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On the origin of wide-orbit ALMA planets: giant protoplanets disrupted by their cores

J. Humphries!' & S. Nayakshin'
I Department of Physics and Astronomy, University of Leicester, Leicester LE1 7TRH, UK

E-mail contact: rjh73 at le.ac.uk

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
http://arxiv.org/pdf/1909.04395
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Figure 2. Global gas surface density for a protoplanet with no feedback in
a simulation with 1 cm pebbles. The pebbles are plotted with overplotted
greyscale points. The location of the protoplanet is marked with a black
dot. Notice that the protoplanet has already carved a deep gap in the dust
distribution in fewer than four orbits.
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Figure 4. Dynamics inside the protoplanet for different grain sizes. Top:
Pebble accretion rates on to the protoplanet are comparable for mm,
cm, and 10 cm grains (Humphries & Nayakshin 2018). Cores only grow
for decoupled 10 cm grains while 1 mm and 1 cm grains remain in the
atmosphere. Middle: Mean radial distance of dust from dust sink. Note the
rapid settling of @ = 10cm grains. The dotted line shows the contraction
of radius that contains the initial mass of the protoplanet (rp(My)). Bottom:
total protoplanet and atmosphere only metallic compositions. Small grains
remain suspended in the atmosphere, causing it to become metal enriched.
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Exploring the conditions for forming cold gas giants through planetesimal accretion

Anders Johansen! and Bertram Bitsch?

I Lund Observatory; 2 Max Planck Institute for Astronomy

E-mail contact: anders at astro.lu.se

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)
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
http://arxiv.org/pdf/1909.10429
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Fig. 1. Accretion efficiency of a protoplanet accreting planetesimals of radius 50 km and for weak turbulent stirring (y = 107%, left plots) and
very weak turbulent stirring (y = 107>, right plots) as a function of the distance from the star and the protoplanet mass. The three rows show the
accretion efficiency for three different increasing (top fo bottom) values of the mass accretion rate through the disc; the gas surface density in turn
defines the equilibrium inclination of the planetesimals and the transition of the protoplanet from an accreting predator (exterior of the red line)
to a non-accreting shepherd (interior of the red line). The parameter region of core formation in the solar system (the box made by 5 and 20 AU
and by 1 and 10 Mg ) 1s marked with dashed lines. The accretion efficiency beyond 5 AU lies at a value of a few percent or lower for the case of
weak turbulent stirring, while lowering the turbulent stirring to y = 107 increases the efficiency by approximately a factor 3. The efficiency overall
increases with decreasing gas accretion through the disc because more slowly migrating planets accrete a higher fraction of the planetesimals that
they migrate through (even though the planetesimal inclinations increase slightly as the gas drag 1s reduced).
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Fig. 2. Growth maps for protoplanet growth by planetesimal accretion, with gas accretion commencing after 10 Mg is reached. The maps show the
final mass (1.e. the mass reached when the disc has dissipated after 3 Myr) as continuous colours and the final positions as white contour lines as
a function of the starting position of the protoplanet and the starting time. We additionally show the size of the protoplanetary disc (yellow line)
and the Toomre Q of the gas (red contour lines). The panels show the results for four values of the initial mass accretion rate through the disc and
the mass accretion rate after 3 Myr. The instantaneous stellar mass accretion rate is shown on the right axis. Each panel is also labelled with the
total mass of the planetesimals in the models; we assume here that 1% of the initial gas surface density profile 1s converted into planetesimals at
t = 0. The nominal model (upper left) achieves protoplanet growth only up to 0.1 Mg, approximately the mass of Mars. The three other models,
where planetesimals form at the gravitationally unstable phase of protoplanetary disc evolution, successfully form hot and warm gas giants interior
of 2 AU, but are not able to form any cold gas giants in the 5—-10 AU region (see inset in the upper right panel).
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Lynne A. Hillenbrand', Bo Reipurth?, Michael Connelley?, Roc M. Cutri® and Howard Isaacson*”

I Department of Astronomy, California Institute of Technology, USA; ? Institute for Astronomy, University of Hawaii
at Manoa, USA:; 3 IPAC, California Institute of Technology, USA; * Astronomy Department, University of California,
Berkeley, USA; ® University of Southern Queensland, Australia

E-mail contact: lah at astro.caltech.edu

We report on the source Gaia 19ajj, identitying 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
[1], [Ca II|, |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 2C'O bandheads are weakly in emission, but there
is also broad HoO 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)

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 »
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The New EXor Outburst of ESO-Ha 99 observed by Gaia ATLAS and TESS

Klaus W. Hodapp', Bo Reipurth!, Bertil Pettersson?, John Tonry?, Larry Denneau?®, Patrick J. Vallely*,
Benjamin J. Shappee’®, James D. Armstrong®, Michael S. Connelley!, C. S. Kochanek®, Michael
Fausnaugh®, Rolf Chini’, Martin Haas’ and Catalina Sobrino Figaredo’

I University of Hawaii, Institute for Astronomy, 640 N. Aohoku Place, Hilo, HI 96720, USA; ? Department of Physics
and Astronomy, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden; 2 University of Hawaii, Institute for
Astronomy, 2680 Woodlawn Drive, Honolulu, HI 96822, USA; # Department of Astronomy, The Ohio State University,
140 West 18th Avenue, Columbus Ohio, 43210-1173, USA; ° University of Hawaii, Institute for Astronomy, 34 Ohia Ku
St., Pukalani, HI 96768, USA; ©® MIT Kavli Institute for Space and Astrophysics Research, 77 Massachusetts Avenue,
37-241, Cambridge, MA 02139, USA; 7 Astronomisches Institut, Ruhr-Universitat Bochum, Universitatsstraie 150,
44801 Bochum, Germany

E-mail contact: hodapp at hawaii.edu

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 Ho 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 Lo, 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 13
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Chronology of Episodic Accretion in Protostars - an ALMA survey of the CO and H20
snowlines

Tien-Hao Hsieh!, Nadia M. Murillo?, Arnaud Belloche®’, Naomi Hirano!, Catherine Walsh*, Ewine F.
van Dishoeck??®, Jes K. Jgrgensen® and Shih-Ping Lai”

! Institute of Astronomy and Astrophysics, Academia Sinica, P.O. Box 23-141, Taipei 106, Taiwan; * Leiden Observa-
tory, Leiden University, P.O. Box 9513, 2300 RA, Leiden, the Netherlands; ® Max-Planck-Institut fiir Radioastronomie,
Auf dem Hiigel 69, 53121 Bonn, Germany; * School of Physics and Astronomy, University of Leeds, Leeds LS2 9JT,
UK: ° Max-Planck-Institut fiir extraterrestrische Physik, Giessenbachstrafie 1, 85748, Garching bei Miinchen, Ger-
many; % Niels Bohr Institute, University of Copenhagen, @Oster Voldