at most
four years to reach a luminosity typical of Class 0 proto-
stars. Perhaps the central star is currently undergoing its
first major growth episode as it evolves toward the main
sequence.

As we approach the 83rd anniversary of the first detected
accretion outburst, we have observed bursts across proto-
stellar evolution, from Class 0 protostars detected mostly
beyond 24 yum to pre-main-sequence stars that retain little
envelope mass. Evidence from a variety of angles shows
that bursts are more frequent in the earlier stages. To
make further progress in understanding how accretion out-
bursts shape the assembly of low-mass stars, planned mis-
sions such as the Space Infrared Telescope for Cosmology
and Astrophysics (SPICA) and proposed missions such as
the Origins Space Telescope will be necessary. These will
enable far-IR photometry and spectroscopy of large sam-
ples of bursting protostars across the full range of stellar
masses and evolutionary states. The data will constrain
occurrence rates and durations and reveal the chemical
and physical properties of bursts.



I close by noting that countless advances in the study of
accretion outbursts have been due to the careful work of
amateur astronomers, and I thank them for their contri-
butions to the field.
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Disk Kinematics and Stability in High-Mass Star Formation: Linking Simulations and
Observations

Aida Ahmadi!, Rolf Kuiper?! and Henrik Beuther!

I Max Planck Institute for Astronomy, Koenigstuhl 17, 69117 Heidelberg, Germany; 2 Institute of Astronomy and
Astrophysics, University of Tuebingen, Auf der Morgenstelle 10, 72076, Tuebingen, Germany

E-mail contact: ahmadi at mpia.de

In the disk-mediated accretion scenario for the formation of the most massive stars, high densities and accretion
rates could induce gravitational instabilities in the disk, forcing it to fragment and produce companion objects. We
investigate the effects of inclination and spatial resolution on observable kinematics and stability of disks in high-mass
star formation. We study a high-resolution 3D radiation-hydrodynamic simulation that leads to the fragmentation of
a massive disk. Using RADMC-3D we produce 1.3 mm continuum and CH3CN line cubes at different inclinations.
The model is set to different distances and synthetic observations are created for ALMA at ~80 mas resolution and
NOEMA at ~0.3”. The synthetic ALMA observations resolve all fragments and their kinematics well. The synthetic
NOEMA observations at 800 pc with linear resolution of ~300 au are able to resolve the fragments, while at 2000 pc
with linear resolution of ~800 au only a single structure slightly elongated towards the brightest fragment is observed.
The position-velocity (PV) plots show the differential rotation of material best in the edge-on views. A discontinuity
is seen at a radius of ~250 au, corresponding to the position of the centrifugal barrier. As the observations become
less resolved, the inner high-velocity components of the disk become blended with the envelope and the PV plots
resemble rigid-body-like rotation. Protostellar mass estimates from PV plots of poorly resolved observations are
therefore overestimated. We fit the emission of CH3CN lines and produce maps of gas temperature with values in
the range of 100-300 K. Studying the Toomre stability of the disks, we find low () values below the critical value for
stability against gravitational collapse at the positions of the fragments and in the arms connecting the fragments
for the resolved observations. For the poorly resolved observations we find low @ values in the outskirts of the disk.
Therefore, despite not resolving any of the fragments, we are able to predict that the disk is unstable and fragmenting.
This conclusion is true regardless of knowledge about the inclination of the disk. These synthetic observations reveal
the potential and limitations to study disks in high-mass star formation with current (mm) interferometers. While the
extremely high spatial resolution of ALMA reveals extraordinary details, rotational structures and instabilities within
accretion disks can also be identified in poorly resolved observations.

Accepted by Astronomy & Astrophysics
https://arxiv.org/pdf/1909.04051

Gas flow and accretion via spiral streamers and circumstellar disks in a young binary
protostar

Felipe O. Alves', Paola Caselli', Josep M. Girart?3, Dominique Segura-Cox', Gabriel A. P. Franco*,
Anika Schmiedeke! and Bo Zhao!

I Max-Planck-Institut fiir extraterrestrische Physik, Garching, 85748, Germany; 2 Institut de Ciencies de 1'Espai, Con-
sejo Superior de Investigaciones Cientificas, Cerdanyola del Valles, E-08193, Catalunya, Spain.; ® Institut d'Estudis
Espacials de Catalunya, Barcelona, E-08034, Spain; 4 Departamento de Fisica, Instituto de Ciéncias Exatas, Univer-
sidade Federal de Minas Gerais, Belo Horizonte, 30.123-970, Brazil.
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The majority of stars are part of gravitationally bound stellar systems, such as binaries. Observations of protobi-
nary systems constrain the conditions that lead to stellar multiplicity and subsequent orbital evolution. We report
high—angular resolution observations of the circumbinary disk around [BHB2007] 11, a young binary protostar system.
The two protostars are embedded in circumstellar disks that have radii of 2 to 3 astronomical units and probably
contain a few Jupiter masses. These systems are surrounded by a complex structure of filaments connecting to the
larger circumbinary disk. We also observe accretion and radio jets associated with the protobinary system. The
accretion is preferentially onto the lower—mass protostar, consistent with theoretical predictions.

Accepted by Science
http://arxiv.org/pdf/1910.01141

A Radio Census of the Massive Stellar Cluster Westerlund 1
H. Andrews', D. Fenech?, R.K. Prinja', J.S. Clark?, and L. Hindson*

L University College London, Gower St, Bloomsbury, London WCI1E 6BT; 2 Cavendish Laboratory, JJ Thomson
Avenue, Cambridge CB3 0HE; 3 Open University, Walton Hall, Kents Hill, Milton Keynes MK7 6AA; 4 University of
Hertfordshire, Hatfield, Hertfordshire, AL10 9AB

E-mail contact: holly.andrews.16 at ucl.ac.uk

Context. Massive stars and their stellar winds are important for a number of feedback processes. The mass lost in the
stellar wind can help determine the end-point of the star as a NS or a BH. However, the impact of mass-loss on the
post-Main Sequence evolutionary stage of massive stars is not well understood. Westerlund 1 is an ideal astrophysical
laboratory in which to study massive stars and their winds in great detail over a large range of different evolutionary
phases.

Aims. We aim to study the radio emission from Westerlund 1, in order to measure radio fluxes from the population
of massive stars, and determine mass-loss rates and spectral indices where possible.

Methods. Observations were carried out in 2015 and 2016 with the Australia telescope compact array (ATCA) at 5.5
and 9 GHz using multiple configurations, with maximum baselines ranging from 750 m to 6 km.

Results. 30 stars were detected in the radio from the fully concatenated dataset, 10 of which were WRs (predominantly
late type WN stars), 5 YHGs, 4 RSGs, 1 LBV star, the sgB[e] star W9, and several O and B supergiants. New source
detections in the radio were found for 5 WR stars, and 5 OB supergiants. These detections have led to evidence for 3
new OB supergiant binary candidates, inferred from derived spectral index limits.

Conclusions. Spectral indices and index limits were determined for massive stars in Westerlund 1. For cluster
members found to have partially optically thick emission, mass-loss rates were calculated. Under the approximation of
a thermally emitting stellar wind and a steady mass-loss rate, clumping ratios were then estimated for 8 WRs. Diffuse
radio emission was detected throughout the cluster. Detections of knots of radio emission with no known stellar
counterparts indicate the highly clumped structure of this intra-cluster medium, likely shaped by a dense cluster wind.

Accepted by A&A
http://arxiv.org/pdf/1909.04339

An Ideal Testbed for Planet-disk Interaction: Two Giant Protoplanets in Resonance
Shaping the PDS 70 Protoplanetary Disk

1,2 4

, Myriam Benisty®%7, Cornelis P. Dullemond?,
12,13

Jaehan Bae!?, Zhaohuan Zhu®, Clément Baruteau
Stefano Facchini’, Andrea Isella!®’, Miriam Keppler'!, Laura M. Pérez®, and Richard Teague

! Department of Terrestrial Magnetism, Carnegie Institution for Science, 5241 Broad Branch Road NW, Washington,
DC 20015, USA; 2 NHFP Sagan Fellow; 3 Department of Physics and Astronomy, University of Nevada, Las Vegas,
4505 South Maryland Parkway, Las Vegas, NV 89154, USA; ¢ IRAP, Université de Toulouse, CNRS, UPS, F-31400
Toulouse, France; ® Departamento de Astronomia, Universidad de Chile, Camino El Observatorio 1515, Las Condes,
Santiago, Chile; ¢ Unidad Mixta Internacional Franco-Chilena de Astronomia, CNRS, UMI 3386; 7 Univ. Grenoble
Alpes, CNRS, IPAG, 38000 Grenoble, France; 8 Zentrum fiir Astronomie, Heidelberg University, Albert Ueberle Str. 2,
69120 Heidelberg, Germany; * European Southern Observatory, Karl-Schwarzschild-Str. 2, 85748 Garching, Germany;
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1 Max Planck Institute for Astronomy, Konigstuhl 17, 69117, Heidelberg, Germany; '? Department of Astronomy,
University of Michigan, 311 West Hall, 1085 S. University Ave, Ann Arbor, MI 48109, USA; '3 Harvard-Smithsonian
Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA
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While numerical simulations have been playing a key role in the studies of planet-disk interaction, testing numerical
results against observations has been limited so far. With the two directly imaged protoplanets embedded in its
circumstellar disk, PDS 70 offers an ideal testbed for planet-disk interaction studies. Using two-dimensional hydro-
dynamic simulations we show that the observed features can be well explained with the two planets in formation,
providing strong evidence that previously proposed theories of planet-disk interaction are in action, including resonant
migration, particle trapping, size segregation, and filtration. Our simulations suggest that the two planets are likely
in 2:1 mean motion resonance and can remain dynamically stable over million-year timescales. The growth of the
planets at 10781077 M. Jup YT ', rates comparable to the estimates from Ha observations, does not destabilize the
resonant configuration. Large grains are filtered at the gap edge and only small, (sub-)um grains can flow to the
circumplanetary disks and the inner circumstellar disk. With the sub-millimeter continuum ring observed outward of
the two directly imaged planets, PDS 70 provides the first observational evidence of particle filtration by gap-opening
planets. The observed sub-millimeter continuum emission at the vicinity of the planets can be reproduced when
(sub-)um grains survive over multiple circumplanetary disk gas viscous timescales and accumulate therein. One such
possibility is if (sub-)um grains grow in size and remain trapped in pressure bumps, similar to what we find happening
in circumstellar disks. We discuss potential implications to planet formation in the solar system and mature extrasolar
planetary systems.

Accepted by ApJL
http://arxiv.org/pdf/1909.09476

What is the physics behind the Larson mass-size relation?

J. Ballesteros-Paredes!, C. Roman-Ztniga?, Q. Salomé', M. Zamora-Avilés® and M.J. Jiménez-Donaire*

! Instituto de Radioastronomia y Astrofisica, UNAM, campus Morelia. PO Box 3-72. 58090. Morelia, Michoacan,
México; 2 Instituto de Astronomia, UNAM, campus Ensenada. Ensenada, Baja California. 22860. México; 3
CONACYT-Instituto Nacional de Astrofisica, Optica y Electrénica, Luis E. Erro 1, 72840 Tonantzintla, Puebla,
Miexico; 4 Harvard-Smithsonian Center for Astrophysics, 60 GardenStreet, Cambridge, MA 02138, USA

E-mail contact: j.ballesteros at irya.unam.mx

Different studies have reported a power-law mass-size relation M « R? for ensembles of molecular clouds. In the case
of nearby clouds, the index of the power-law q is close to 2. However, for clouds spread all over the Galaxy, indexes
larger than 2 are reported. We show that indexes larger than 2 could be the result of line-of-sight superposition of
emission that does not belong to the cloud itself. We found that a random factor of gas contamination, between
0.001% and 10% of the line-of-sight, allows to reproduce the mass-size relation with ¢ ~ 2.2-2.3 observed in Galactic
CO surveys. Furthermore, for dense cores within a single cloud, or molecular clouds within a single galaxy, we argue
that, even in these cases, there is observational and theoretical evidence that some degree of superposition may be
occurring. However, additional effects may be present in each case, and are briefly discussed. We also argue that
defining the fractal dimension of clouds via the mass-size relation is not adequate, since the mass is not necessarily
a proxy to the area, and the size reported in M—R relations is typically obtained from the square root of the area,
rather than from an estimation of the size independent from the area. Finally, we argue that the statistical analysis
of finding clouds satisfying the Larson’s relations does not mean that each individual cloud is in virial equilibrium.

Accepted by MNRAS
http://arxiv.org/pdf/1909.03175

Influence of Wolf-Rayet stars on surrounding star-forming molecular clouds

T. Baug', Richard de Grijs?>>*, L. K. Dewangan®, Gregory J. Herczeg!, D. K. Ojha’, Ke Wang', Licai
Deng” and B. C. Bhatt?
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We investigate the influence of Wolf-Rayet (W—R) stars on their surrounding star-forming molecular clouds. We study
five regions containing W-R stars in the inner Galactic plane (I ~[14°-52°]), using multi-wavelength data from near-
infrared to radio wavelengths. Analysis of 13CO line data reveals that these W-R stars have developed gas-deficient
cavities in addition to molecular shells with expansion velocities of a few km s~!. The pressure owing to stellar
winds primarily drives these expanding shells and sweeps up the surrounding matter to distances of a few pc. The
column densities of shells are enhanced by a minimum of 14% for one region to a maximum of 88% for another region
with respect to the column densities within their central cavities. No active star formation — including molecular
condensations, protostars, or ionized gas — is found inside the cavities, whereas such features are observed around the
molecular shells. Although the expansion of ionized gas is considered an effective mechanism to trigger star formation,
the dynamical ages of the H1I regions in our sample are generally not sufficiently long to do so efficiently. Overall, our
results hint at the possible importance of negative W—R wind-driven feedback on the gas-deficient cavities, where star
formation is quenched as a consequence. In addition, the presence of active star formation around the molecular shells
indicates that W—R stars may also assist in accumulating molecular gas, and that they could initiate star formation
around those shells.

Accepted by The Astrophysical Journal
https://arxiv.org/pdf/1909.01996

A Search for Spatially Resolved Infrared Ro-Vibrational Molecular Hydrogen Emission
from the Disks of Young Stars

Tracy L. Beck! and Jeffrey S. Bary?
I Space Telescope Science Institute; 2 Colgate University
E-mail contact: tbeck at stsci.edu

We present results from a survey searching for spatially resolved near-infrared line emission from molecular hydrogen
gas in the circumstellar environments of nine young stars: AA Tau, AB Aur, DoAr 21, GG Tau, GM Aur, LkCa 15,
LkHa 264, UY Aur, and V773 Tau. Prior high-resolution spectra of these stars showed the presence of ro-vibrational
H, line emission at 2.12um with characteristics more typical of gas located in proto-planetary disks rather than
outflows. In this study, we spatially resolve the Hy emission in the eight stars where it is detected. LkCa 15 is the only
target that exhibits no appreciable Hy despite a prior detection. We find an anti-correlation between Hs and X-ray
luminosities, likely indicating that the X-ray ionization process is not the dominant Hs excitation mechanism in these
systems. AA Tau, UY Aur, and V773 Tau show discrete knots of Hs, as typically associated with shocks in outflowing
gas. UY Aur and V773 Tau exhibit spatially resolved velocity structures, while the other systems have spectrally
unresolved emission consistent with systemic velocities. V773 Tau exhibits a complex line morphology indicating the
presence of multiple excitation mechanisms, including red and blue-shifted bipolar knots of shock-excited outflowing
gas. AB Aur, GM Aur, and LkHa 264 have centralized, yet spatially resolved Hy emission consistent with a disk origin.
The Hy images of AB Aur reveal spiral structures within the disk, matching those observed in ALMA CO maps. This
survey reveals new insights into the structure and excitation of warm gas in the circumstellar environments of these
young stars.

Accepted by ApJ
https://arxiv.org/pdf/1909.04730
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ALMA resolves the hourglass magnetic field in G31.41+0.31
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Context. Submillimeter Array (SMA) 870 um polarization observations of the hot molecular core G31.41+0.31 revealed
one of the clearest examples up to date of an hourglass-shaped magnetic field morphology in a high-mass star-forming
region.

Aims. To better establish the role that the magnetic field plays in the collapse of G31.41+0.31, we carried out Atacama
Large Millimeter /submillimeter Array (ALMA) observations of the polarized dust continuum emission at 1.3 mm with
an angular resolution four times higher than that of the previous (sub)millimeter observations to achieve an unprece-
dented image of the magnetic field morphology.

Methods. We used ALMA to perform full polarization observations at 233 GHz (Band 6). The resulting synthesized
beam is 0.28” x 0.20” which, at the distance of the source, corresponds to a spatial resolution of ~875 au.

Results. The observations resolve the structure of the magnetic field in G31.41+0.31 and allow us to study the field
in detail. The polarized emission in the Main core of G31.41+0.41 is successfully fit with a semi-analytical magne-
tostatic model of a toroid supported by magnetic fields. The best fit model suggests that the magnetic field is well
represented by a poloidal field with a possible contribution of a toroidal component of ~10% of the poloidal compo-
nent, oriented southeast to northwest at ~ —44° and with an inclination of ~ —45°. The magnetic field is oriented
perpendicular to the northeast to southwest velocity gradient detected in this core on scales from 103-10% au. This
supports the hypothesis that the velocity gradient is due to rotation of the core and suggests that such a rotation has
little effect on the magnetic field. The strength of the magnetic field estimated in the central region of the core with
the Davis-Chandrasekhar-Fermi method is ~8-13mG and implies that the mass-to-flux ratio in this region is slightly
supercritical (A=1.4-2.2).

Conclusions. The magnetic field in G31.4140.31 maintains an hourglass-shaped morphology down to scales of
<1000au. Despite the magnetic field being important in G31.41+0.31, it is not enough to prevent fragmentation
and collapse of the core, as demonstrated by the presence of at least four sources embedded in the center of the core.

Accepted by A&A
https://www.aanda.org/articles/aa/pdf/2019/10/2a35701-19.pdf

Kinematics around the B335 protostar down to au scales
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The relationship between outflow launching and the formation of accretion disks around young stellar objects is
still not entirely understood, which is why spectrally and spatially resolved observations are needed. Recently, the
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Atacama Large Millimetre/sub-millimetre Array (ALMA) carried out long-baseline observations towards a handful
of young sources, revealing connections between outflows and the inner regions of disks. Here we aim to determine
the small-scale kinematical and morphological properties of the outflow from the isolated protostar B335 for which no
Keplerian disk has, so far, been observed on scales down to 10 au. We used ALMA in its longest-baseline configuration
to observe emission from CO isotopologues, SiO, SO5, and CH3OH. The proximity of B335 provides a resolution of
~3 au (0.03"”). We also combined our long-baseline data with archival observations to produce a high-fidelity image
covering scales up to 700 au (7”). 12CO has an X-shaped morphology with arms ~50 au in width that we associate
with the walls of an outflow cavity, similar to what is observed on larger scales. Long-baseline continuum emission is
confined to <7 au from the protostar, while short-baseline continuum emission follows the 2CO outflow and cavity
walls. Methanol is detected within ~30 au of the protostar. SiO is also detected in the vicinity of the protostar, but
extended along the outflow. The 2CO outflow does not show any clear signs of rotation at distances 230 au from
the protostar. SiO traces the protostellar jet on small scales, but without obvious rotation. CH3OH and SOs trace a
region <16 au in diameter, centred on the continuum peak, which is clearly rotating. Using episodic, high-velocity,
12CO0 features, we estimate the launching radius of the outflow to be <0.1 au and dynamical timescales of the order
of a few years.

Accepted by Astronomy & Astrophysics
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CO rovibrational lines are efficient probes of warm molecular gas and can give unique insights into the inner 10 AU of
proto-planetary disks. Recent studies have found a relation between the ratio of lines originating from the second and
first vibrationally excited state, denoted as v2/v1, and the emitting radius of CO. In disks around Herbig Ae stars the
vibrational excitation is low when CO lines come from close to the star, and high when lines only probe gas at large
radii (more than 5 AU). We aim to find explanations for the observed trends between CO vibrational ratio, emitting
radii, and NIR excess, and identify their implications in terms of the physical and chemical structure of inner disks
around Herbig stars. Slab models and full disk thermo chemical models are calculated. Simulated observations from
the models are directly compared to the data. Broad CO lines with low vibrational ratios are best explained by a
warm (400-1300 K) inner disk surface with gas-to-dust ratios below 1000; no CO is detected within/at the inner dust
rim, due to dissociation at high temperatures. In contrast, explaining the narrow lines with high vibrational ratios
requires an inner cavity of a least 5 AU in both dust and gas, followed by a cool (100-300 K) molecular gas reservoir
with gas-to-dust ratios greater than 10000 at the cavity wall. In all cases the CO gas must be close to thermalization
with the dust. The high gas-to-dust ratios needed to explain high v2/r1 in narrow CO lines for a subset of group I
disks can naturally be interpreted as due to the dust traps that have been proposed to explain millimeter dust cavities.
The broad lines seen in most group II objects indicate a very flat disk in addition to inner disk substructures within
10 AU that can be related to the substructures recently observed with ALMA.

Accepted by A&A
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Signatures of an eccentric disc cavity: Dust and gas in IRS 48
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We test the hypothesis that the disc cavity in the ‘transition disc’ Oph IRS 48 is carved by an unseen binary companion.
We use 3D dust-gas smoothed-particle hydrodynamics simulations to demonstrate that marginally coupled dust grains
concentrate in the gas over-density that forms in the cavity around a low binary mass ratio binary. This produces
high contrast ratio dust asymmetries at the cavity edge similar to those observed in the disc around IRS 48 and other
transition discs. This structure was previously assumed to be a vortex. However, we show that the observed velocity
map of IRS 48 displays a peculiar asymmetry that is not predicted by the vortex hypothesis. We show the unusual
kinematics are naturally explained by the non-Keplerian flow of gas in an eccentric circumbinary cavity. We further
show that perturbations observed in the isovelocity curves of IRS 48 may be explained as the product of the dynamical
interaction between the companion and the disc. The presence of a ~0.4 Mg companion at a ~10 au separation can
qualitatively explain these observations. High spatial resolution line and continuum imaging should be able to confirm
this hypothesis.
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Context. Propyne (CH3CCH), also known as methyl acetylene, has been detected in a variety of environments, from
Galactic star-forming regions to extragalactic sources. Such molecules are excellent tracers of the physical conditions
in star-forming regions, allowing the temperature and density conditions surrounding a forming star to be determined.

Aims. This study explores the emission of CH3CCH in the low-mass protostellar binary, IRAS 16293—2422, examining
the spatial scales traced by this molecule, as well as its formation and destruction pathways.

Methods. Atacama Large Millimeter/submillimeter Array (ALMA) observations from the Protostellar Interferometric
Line Survey (PILS) are used to determine the abundances and excitation temperatures of CH3CCH towards both
protostars. This data allows us to explore spatial scales from 70 to 2400 au. This data is also compared with the
three-phase chemical kinetics model MAGICKAL, to explore the chemical reactions of this molecule.

Results. CH3CCH is detected towards both IRAS 16293A and IRAS 16293B and is found to trace the hot corino
component around each source in the PILS dataset. Eighteen transitions above 30 are detected, enabling robust
excitation temperatures and column densities to be determined in each source. In TRAS 16293A, an excitation
temperature of 90 K and a column density of 7.8x10® cm™2 best fits the spectra. In IRAS 16293B, an excitation
temperature of 100 K and 6.8x10' c¢cm™2 best fits the spectra. The chemical modelling finds that in order to
reproduce the observed abundances, both gas-phase and grain-surface reactions are needed. The gas-phase reactions
are particularly sensitive to the temperature at which CH4 desorbs from the grains.

Conclusions. CH3CCH is a molecule whose brightness and abundance in many different regions can be utilised to
provide a benchmark of molecular variation with the physical properties of star-forming regions. It is essential when
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making such comparisons, that the abundances are determined with a good understanding of the spatial scale of the
emitting region, to ensure that accurate abundances are derived.

Accepted by A&A
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We consider a dusty clump in the two cases of spherical and cylindrical symmetry to investigate the effect of temper-
ature and density gradients on the observed flux density. Conversely, we evaluate how the presence of such gradients
affects the calculation of the clump mass from the observed flux. We provide the reader with approximate expressions
relating flux density and mass in the optically thick and thin limits, in the Rayleigh-Jeans regime, and discuss the
reliability of these expressions by comparing them to the outcome of a numerical code. Finally, we present an applica-
tion of our calculations to three examples taken from the literature, which shows how the correction introduced after
taking into account temperature and density gradients may affect our conclusions on the stability of the clumps.
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The presence of planets in binary systems poses interesting problems for planet formation theories, both in cases
where planets must have formed in very compact discs around the individual stars and where they are located near
the edge of the stable circumbinary region, where in situ formation is challenging. Dust dynamics is expected to
play an important role in such systems, since dust trapping at the inner edge of circumbinary discs could aid in situ
formation, but would simultaneously starve the circumstellar discs of the solid material needed to form planets. Here
we investigate the dynamics of dust in binary systems using Smooth Particle Hydrodynamics. We find that all our
simulations tend towards dust trapping in the circumbinary disc, but the timescale on which trapping begins depends
on binary mass ratio (¢) and eccentricity as well as the angular momentum of the infalling material. For ¢ > 0.1, we
find that dust can initially accrete onto the circumstellar discs, but as the circumbinary cavity grows in radius, dust
eventually becomes trapped in the circumbinary disc. For ¢ = 0.01, we find that increasing the binary eccentricity
increases the time required for dust trapping to begin. However, even this longer timescale is likely to be shorter than
the planet formation timescale in the inner disc and is insufficient to explain the observed pre-transitional discs. This
indicates that increase in companion eccentricity alone is not enough to allow significant transfer of solids from the
outer to the inner disc.

Accepted by MNRAS
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VLA cm-wave survey of young stellar objects in the Oph A cluster: constraining extreme
UV- and X-ray-driven disk photo-evaporation — A pathfinder for Square Kilometre
Array studies

A. Coutens!, H. B. Liu?, I. Jiménez-Serra®, T. L. Bourke?, J. Forbrich®, M. Hoare®, L. Loinard”?,
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Observations of young stellar objects (YSOs) in centimeter bands can probe the continuum emission from growing dust
grains, ionized winds, and magnetospheric activity, which are intimately connected to the evolution of protoplanetary
disks and the formation of planets. We have carried out sensitive continuum observations toward the Ophiuchus A
star-forming region using the Karl G. Jansky Very Large Array (VLA) at 10 GHz over a field-of-view of 6’ with a
spatial resolution of 0,45 X Opmin ~ 0.4” x 0.2”. We achieved a 5 uJy beam™! root-mean-square noise level at the
center of our mosaic field of view. Among the eighteen sources we detected, sixteen are YSOs (three Class 0, five
Class I, six Class II, and two Class III) and two are extragalactic candidates. We find that thermal dust emission
generally contributes less that 30% of the emission at 10 GHz. The radio emission is dominated by other types of
emission such as gyro-synchrotron radiation from active magnetospheres, free-free emission from thermal jets, free-free
emission from the outflowing photo-evaporated disk material, and/or synchrotron emission from accelerated cosmic-
rays in jet or protostellar surface shocks. These different types of emission could not be clearly disentangled. Our
non-detections towards Class II/IIT disks suggest that extreme UV-driven photoevaporation is insufficient to explain
the disk dispersal, assuming that the contribution of UV photoevaporating stellar winds to radio flux does not evolve
with time. The sensitivity of our data cannot exclude photoevaporation due to X-ray photons as an efficient mechanism
for disk dispersal. Deeper surveys with the Square Kilometre Array will be able to provide strong constraints on disk
photoevaporation.
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The compact, non-thermal emission in DoAr21 has been studied with the VLBA to investigate the possibility that
the residuals of the astrometry fitting are due to the reflex motion induced by a possible companion. We find that
the fitting of VLBA astrometric observations of DoAr21 improves significantly by adding the orbital motions of three
companions. We obtain an improved distance to the source of 134.6+1.0 pc, and estimate that the central star,
DoAr21, has a mass of about 2.044+0.70 M. We suggest that DoAr21 represents a unique case where two sub-stellar
companions, DoAr21b and DoAr2lc (mp ~ 35.6 £ 27.2 Mjup, and m. ~ 44.0 £ 13.6 Mjyp, respectively), have been
found associated to a relatively low mass, pre-main sequence star. In addition, we find that this WTTau star is an
astrometric double system, having a low-mass star companion, DoAr21B (mp ~ 0.35 + 0.12 Mg), in a relatively
eccentric orbit. The orbit of this low-mass stellar companion is compact, while the Brown Dwarfs are located in
external orbits. DoAr21c has the strongest astrometric signature in the periodogram, while DoAr21B has a weak but
significant signature. On the other hand, the astrometric signature of DoAr21b does not appear in the periodogram,
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however, this Brown Dwarf was directly detected in some of the VLBA observations. The estimated orbital periods of
DoAr21B, DoAr21b and DoAr21c are Pg ~ 92.92 +0.02, P, ~ 450.9 + 3.8 and P, ~ 1013.5 + 25.3 days, respectively.
Since the estimated age of this young star is about 0.4-0.8 Myrs, the detected Brown Dwarf companion is among the
youngest companions observed to date.
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We present the results of a binary population study in the Orion Nebula Cluster (ONC) using archival Hubble Space
Telescope (HST) data obtained with the Advanced Camera for Surveys (ACS) in Johnson V filter (HST Proposal
10246, PI M. Robberto). Young clusters and associations hold clues to the origin and properties of multiple star
systems. Binaries with separations < 100 AU are useful as tracers of the initial binary population since they are not
as likely to be destroyed through dynamical interactions. Low mass, low stellar density star-forming regions such as
Taurus-Auriga, reveal an excess of multiples compared to the Galactic Field. Studying the binary population of higher
mass, higher stellar density star-forming regions like the ONC provides useful information concerning the origin of the
Galactic Field star population. In this survey, we characterize the previously unexplored (and incomplete) separation
parameter space of binaries in the ONC (15 - 160 AU) by fitting a double-PSF model built from empirical PSFs. We
identified 14 candidate binaries (11 new detections) and find that 8'_“;% of our observed sample are in binary systems,
complete over mass ratios and separations of 0.6 < q < 1.0 and 30 < a < 160 AU. This is consistent with the Galactic
Field M-dwarf population over the same parameter ranges, 6.5% + 3%. Therefore, high mass star forming regions like
the ONC would not require further dynamical evolution for their binary population to resemble the Galactic Field, as
some models have hypothesized for young clusters.
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Dust growth is often neglected when building models of protoplanetary disks due to its complexity and computational
expense. However, it does play a major role in shaping the evolution of protoplanetary dust and planet formation. In
this paper, we present a numerical model coupling 2-D hydrodynamic evolution of a protoplanetary disk, including
a Jupiter-mass planet, and dust coagulation. This is obtained by including multiple dust fluids in a single grid-
based hydrodynamic simulation and solving the Smoluchowski equation for dust coagulation on top of solving for the
hydrodynamic evolution. We find that fragmentation of dust aggregates trapped in a pressure bump outside of the
planetary gap leads to an enhancement in density of small grains. We compare the results obtained from the full
coagulation treatment to the commonly used, fixed dust size approach and to previously applied, less computationally
intensive methods for including dust coagulation. We find that the full coagulation results cannot be reproduced using
the fixed-size treatment, but some can be mimicked using a relatively simple method for estimating the characteristic
dust size in every grid cell.
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Ingredients for Solar-like Systems:
protostar IRAS 16293-2422 B versus comet 67P/Churyumov—Gerasimenko

Maria N. Drozdovskaya', Ewine F. van Dishoeck??, Martin Rubin?, Jes K. Jgrgensen® and Kathrin
Altwegg?

I Center for Space and Habitability, Universitét Bern, Sidlerstrasse 5, 3012 Bern, Switzerland; 2 Leiden Observatory,
Leiden University, P.O. Box 9513, 2300 RA, Leiden, The Netherlands; 2 Max-Planck-Institut fiir Extraterrestrische
Physik, Giessenbachstrasse 1, 85748 Garching, Germany; * Physikalisches Institut, Universitit Bern, Sidlerstrasse 5,
3012 Bern, Switzerland; ® Niels Bohr Institute & Centre for Star and Planet Formation, University of Copenhagen,
Oster Voldgade 57, 1350 Copenhagen K., Denmark

E-mail contact: maria.drozdovskaya at csh.unibe.ch

Our modern day Solar System has 4.6 x 10° yrs of evolution behind it with just a few relics of its birth conditions
remaining. Comets are thought to be some of the most pristine tracers of the initial ingredients that were combined
to produce the Earth and the other planets. Other low-mass protostars may be analogous to our proto-Sun and
hence, could be used to study the building blocks necessary to form Solar-like systems. This study tests this idea
on the basis of new high sensitivity, high spatial resolution ALMA data on the protoplanetary disc-scales (~ 70 au)
of IRAS 16293-2422 and the bulk composition of comet 67P/Churyumov-Gerasimenko, as determined for the first
time with the unique in situ monitoring carried out by Rosetta. The comparative analysis of the observations from
the Protostellar Interferometric Line Survey (PILS) and the measurements made with Rosetta Orbiter Spectrometer
for Ton and Neutral Analysis (ROSINA) shows that the relative abundances of CHO-, N-, and S-bearing molecules
correlate, with some scatter, between protostellar and cometary data. A tentative correlation is seen for the first time
for P- and Cl-bearing compounds. The results imply that the volatile composition of cometesimals and planetesimals
is partially inherited from the pre- and protostellar phases of evolution.
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We present a quantitative, empirically based argument that at least some Class I sources are low-mass, pre-main-
sequence stars surrounded by spatially extended envelopes of dusty gas. The source luminosity arises principally from
stellar gravitational contraction, as in optically visible pre-main-sequence stars that lack such envelopes. We base our
argument on the fact that some Class I sources in Orion and other star-forming regions have been observed by Spitzer
to be periodic variables in the mid-infrared, and with periods consistent with T Tauri rotation rates. Using a radiative
transfer code, we construct a variety of dust envelopes surrounding rotating, spotted stars, to see if an envelope that
produces a Class I SED at least broadly matches the observed modulations in luminosity. Acceptable envelopes can
either be spherical or flattened, and may or may not have polar cavities. The key requirement is that they have a
modest equatorial optical depth at the Spitzer waveband of 3.6 um, typically 736 = 0.6. The total envelope mass,
based on this limited study, is at most about 0.1 M®, less than a typical stellar mass. Future studies should focus on
the dynamics of the envelope, to determine whether material is actually falling onto the circumstellar disk.
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The chemical structure of high-mass star nurseries is important for a general understanding of star formation. Deutera-
tion is a key chemical process in the earliest stages of star formation because its efficiency is sensitive to the environment.
Using the IRAM-30m telescope at 1.3-4.3 mm wavelengths, we have imaged two parsec-scale high-mass protostellar
clumps (P1 and S) that show different evolutionary stages but are located in the same giant filamentary infrared dark
cloud G28.34+0.06. Deep spectral images at subparsec resolution reveal the dust and gas physical structures of both
clumps. We find that (1) the low-J lines of NoH', HCN, HNC, and HCO™ isotopologues are subthermally excited;
and (2) the deuteration of NoH™ is more efficient than that of HCO™, HCN, and HNC by an order of magnitude.
The deuterations of these species are enriched toward the chemically younger clump S compared with P1, indicating
that this process favors the colder and denser environment (Tyi, ~ 14K, N(NH3) ~ 9 x 10®cm~2). In contrast,
single deuteration of NHj is insensitive to the environmental difference between P1 and S; and (3) single deuteration
of CH30H (> 10%) is detected toward the location where CO shows a depletion of ~ 10. This comparative chemical
study between P1 and S links the chemical variations to the environmental differences and shows chemical similarities
between the early phases of high- and low-mass star-forming regions.
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We present the ALMA observations of CO isotopes and 1.3 mm continuum emission toward the N159E-Papillon Nebula
in the Large Magellanic Cloud (LMC). The spatial resolution is 0.”/25-0.”28 (0.06-0.07 pc), which is a factor of 3 higher
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than the previous ALMA observations in this region. The high resolution allowed us to resolve highly filamentary CO
distributions with typical width of ~0.1pc (full width half maximum) and line mass of a few x 100 Mg pc=t. The
filaments (more than ten in number) show outstanding hub-filament structure emanating from the Nebular center
toward the north. We identified for the first time two massive protostellar outflows of ~10% yr dynamical age along
one of the most massive filaments. The observations also revealed several pillar-like CO features around the Nebula.
The H 11 region and the pillars show complementary spatial distribution and the column density of the pillars is an
order of magnitude higher than that of the pillars in the Eagle nebula (M16) in the Galaxy, suggesting an early stage
of pillar formation with an age younger than ~10° yrs. We suggest that a cloud-cloud collision triggered the formation
of the filaments and protostar within the last ~2 Myr. It is possible that the collision is more recent since part of the
kpc-scale H 1 flows come from the tidal interaction resulting from the close encounter between the LMC and SMC
~200Myr ago as suggested for R136 by Fukui et al. (2017).

Accepted by ApJ
https://arxiv.org/pdf/1811.00812

GIARPS High-resolution Observations of T Tauri stars (GHOsT).
I: Jet line emission
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The mechanism for jet formation in the disks of T Tauri stars remains poorly understood. Observational benchmarks
to launching models can be provided by tracing the physical properties of the kinematic components of the wind and
jet in the inner 100 au of the disk surface. In the framework of the GHOsT (GIARPS High-resolution Observations
of T Tauri stars) project, we aim to perform a multi-line analysis of the velocity components of the gas in the jet
acceleration zone. We analyzed the GIARPS-TNG spectra of six objects in the Taurus-Auriga complex (RY Tau, DG
Tau, DL Tau, HN Tau, DO Tau, RW Aur A). Thanks to the combined high-spectral resolution (i =50000—115000)
and wide spectral coverage (~ 400—2400 nm) we observed several O, S+, N, N+, Fe+, forbidden lines spanning a large
range of excitation and ionization conditions. In four objects (DG Tau, HN Tau, DO Tau, RW Aur A), temperature
(T¢), electron and total density (ne,n), and fractional ionization (z.) were derived as a function of velocity through
an excitation and ionization model. The abundance of gaseous iron, X(Fe), a probe of the dust content in the jet,
was derived in selected velocity channels. The physical parameters vary smoothly with velocity, suggesting a common
origin for the different kinematic components. In DG Tau and HN Tau, 7., z., and X(Fe) increase with velocity
(roughly from 6000 K, 0.05, 10%X(Fe)s to 15000 K, 0.6, 90%X(Fe)s). This trend is in agreement with disk—wind
models in which the jet is launched from regions of the disk at different radii. In DO Tau and RW Aur A, we infer z,<
0.1, ng~ 1057 em =3, and X(Fe) S X(Fe)e at all velocities. These findings are tentatively explained by the formation
of these jets from dense regions inside the inner, gaseous disk, or as a consequence of their high degree of collimation.

Accepted by Astronomy & Astrophysics
https://arxiv.org/pdf/1909.10392

First detection of CS masers around a high-mass young stellar object, W51 e2e
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We report the discovery of maser emission in the two lowest rotational transitions of CS toward the high-mass
protostar W51 e2e with ALMA and the JVLA. The masers from CS J=1-0 and J=2-1 are neither spatially nor
spectrally coincident (they are separated by ~150 AU and ~30 km s~1), but both appear to come from the base of
the blueshifted outflow from this source. These CS masers join a growing list of rarely-detected maser transitions that
may trace a unique phase in the formation of high-mass protostars.

Accepted by AJ
http://arxiv.org/pdf/1909.11089

Gas velocity structure of the Orion A Integral Shaped Filament
Valentina Gonzalez Lobos! and Amelia M. Stutz!-?

I Departmento de Astronomia, Facultad de Ciencias Fisicas y Mateméticas, Universidad de Concepcién, Concepcién,
Chile; ? Max-Planck-Institute for Astronomy, Konigstuhl 17, 69117 Heidelberg, Germany

E-mail contact: vgonzalezl at udec.cl

We present analysis of the gas kinematics of the Integral Shaped Filament (ISF) in Orion A using four different
molecular lines, 2CO (1-0), 13CO (1-0), NH3 (1,1), and NoH™ (1-0). We describe our method to visualize the position-
velocity (PV) structure using the intensity-weighted line velocity centroid, which enables us to identify structures that
were previously muddled or invisible. We observe a north to south velocity gradient in all tracers that terminates in a
velocity peak near the center of the Orion Nebula Cluster (ONC), consistent with the previously reported ”wave-like”
properties of the ISF. We extract the velocity dispersion profiles and compare the non-thermal line widths to the gas
gravitational potential. We find supersonic Mach number profiles, yet the line widths are consistent with the gas
being deeply gravitationally bound. We report the presence of two 2CO velocity components along the northern
half of the ISF; if interpreted as circular rotation, the angular velocity is w = 1.4 Myr~!. On small scales we report
the detection of NoH' and NHj3 ”twisting and turning” structures, with short associated timescales that give the
impression of a torsional wave. Neither the nature of these structures nor their relation to the larger scale wave is
presently understood.

Accepted by MNRAS
https://arxiv.org/pdf/1909.02589

Gaia19ajj: A Young Star Brightening Due to
Enhanced Accretion + Reduced Extinction

Lynne A. Hillenbrand', Bo Reipurth?, Michael Connelley?, Roc M. Cutri® and Howard Isaacson*®
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We report on the source Gaia 19ajj, identifying it as a young star associated with a little-studied star-forming region
seen along a complex line-of-sight through the Gum Nebula. The optical lightcurve recently recorded by Gaia exhibits
a slow and unsteady 5.5 mag rise over about 3 years, while the mid-infrared lightcurve from NEOWISE over the
same time period shows a 1.2 mag rise having similar structure. Available color information is inconsistent with pure
extinction reduction as the cause for the photometric brightening. Optical spectroscopic characteristics in the current
bright phase include: little in the way of absorption except for the hallmark Lil 6707 A signature of youth plus weak
e.g. Ca I and notably Ba II; strong wind/outflow in Ca II, Mg I b, Na I D, Ha, K I, O I; jet signatures in [O I], [S
I1], [Ca I0], [Fe II], and [Ni II]; and narrow rest-velocity emission in neutral species such as Fe I, Ni I, and Mg I. The
infrared spectrum is also characterized by outflow and emission, including: a hot He I wind, jet lines such as [Fe II]
and Hs; and weak narrow rest-velocity atomic line emission. The ?CO bandheads are weakly in emission, but there
is also broad H>O absorption. Gaia 19ajj exhibited a previous bright state in the 2010-2012 time frame. The body
of photometric and spectroscopic evidence suggests that the source bears resemblance to V2492 Cyg (PTF 10nvg)
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and PV Cep, both of which similarly experience bright phases that recur on long timescales, with large-amplitude
photometric variations and emission-dominated spectra. We interpret the behavior of Gaia 19ajj as caused by cycles
of enhanced disk accretion accompanied by reduced extinction.

Accepted by Astronomical Journal (AJ)
http://arxiv.org/pdf/1910.05790

The New EXor Outburst of ESO-Ha 99 observed by Gaia ATLAS and TESS
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We report photometry and spectroscopy of the outburst of the young stellar object ESO-Ha 99. The outburst was
first noticed in Gaia alert Gaial8dvc and later by ATLAS. We have established the outburst light curve with archival
ATLAS “Orange” filter photometry, Gaia data, new V-band photometry, and J, H, and K, photometry from IRIS
and UKIRT. The brightness has fluctuated several times near the light curve maximum. The TESS satellite observed
ESO-Ha 99 with high cadence during one of these minor minima and found brightness fluctuations on timescales of
days and hours. Imaging with UKIRT shows the outline of an outflow cavity, and we find one knot of H> 1 — 0 S(1)
emission, now named MHO 1520, on the symmetry axis of this nebula, indicating recent collimated outflow activity
from ESO-Ha 99. Its pre-outburst SED shows a flat FIR spectrum, confirming its early evolutionary state and its
similarity to other deeply embedded objects in the broader EXor class. The pre-outburst luminosity is 34 Lg, a
much higher luminosity than typical EXors, indicating that ESO-Ha 99 may be a star of intermediate mass. Infrared
and optical spectroscopy show a rich emission line spectrum, including HI lines, strong red Call emission, as well as
infrared CO bandhead emission, all characteristic EXors in the broadest sense. Comparison of the present spectra
with an optical spectrum obtained in 1993, presumably in the quiescent state of the object, shows that during the
present outburst the continuum component of the spectrum has increased notably more than the emission lines. The
Ha equivalent width during the outburst is down to one half of its 1993 level, and shock-excited emission lines are
much less prominent.

Accepted by The Astronomical Journal
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Episodic accretion has been used to explain the wide range of protostellar luminosities, but its origin and influence on
the star forming process are not yet fully understood. We present an ALMA survey of NoH* (1—0) and HCO™ (3—2)
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toward 39 Class 0 and Class I sources in the Perseus molecular cloud. NoHT and HCO™ are destroyed via gas-phase
reactions with CO and HyO, respectively, thus tracing the CO and HyO snowline locations. A snowline location at
a much larger radius than that expected from the current luminosity suggests that an accretion burst has occurred
in the past which has shifted the snowline outward. We identified 18/18 Class 0 and 9/10 Class I post-burst sources
from NoH™, and 7/17 Class 0 and 1/8 Class I post-burst sources from HCO™. The accretion luminosities during the
past bursts are found to be ~ 10 — 100 L. This result can be interpreted as either evolution of burst frequency or
disk evolution. In the former case, assuming that refreeze-out timescales are 1000 yr for HoO and 10,000 yr for CO,
we found that the intervals between bursts increases from 2400 yr in the Class 0 to 8000 yr in the Class I stage. This
decrease in the burst frequency may reflect that fragmentation is more likely to occur at an earlier evolutionary stage
when the young stellar object is more prone to instability.

Accepted by ApJ
https://arxiv.org/pdf/1909.02706
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We present 1.3 mm ALMA observations of polarized dust emission toward the wide-binary protostellar system BHR
71 IRS1 and IRS2. IRS1 features what appears to be a natal, hourglass-shaped magnetic field. In contrast, IRS2
exhibits a magnetic field that has been affected by its bipolar outflow. Toward IRS2, the polarization is confined
mainly to the outflow cavity walls. Along the northern edge of the redshifted outflow cavity of IRS2, the polarized
emission is sandwiched between the outflow and a filament of cold, dense gas traced by NoD*, toward which no dust
polarization is detected. This suggests that the origin of the enhanced polarization in IRS2 is the irradiation of the
outflow cavity walls, which enables the alignment of dust grains with respect to the magnetic field—but only to a
depth of ~ 300au, beyond which the dust is cold and unpolarized. However, in order to align grains deep enough in
the cavity walls, and to produce the high polarization fraction seen in IRS2, the aligning photons are likely to be in the
mid- to far-infrared range, which suggests a degree of grain growth beyond what is typically expected in very young,
Class 0 sources. Finally, toward IRS1 we see a narrow, linear feature with a high (10-20%) polarization fraction and
a well ordered magnetic field that is not associated with the bipolar outflow cavity. We speculate that this feature
may be a magnetized accretion streamer; however, this has yet to be confirmed by kinematic observations of dense-gas
tracers.

Accepted for publication in the Astrophysical Journal
http://arxiv.org/abs/1910.07290
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Recent ALMA observations may indicate a surprising abundance of sub-Jovian planets on very wide orbits in proto-
planetary discs that are only a few million years old. These planets are too young and distant to have been formed via
the Core Accretion (CA) scenario, and are much less massive than the gas clumps born in the classical Gravitational
Instability (GI) theory. It was recently suggested that such planets may form by the partial destruction of GI proto-
planets: energy output due to the growth of a massive core may unbind all or most of the surrounding pre-collapse
protoplanet. Here we present the first 3D global disc simulations that simultaneously resolve grain dynamics in the disc
and within the protoplanet. We confirm that massive GI protoplanets may self-destruct at arbitrarily large separations
from the host star provided that solid cores of mass around 10-20 Earth masses are able to grow inside them during
their pre-collapse phase. In addition, we find that the heating force recently analysed by Masset and Velasco Romero
(2017) perturbs these cores away from the centre of their gaseous protoplanets. This leads to very complicated dust
dynamics in the protoplanet centre, potentially resulting in the formation of multiple cores, planetary satellites, and
other debris such as planetesimals within the same protoplanet. A unique prediction of this planet formation scenario
is the presence of sub-Jovian planets at wide orbits in Class 0/I protoplanetary discs.

Accepted by MNRAS
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Results from new BVRI photometric observations of the pre-MS stars V521 Cyg and FHO 27 collected during the
period from February 2015 to July 2019 are presented. These stars are embedded in the LDN 935, dubbed “The Gulf
of Mexico” in the active star-forming complex NGC 7000/IC 5070. Previous studies revealed them as variables with
large amplitude brightness variations. Our new observations show that the stars continue to exhibit strong photometric
variability and fading events in the brightness. On the basis of the new data received and the data available in the
literature, we were able to specify the periodicity in the brightness variations of V521 Cyg. In the case of FHO 27, we
found a significant peak in its periodogram corresponding to 893 days period.

Accepted by Bulgarian Astronomical Journal
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ALMA observations of water deuteration: A physical diagnostic of the formation of
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How water is delivered to planetary systems is a central question in astrochemistry. The deuterium fractionation of
water can serve as a tracer for the chemical and physical evolution of water during star formation and can constrain
the origin of water in Solar System bodies.

The aim is to determine the HDO/H5O ratio in the inner warm gas toward three low-mass Class 0 protostars selected
to be in isolated cores, i.e., not associated with any cloud complexes. Previous sources for which the HDO/H5;0
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ratio have been established were all part of larger star-forming complexes. Determining the HDO/H5O ratio toward
three isolated protostars allows comparison of the water chemistry in isolated and clustered regions to determine the
influence of local cloud environment.

We present ALMA Band 6 observations of the HDO 3; 229 1 and 27,;-2; 2 transitions at 225.897 GHz and 241.562 GHz
along with the first ALMA Band 5 observations of the Hi®*O 3; 322 o transition at 203.407 GHz. The high angular
resolution observations (0.3”-1.3") allow the study of the inner warm envelope gas. Model-independent estimates for
the HDO/H3O ratios are obtained and compared with previous determinations of the HDO/H5O ratio in the warm gas
toward low-mass protostars. We successfully detect the targeted water transitions toward the three sources with S/N
5. We determine the HDO/HzO ratio toward 1483, B335 and BHR71-IRS1 to be (2.2+£0.4)x1073, (1.74£0.3)x1073,
and (1.8 £0.4)x 1073, respectively, assuming Tex = 124 K. The degree of water deuteration of these isolated protostars
are a factor of 24 higher relative to Class 0 protostars that are members of known nearby clustered star-forming
regions.

The results indicate that the water deuterium fractionation is influenced by the local cloud environment. This effect
can be explained by variations in either collapse timescales or temperatures, which depends on local cloud dynamics
and could provide a new method to decipher the history of young stars.

Accepted by A&A
https://arxiv.org/pdf/1909.10533
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We report the discovery of the oldest stellar substructure in the Orion star forming region (OSFR), the Orion relic
filament. The relic filament is physically associated with the OSFR as demonstrated by Gaia DR2 photometry and
astrometry, as well as targeted radial velocity follow-up observations of a bright sub-sample of proper-motion selected
candidate members. Gaia DR2 parallaxes place the Orion relic filament in the more distant part of the OSFR, =~
430pc from the Sun. Given its age, velocity dispersion, spatial extent, and shape, it is not possible for the Orion relic
filament to have formed as a single stellar cluster, even taking into account residual gas expulsion. The relic filament is
also too young to be a tidal stream, since Galactic tides act on much longer time scales of order 100 Myr. It therefore
appears likely that the structure formed from a molecular cloud filament similar to Orion A in the OSFR and retained
its morphology despite decoupling from its natal gas. Hence, the Orion relic filament bears witness to the short-lived
evolutionary phase between gas removal and dispersion due to shears and tides, and provides crucial new insights into
how stars are formed in molecular clouds.

Accepted by MNRAS
http://arxiv.org/pdf/1909.04056
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The formation of cold gas giants similar to Jupiter and Saturn in orbit and mass is a great challenge for planetesimal-
driven core accretion models because the core growth rates far from the star are low. Here we model the growth and
migration of single protoplanets that accrete planetesimals and gas. We integrated the core growth rate using fits in
the literature to N-body simulations, which provide the efficiency of accreting the planetesimals that a protoplanet
migrates through. We take into account three constraints from the solar system and from protoplanetary discs: (1)
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the masses of the terrestrial planets and the comet reservoirs in Neptune’s scattered disc and the Oort cloud are
consistent with a primordial planetesimal population of afew Earth masses per AU, (2) evidence from the asteroid
belt and the Kuiper belt indicates that the characteristic planetesimal diameter is 100 km, and (3) observations
of protoplanetary discs indicate that the dust is stirred by weak turbulence; this gas turbulence also excites the
inclinations of planetesimals. Our nominal model built on these constraints results in maximum protoplanet masses of
0.1 Earth masses. Ignoring constraint (1) above, we show that even a planetesimal population of 1,000 Earth masses,
corresponding to 50 Earth masses per AU, fails to produce cold gas giants (although it successfully forms hot and
warm gas giants). We conclude that a massive planetesimal reservoir is in itself insufficient to produce cold gas giants.
The formation of cold gas giants by planetesimal accretion additionally requires that planetesimals are small and that
the turbulent stirring is very weak, thereby violating all three above constraints.

Accepted by Astronomy & Astrophysics
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The hydrogen fluoride (HF) molecule is seen in absorption in the interstellar medium (ISM) along many lines of sight.
Surprisingly, it is observed in emission toward the Orion Bar, which is an interface between the ionized region around
the Orion Trapezium stars and the Orion molecular cloud. We aim to understand the origin of HF emission in the
Orion Bar by comparing its spatial distribution with other tracers. We examine three mechanisms to explain the HF
emission: thermal excitation, radiative dust pumping, and chemical pumping. We used a Herschel /HIFI strip map of
the HF J = 1 — 0 line, covering 0.5" by 1.5’ that is oriented perpendicular to the Orion Bar. We used the RADEX
non-local thermodynamic equilibrium (non-LTE) code to construct the HF column density map. We use the Meudon
PDR code to explain the morphology of HF. The bulk of the HF emission at 10 km s~! emerges from the CO-dark
molecular gas that separates the ionization front from the molecular gas that is deeper in the Orion Bar. The excitation
of HF is caused mainly by collisions with Hy at a density of 10° cm ™3 together with a small contribution of electrons
in the interclump gas of the Orion Bar. Infrared pumping and chemical pumping are not important. We conclude
that the HF J = 1 — 0 line traces CO-dark molecular gas. Similarly, bright photodissociation regions associated with
massive star formation may be responsible for the HF emission observed toward active galactic nuclei.

Accepted by Astronomy and Astrophysics (A&A) on September 23, 2019.
http://arxiv.org/pdf/1910.00707
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We report high angular resolution observations of linearly polarized dust emission towards the Class 0 young stellar
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object (YSO) NGC1333 IRAS4A (hereafter, IRAS4A) using the Karl G. Jansky Very Large Array (JVLA) at K (11.5—
16.7 mm), Ka (8.1-10.3 mm), and Q bands (6.3-7.9 mm), and using the Atacama Large Millimeter Array (ALMA) at
Band 6 (1.2 mm) and Band 7 (0.85-0.89 mm). On 100-1000 AU scales, all of these observations consistently trace the
hourglass shaped magnetic field topology as shown in the previous studies. In the innermost 100 AU region of IRAS4A1,
the polarization position angles (E-field) detected at 6.3-16.7 mm are consistent, however, are nearly 90 degrees offset
from those detected at 1.2 mm and 0.85-0.89 mm. Such a 90 degree offset may be explained by that the inner ~100 AU
area is optically thick at wavelengths shorter than ~1.5 mm, whereby the observations probe the absorption of aligned
dust against the weakly or unpolarized warm dust emission from the innermost region. This can also consistently
explain why the highest angular resolution ALMA images at Band 7 show that the polarization percentage increases
with dust brightness temperature in the inner ~100 AU region of IRAS4A1. Following this interpretation and assuming
that the dust grains are aligned with the magnetic fields, the inferred magnetic field position angle based on the 90°
rotated at 6.3-7.9 mm in the central peak of IRAS4A1 is ~ —22°, which is approximately consistent with the outflow
direction ~ —9°.

Accepted by ApJ
https://arxiv.org/pdf/1909.09628
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We aim to characterise the surface magnetic fields of a sample of 8 T Tauri stars from high-resolution near-IR
spectroscopy. Some stars in our sample are known to be magnetic from previous spectroscopic or spectropolarimetric
studies. Our goals are 1) to apply Zeeman broadening modelling to T Tauri stars with high-resolution data, 2) to
expand the sample of stars with measured surface magnetic field strengths, 3) to investigate possible rotational or
long-term magnetic variability by comparing spectral time series of given targets, and 4) to compare the magnetic
field modulus <B> tracing small-scale magnetic fields to those of large-scale magnetic fields derived by Stokes V
Zeeman Doppler Imaging. We modelled the Zeeman broadening of magnetically sensitive spectral lines in the near-IR
K-band from high-resolution spectra by using magnetic spectrum synthesis based on realistic model atmospheres and
by using different descriptions of the surface magnetic field. We developped a Bayesian framework that selects the
complexity of the magnetic field prescription based on the information contained in the data. We obtain individual
magnetic field measurements for each star in our sample using four different models. We find that the Bayesian Model
4 performs best in the range of magnetic fields measured on the sample (from 1.5 kG to 4.4 kG). We do not detect
a strong rotational variation of <B> with a mean peak-to-peak variation of 0.3 kG. Our confidence intervals are of
the same order of magnitude, which suggests that the Zeeman broadening is produced by a small-scale magnetic field
homogeneously distributed over stellar surfaces. A comparison of our results with mean large-scale magnetic field
measurements from Stokes V ZDI show different fractions of mean field strength being recovered, from 25-42% for
relatively simple poloidal axisymmetric field topologies to 2-11% for more complex fields.

Accepted by A&A
http://arxiv.org/pdf/1909.04965
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Hydrodynamical simulations show that a pair of spiral arms can form in the disk around a rapidly-growing young star
and that the arms are crucial in transporting angular momentum as the disk accretes material from the surrounding
envelope. Here we report the detection of a pair of symmetric spiral structures in a protostellar disk, supporting the
formation of spiral arms in the disk around a forming star. The HH 111 VLA 1 source is a young Class I source
embedded in a massive infalling protostellar envelope and is actively accreting, driving the prominent HH 111 jet.
Previous observations showed a ring of shock emission around the disk’s outer edge, indicating accretion of the envelope
material onto the disk at a high rate. Now with ALMA observations of thermal emission from dust particles, we detect
a pair of spiral arms extending from the inner region to the disk’s outer edge, similar to that seen in many simulations.
Additionally, the disk is massive, with Toomre’s Q parameter near unity in the outer parts where the spiral structures
are detected, supporting the notion that envelope accretion is driving the outer disk gravitationally unstable. In our
observations, another source, HH 111 VLA 2, is spatially resolved for the first time, showing a disk-like structure with
a diameter of ~26 au and an orientation nearly orthogonal to that of the HH 111 VLA 1 disk.

Accepted by
http://arxiv.org/pdf/1909.02812
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We performed a survey in the J = 5 — 4 line toward a sample of 199 Galactic massive star-forming regions at different
evolutionary stages with the Submillimeter Telescope (SMT) 10 m and Caltech Submillimeter Observatory (CSO)
10.4 m telescopes. The sample consists of 44 infrared dark clouds (IRDCs), 86 protostellar candidates, and 69 young
Hi1r regions. We detected J = 5 — 4 line emission in 102 sources, with a detection rate of 57%, 37%, and 65% for
IRDCs, protostellar candidates, and young H 11 regions, respectively. We find both broad line emission with full widths
at zero power (FWZP) > 20 km s~! and narrow line emissions of SiO in objects at various evolutionary stages, likely
associated with high-velocity shocks and low-velocity shocks, respectively. The SiO luminosities do not show apparent
differences among various evolutionary stages in our sample. We find no correlation between the SiO abundance and
the luminosity-to-mass ratio, indicating that the SiO abundance does not vary significantly in regions at different
evolutionary stages of star formation.

Accepted by ApJ
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We present Submillimeter Array (SMA) observations of seven massive molecular clumps which are dark in the far-
infrared for wavelengths up to 70 gm. Our 1.3 mm continuum images reveal 44 dense cores, with gas masses ranging
from 1.4 to 77.1 M. Twenty-nine dense cores have masses greater than 8 Mg and the other fifteen dense cores have
masses between 1.4 and 7.5 M. Assuming the core density follows a power-law in radius p o< r~°, the index b is found
to be between 0.6 and 2.1 with a mean value of 1.3. The virial analysis reveals that the dense cores are not in virial
equilibrium. CO outflow emission was detected toward 6 out of 7 molecular clumps and associated with 17 dense cores.
For five of these cores, CO emissions appear to have line-wings at velocities of greater than 30 km s~! with respect
to the source systemic velocity, which indicates that most of the clumps harbor protostars and thus are not quiescent
in star formation. The estimated outflow timescale increase with core mass, which likely indicates that massive cores
have longer accretion timescale than that of the less massive ones. The fragmentation analysis shows that the mass
of low-mass and massive cores are roughly consistent with thermal and turbulent Jeans masses, respectively.

Accepted by ApJ
https://arxiv.org/pdf/1909.08916
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OB associations are the prime star forming sites in galaxies. However the detailed formation process of such stellar
systems still remains a mystery. In this context, identifying the presence of substructures may help tracing the
footprints of their formation process. Here, we present a kinematic study of the two massive OB associations Cygnus
OB2 and Carina OB1 using the precise astrometry from the Gaia Data Release 2 and radial velocities. From the
parallaxes of stars, these OB associations are confirmed to be genuine stellar systems. Both Cygnus OB2 and Carina
OB1 are composed of a few dense clusters and a halo which have different kinematic properties: the clusters occupy
regions of 5-8 parsecs in diameter and display small dispersions in proper motion, while the halos spread over tens
of parsecs with a 2-3 times larger dispersions in proper motion. This is reminiscent of the so-called “line width—
size” relation of molecular clouds related to turbulence. Considering that the kinematics and structural features were
inherited from those of their natal clouds would then imply that the formation of OB associations may result from
structure formation driven by supersonic turbulence, rather than from the dynamical evolution of individual embedded
clusters.

Accepted by MNRAS
http://arxiv.org/pdf/1909.03809

Super-Earth masses sculpted by pebble isolation around stars of different masses
Beibei Liu', Michiel Lambrechts!, Anders Johansen', and Fan Liu!
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We develop a pebble-driven model to study the formation and evolution of planets around stars in the mass range
of 0.08 and 1 M. The growth and migration of a large number of individual protoplanetary embryos are simulated
in a population synthesis manner. We test two hypotheses for the birth locations of embryos: at the water ice line
or log-uniformly distributed over entire protoplanetary disks. Two types of disks with different turbulent viscous
parameters o of 1 x 1072 and 1 x 10™# are investigated, to shed light on the role of outward migration of protoplanets.
The forming planets are compared with the observed exoplanets in terms of masses, semimajor axes, metallicities,
and water contents. We find that gas giant planets are likely to form when the characteristic disk sizes are larger,
the disk accretion rates are higher, the disks are more metal-rich and/or their stellar hosts are more massive. Our
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model shows that 1) the characteristic mass of super-Earth is set by the pebble isolation mass. Super-Earth masses
increase linearly with the mass of its stellar host, corresponding to one Earth mass around a late M-dwarf star and
20 Mg, around a solar-mass star. 2) The low-mass planets up to 20 Mg, can form around stars with a wide range of
metallicities, while massive gas giant planets are preferred to grow around metal-rich stars. 3) Super-Earth planets
that are mainly composed of silicates, with relatively low water fractions can form from protoplanetary embryos at the
water ice line in weakly turbulent disks where outward migration is suppressed. However, if the embryos are formed
over a wide range of radial distances, the super-Earths would end up having a distinctive, bimodal composition in
water mass. Our model succeeds in quantitatively reproducing several important observed properties of exoplanets
and correlations with their stellar hosts.

Accepted by A&A
http://arxiv.org/pdf/1909.00759
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Formamide (NH2CHO) has been identified as a potential precursor of a wide variety of organic compounds essential
to life, and many biochemical studies propose it likely played a crucial role in the context of the origin of life on our
planet. The detection of formamide in comets, which are believed to have —at least partially— inherited their current
chemical composition during the birth of the Solar System, raises the question whether a non-negligible amount of
formamide may have been exogenously delivered onto a very young Earth about four billion years ago. A crucial part
of the effort to answer this question involves searching for formamide in regions where stars and planets are forming
today in our Galaxy, as this can shed light on its formation, survival, and chemical re-processing along the different
evolutionary phases leading to a star and planetary system like our own. The present review primarily addresses
the chemistry of formamide in the interstellar medium, from the point of view of (i) astronomical observations, (ii)
experiments, and (iii) theoretical calculations. While focusing on just one molecule, this review also more generally
reflects the importance of joining efforts across multiple scientific disciplines in order to make progress in the highly
interdisciplinary science of astrochemistry.
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We present new observations of C-band continuum emission and masers to assess high-mass (>8 M) star formation
at early evolutionary phases in the inner 200 pc of the Central Molecular Zone (CMZ) of the Galaxy. The continuum
observation is complete to free-free emission from stars above 10-11 Mg in 91% of the covered area. We identify
104 compact sources in the continuum emission, among which five are confirmed ultracompact H II regions, 12 are
candidates of ultra-compact H II regions, and the remaining 87 sources are mostly massive stars in clusters, field
stars, evolved stars, pulsars, extragalactic sources, or of unknown nature that is to be investigated. We detect class
II CH30H masers at 23 positions, among which six are new detections. We confirm six known H;CO masers in two
high-mass star forming regions, and detect two new HoCO masers toward the Sgr C cloud, making it the ninth region
in the Galaxy that contains masers of this type. In spite of these detections, we find that current high-mass star
formation in the inner CMZ is only taking place in seven isolated clouds. The results suggest that star formation at
early evolutionary phases in the CMZ is about 10 times less efficient than expected by the dense gas star formation
relation, which is in line with previous studies that focus on more evolved phases of star formation. This means that
if there will be any impending, next burst of star formation in the CMZ, it has not yet begun.
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We report the detection of new 12.178, 12.229, 20.347, and 23.121 GHz methanol masers in the massive star-forming
region G358.93-0.03, which are flaring on similarly short timescales (days) as the 6.668 GHz methanol masers also
associated with this source. The brightest 12.178 GHz channel increased by a factor of over 700 in just 50 days.
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The masers found in the 12.229 and 20.347 GHz methanol transitions are the first ever reported and this is only the
fourth object to exhibit associated 23.121 GHz methanol masers. The 12.178 GHz methanol maser emission appears
to have a higher flux density than that of the 6.668 GHz emission, which is unusual. No associated near infrared flare
counterpart was found, suggesting that the energy source of the flare is deeply embedded.

Accepted by MNRAS
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While planets are commonly discovered around main-sequence stars, the processes leading to their formation are still
far from being understood. Current planet population synthesis models, which aim at describing the planet formation
process from the protoplanetary disk phase to the time exoplanets are observed, rely on prescriptions for the underlying
properties of protoplanetary disks where planets form and evolve. The recent development in measuring disk masses
and disk-star interaction properties, i.e. mass accretion rates, in large samples of young stellar objects demand a more
careful comparison between the models and the data. Here we perform a first critical assessment of the assumptions
made by planet synthesis population models by looking at the relation between mass accretion rates and disk masses
in the models and in the currently available data. We find that the currently used disk models predict mass accretion
rate in line with what is measured, but with a much lower spread of values than observed. This difference is mainly
due to the fact that the models have a smaller spread of viscous timescales than what is needed to reproduce the
observations. We also find an overabundance of weakly accreting disks in the models where giant planets have formed
with respect to observations of typical disks. We suggest that either fewer giant planets have formed in the reality or
that the prescription for planet accretion predicts too high accretion on the planets. Finally, the comparison of the
properties of transition disks with large cavities confirms that in many of these objects the observed accretion rates
are higher than those predicted by the models. On the other hand, PDS70, a transition disk with two detected giant
planets in the cavity, shows mass accretion rates well in line with model predictions.
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The star forming region of the Orion Nebula (ONC) is ideal to study the stellar dynamics of young stars in a clustered
environment. Using Gaia DR2 we search for the pre-main sequence stars with unusually high proper motions that may
be representative of a dynamical ejection from unstable young triple systems or other close three-body encounters.
We identify twenty-six candidate stars that are likely to have had such an encounter in the last 1 Myr. Nine of these
stars could be traced back to the densest central-most region of the ONC, the Trapezium, while five others have likely
interactions with other OB-type stars in the cluster. Seven stars originate from other nearby populations within the
Orion Complex that coincidentally scattered towards the ONC. A definitive point of origin cannot be identified for
the remaining sources. These observations shed light on the frequency of the ejection events in young clusters.

Accepted by ApJ
https://arxiv.org/pdf/1908.07550.pdf
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Bright C,H emission in protoplanetary disks in Lupus: high volatile C/O>1 ratios

A. Miotello!, S. Facchini!, E.F. van Dishoeck?3, P. Cazzoletti®, L. Testi!, J.P. Williams*, M. Ansdell®‘
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Physik, Giessenbachstrale, D-85748 Garching, Germany; ¢ Institute for Astronomy, University of Hawaii, 2680 Wood-
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ALMA surveys have shown that CO emission in protoplanetary disks is much fainter than expected. Accordingly, CO-
based gas masses and gas/dust ratios are orders of magnitude lower than previously thought. This may be explained
either as fast gas dispersal, or as chemical evolution and locking up of volatiles in larger bodies leading to the low
observed CO fluxes. The latter processes lead to enhanced C/O ratios in the gas, which may be reflected in enhanced
abundances of molecules like CoH. The goal of this work is to employ C2H observations to understand whether low
CO fluxes are caused by volatile depletion, or by fast gas dissipation. We present ALMA Cycle 4 C3H observations
of a subsample of nine sources in Lupus. The integrated CoH emission is determined and compared to previous CO
observations and model predictions. Seven out of nine disks are detected in CoH, whose line emission is almost as
bright as "CO. All detections are significantly brighter than the typical sensitivity of the observations, hinting at a
bimodal distribution of the CoH line intensities. When compared with DALI models, the observed CoH fluxes can be
reproduced only if some level of volatile carbon and oxygen depletion is allowed and C/O>1 in the gas. Models with
reduced gas/dust ratios fail instead to reproduce the observations. A steeper than linear correlation between CoH
and CN emission line is found. This is linked to the fact that CoH emission lines are affected more strongly by C/O
variations than CN lines. Ring-like structures are detected both in CoH and in continuum emission but, as for CN,
they do not seem to be connected. Sz 71 shows ring shaped emission in both CoH and CN with the location of the
peak intensity coinciding. Our new ALMA C3H observations favour volatile carbon and oxygen depletion rather than
fast gas dispersal to explain the faint CO observations for most of the disks.

Accepted by A&A
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Protostellar Outflows at the EarliesT Stages (POETS). III. H,O masers tracing disk-
winds and jets near luminous YSOs
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The goal of the Protostellar Outflows at the EarliesT Stages (POETS) survey is to image the disk-outflow interface on
scales of 10-100 au in a statistically significant sample (36) of luminous young stellar objects (YSO), targeting both the
molecular and ionized components of the outflows. The outflow kinematics is studied at milliarcsecond scales through
VLBI observations of the 22 GHz water masers. We employed the JVLA at 6, 13, and 22 GHz in the A- and B-Array
configurations to determine the spatial structure and the spectral index of the radio continuum emission. In about
half of the targets, the water masers observed at separation <1000 au from the YSOs trace either or both of these
kinematic structures: 1) a spatially elongated distribution oriented at close angle with the direction of collimation of
the maser proper motions (PM), and 2) a linear LSR velocity (Vi.sr) gradient across the YSO position. The kinematic
structure (1) is readily interpreted in terms of a protostellar jet, as confirmed in some targets via the comparison with
independent observations of the YSO jets, in thermal (continuum and line) emissions, reported in the literature. The
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kinematic structure (2) is interpreted in terms of a disk-wind (DW) seen almost edge-on on the basis of several pieces
of evidence: first, it is invariably directed perpendicular to the YSO jet; second, it agrees in orientation and polarity
with the Vigg gradient in thermal emissions (when reported in the literature) identifying the YSO disk at scales of
<1000 au; third, the PMs of the masers delineating the Vi sg gradients hint at flow motions at a speed of 10-20 km
s~! directed at large angles with the disk midplane. In the remaining targets, the maser PMs are not collimated but
rather tend to align along two almost perpendicular directions, and could originate in DW-jet systems slightly inclined
(<30°) with respect to edge-on.

Accepted by A&A
http://arxiv.org/pdf/1909.08374
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Understanding chondrule formation provides invaluable clues about the origin of the solar system. Recent studies
suggest that planetesimal collisions and the resulting impact melts are promising for forming chondrules. Given that
the dynamics of planetesimals is a key in impact-based chondrule formation scenarios, we here perform direct N-
body simulations to examine how the presence of Jupiter affects the properties of chondrule-forming collisions. Our
results show that the absence/presence of Jupiter considerably changes the properties of high velocity collisions whose
impact velocities are higher than 2.5 km s~'; high velocity collisions occur due to impacts between protoplanets and
planetesimals for the case without Jupiter; for the case with Jupiter, eccentricities of planetesimals are pumped up by
the secular and resonant perturbations from Jupiter. We also categorize the resulting planetesimal collisions and find
that most of high velocity collisions are classified as grazing ones for both cases. To examine the effect of Jupiter on
chondrule formation directly, we adopt the impact jetting scenario and compute the resulting abundance of chondrules.
Our results show that for the case without Jupiter, chondrule formation proceeds in the inside-out manner, following
the growth of protoplanets. If Jupiter is present, the location and timing of chondrule formation are determined by
Jupiter’s eccentricity, which is treated as a free parameter in our simulations. Thus, the existence of Jupiter is the
key parameter for specifying when and where chondrule formation occurs for impact-based scenarios.

Accepted by ApJ
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Molecules in the CepE-mm jet: evidence for shock-driven photochemistry 7
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The chemical composition of protostellar jets and its origin are still badly understood. More observational constraints
are needed to make progress. With that objective, we have carried out a systematic search for molecular species in
the jet of Cep E-mm, a template for intermediate-mass Class 0 protostars, associated with a luminous, high-velocity
outflow. We made use of an unbiased spectral line survey in the range 72-350 GHz obtained with the IRAM 30m
telescope, complementary observations of the CO J=3-2 transition with the JCMT, and observations at 1” angular
resolution of the CO J=2-1 transition with the IRAM Plateau de Bure interferometer. In addition to CO, we
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have detected rotational transitions from SiO, SO, HoCO, CS, HCO™ and HCN. A strong chemical differentiation is
observed in the southern and northern lobes of the jet. Radiative transfer analysis in the Large Velocity Gradient
approximation yields typical molecular abundances of the order of 10~ for all molecular species other than CO. Overall,
the jets exhibit an unusual chemical composition, as CS, SO and HoCO are found to be the most abundant species,
with a typical abundance of (3-4)x1078. The transverse size of the CO jet emission estimated from interferometric
observations is about 1000 au, suggesting that we are detecting emission from a turbulent layer of gas entrained by
the jet in its propagation and not the jet itself. We propose that some molecular species could be the signatures of
the specific photochemistry driven by the UV radiation field generated in the turbulent envelope.

Accepted by MNRAS
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Jupiter’s atmosphere is enriched in C, N, S, P, Ar, Kr and Xe with respect to solar abundances by a factor of ~3. Gas
Giant envelopes are mainly enriched through the dissolution of solids in the atmosphere, and this constant enrichment
factor is puzzling since several of the above elements are not expected to have been in the solid phase in Jupiter’s
feeding zone; most seriously, Ar and the main carrier of N, N5, only condense at the very low temperatures, 21-26
K, associated with the outer solar nebula. We propose that a plausible solution to the enigma of Jupiter’s uniform
enrichment pattern is that Jupiter’s core formed exterior to the Ny and Ar snowlines, beyond 30 au, resulting in a Solar
composition core in all volatiles heavier than Ne. During envelope accretion and planetesimal bombardment, some of
the core mixed in with the envelope causing the observed enrichment pattern. We show that this scenario naturally
produces the observed atmosphere composition, even with substantial pollution from N-poor pebble and planetesimal
accretion in Jupiter’s final feeding zone. We note that giant core formation at large nebular radii is consistent with
recent models of gas giant core formation through pebble accretion, which requires the core to form exterior to Jupiter’s
current location to counter rapid inward migration during the core and envelope formation process. If this scenario
is common, gas giant core formation may account for many of the gaps observed in protoplanetary disks between 10s
and 100 au.

Accepted by ApJ
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Recent observations have revealed that protoplanetary discs often exhibit cavities and azimuthal asymmetries such as
dust traps and clumps. The presence of a stellar binary system in the inner disc regions has been proposed to explain
the formation of these structures. Here, we study the dust and gas dynamics in circumbinary discs around eccentric
and inclined binaries. This is done through two-fluid simulations of circumbinary discs, considering different values
of the binary eccentricity and inclination. We find that two kinds of dust structures can form in the disc: a single
horseshoe-shaped clump, on top of a similar gaseous over-density; or numerous clumps, distributed along the inner
disc rim. The latter features form through the complex interplay between the dust particles and the gaseous spirals
caused by the binary. All these clumps survive between one and several tens of orbital periods at the feature location.
We show that their evolution strongly depends on the gas—dust coupling and the binary parameters. Interestingly,
these asymmetric features could in principle be used to infer or constrain the orbital parameters of a stellar companion
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— potentially unseen — inside the inner disc cavity. Finally, we apply our findings to the disc around AB Aurigae.
Accepted by MNRAS
https://arxiv.org/pdf/1908.05784.pdf

Runaway O-star Bow Shocks as Particle Accelerators? The Case of AE Aur revisited
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We present results of our Chandra/ACIS observations of the field centered on the fast, runaway O star AE Aur and
its bow shock. Previous XMM-Newton observations revealed an X-ray “blob” near the IR arc tracing the bow shock,
possibly a nonthermal source consistent with models of Inverse Compton scattering of dust IR photons by electrons
accelerated at the shock. The new, subarcsecond resolution Chandra data, while confirming the presence of the XMM-
Newton source, clearly indicate that the latter is neither extended nor coincident with the IR arc and strongly suggest
it is a background AGN. Motivated by results published for the bow shock of BD+43°3654, we extended our study to
the radio domain, by analyzing archival EVLA data. We find no radio emission from the AE Aur bow shock either.
The corresponding upper limits for the absorbed (unabsorbed) X-ray flux of 5.9(7.8) x 10~ ergcm=2?s~! (30) and,
in the radio range, of 2mJy (1.4 GHz), and 0.4mJy (5.0 GHz), are used to put constraints on model predictions for
particle acceleration within the bow shock. In the “classical” framework of Diffusive Shock Acceleration, we find that
the predicted X-ray and radio emission by the bow shock is at least two orders of magnitude below the current upper
limits, consistent with the systematic non-detections of up to 60 stellar bow shocks. The only exception so far remains
that of BD+443°3654, probably the result of its very large mass-loss rate among runaway O stars.
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Supernovae from core-collapse of massive stars drive shocks into the molecular clouds from which the stars formed.
Such shocks affect future star formation from the molecular clouds, and the fast-moving, dense gas with compressed
magnetic fields is associated with enhanced cosmic rays. This paper presents new theoretical modeling, using the Paris-
Durham shock model, and new observations, using the Stratospheric Observatory for Infrared Astronomy (SOFTA),
of the Hy S(5) pure rotational line from molecular shocks in the supernova remnant 1C443. We generate MHD models
for non-steady-state shocks driven by the pressure of the IC443 blast wave into gas of densities 103 to 10° cm™3. We
present the first detailed derivation of the shape of the velocity profile for emission from Hs lines behind such shocks,
taking into account the shock age, preshock density, and magnetic field. For preshock densities 103-10% cm™3, the the
predicted shifts of line centers, and the line widths, of the Hy lines range from 20-2, and 30-4 km s~', respectively.
The a priori models are compared to the observed line profiles, showing that clumps C and G can be explained by
shocks into gas with density 10% to 2 x 10* ecm™ and strong magnetic fields. For clump B2 (a fainter region near
clump B), the Hy spectrum requires a J-type shock into moderate density (~100 cm~3) with the gas accelerated to
100 km s~! from its pre-shock location. Clump B1 requires both a magnetic-dominated C-type shock (like for clumps
C and G) and a J-type shock (like for clump B1) to explain the highest observed velocities. The J-type shocks that
produce high-velocity molecules may be locations where the magnetic field is nearly parallel to the shock velocity,
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which makes it impossible for a C-type shock (with ions and neutrals separated) to form.
Accepted by ApJ
http://arxiv.org/pdf/1909.02079

Illuminating the Tadpole’s metamorphosis I: MUSE observations of a small globule in
a sea of ionizing photons

Megan Reiter', Anna F. McLeod??, Pamela D. Klaassen', Andrés E. Guzman*, J.E. Dale®, Joseph C.
Mottram® and Guido Garay”

L UK Astronomy Technology Centre, ROE, Blackford Hill, Edinburgh, EH9 3HJ, UK; 2 Department of Astronomy,
University of California Berkeley, Berkeley, CA 94720, USA; 3 Department of Physics and Astronomy, Texas Tech
University, PO Box 41051, Lubbock, TX 79409, USA; 4 National Astronomical Observatory of Japan, 2-21-1 Os-
awa, Mitaka, Tokyo 181-8588, Japan; ® Centre for Astrophysics Research, University of Hertfordshire, College Lane,
Hatfield, AL10 9AB, UK; 6 Max Planck Institute for Astronomy, Konigstuhl 17, 69117 Heidelberg, Germany; *
Departamento de Astronoma, Universidad de Chile, Camino el Observatorio 1515, Las Condes, Santiago, Chile

E-mail contact: megan.reiter at stfc.ac.uk

We present new MUSE/VLT observations of a small globule in the Carina H 11 region that hosts the HH 900 jet+-outflow
system. Data were obtained with the GALACSI ground-layer adaptive optics system in wide-field mode, providing
spatially-resolved maps of diagnostic emission lines. These allow us to measure the variation of the physical properties
in the globule and jet+outflow system. We find high temperatures (T, ~ 10* K), modest extinction (Ay ~ 2.5 mag),
and modest electron densities (n. ~ 200 cm~3) in the ionized gas. Higher excitation lines trace the ionized outflow;
both the excitation and ionization in the outflow increase with distance from the opaque globule. In contrast, lower
excitation lines that are collisionally de-excited at densities >10* cm ™3 trace the highly collimated protostellar jet.
Assuming the globule is an isothermal sphere confined by the pressure of the ionization front, we compute a Bonnor-
Ebert mass of ~ 3.7 M. This is two orders of magnitude higher than previous mass estimates, calling into question
whether small globules like the Tadpole contribute to the bottom of the IMF. Derived globule properties are consistent
with a cloud that has been and/or will be compressed by the ionization front on its surface. At the estimated globule
photoevaporation rate of ~ 5 x 1077 My yr~—!, the globule will be completely ablated in ~ 7 Myr. Stars that form in
globules like the Tadpole will emerge into the H 11 later and may help resolve some of the temporal tension between
disk survival and enrichment.

Accepted by MNRAS
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A new experimental set-up designed to investigate the accretion dynamics in newly born stars is presented. It takes
advantage of a magnetically collimated stream produced by coupling a laser-generated expanding plasma to a 2 x 10° G
(20 T') externally applied magnetic field. The stream is used as the accretion column and is launched onto an obstacle
target that mimics the stellar surface. This setup has been used to investigate in details the accretion dynamics, as
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reported in Revet et al. (2017). Here, the characteristics of the stream are detailed and a link between the experimental
plasma expansion and a 1D adiabatic expansion model is presented. Dimensionless numbers are also calculated in
order to characterize the experimental flow and its closeness to the ideal MHD regime. We build a bridge between our
experimental plasma dynamics and the one taking place in the Classical T Tauri Stars (CTTSs), and we find that our
set-up is representative of a high plasma S CTTS accretion case.
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The latest generation of high-angular-resolution unbiased Galactic plane surveys in molecular-gas tracers are enabling
the interiors of molecular clouds to be studied across a range of environments. The CO Heterodyne Inner Milky Way
Plane Survey (CHIMPS) simultaneously mapped a sector of the inner Galactic plane, within 27.8° < ¢ < 46.2° and
|b| <0.5°, in 13CO (3-2) and C'80 (3-2) at an angular resolution of 15 arcsec. The combination of the CHIMPS data
with 12CO (3-2) data from the CO High Resolution Survey (COHRS) has enabled us to perform a voxel-by-voxel
local-thermodynamic-equilibrium (LTE) analysis, determining the excitation temperature, optical depth, and column
density of *CO at each £,b,v position. Distances to discrete sources identified by FELLWALKER in the 3CO (3-2)
emission maps were determined, allowing the calculation of numerous physical properties of the sources, and we present
the first source catalogues in this paper. We find that, in terms of size and density, the CHIMPS sources represent
an intermediate population between large-scale molecular clouds identified by CO and dense clumps seen in thermal
dust continuum emission, and therefore represent the bulk transition from the diffuse to the dense phase of molecular
gas. We do not find any significant systematic variations in the masses, column densities, virial parameters, mean
excitation temperature, or the turbulent pressure over the range of Galactocentric distance probed, but we do find a
shallow increase in the mean volume density with increasing Galactocentric distance. We find that inter-arm clumps
have significantly narrower linewidths, and lower virial parameters and excitation temperatures than clumps located
in spiral arms. When considering the most reliable distance-limited subsamples, the largest variations occur on the
clump-to-clump scale, echoing similar recent studies that suggest that the star-forming process is largely insensitive
to the Galactic-scale environment, at least within the inner disc.
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We present a detailed analysis of the extended structure detected around the young and close-by Herbig Ae/Be star
RCrA. This is a young triple system with an intermediate mass central binary whose separation is of the order of a few
tens of the radii of the individual components, and an M-star companion at about 30 au. We aim at understanding the
nature of the extended structure by means of combining integral field and high-resolution spectroscopy. We conduct
the analysis based on FEROS archival optical spectroscopy data and adaptive optics images and integral field spectra
obtained with SINFONI and SPHERE at the VLT. The observations reveal a complex extended structure that is
composed by at least two components: a non-uniform wide cavity whose walls are detected in continuum emission
up to 400au, and a collimated wiggling-jet detected in the emission lines of Helium and Hydrogen. Moreover, the
presence of [Fell] emission projected close to the cavity walls suggests the presence of a slower moving wind, most likely
a disk wind. The multiple components of the optical forbidden lines also indicate the presence of a high-velocity jet
co-existing with a slow wind. We construct a geometrical model of the collimated jet flowing within the cavity using
intensity and velocity maps, finding that its wiggling is consistent with the orbital period of the central binary. The
cavity and the jet do not share the same position angle, suggesting that the jet is itself experiencing a precession motion
possibly due to the wide M-dwarf companion. We propose a scenario that well agrees with the general expectation of
a magneto-centrifugal launched jet. These results builds upon the extensive studies already conducted on RCrA.
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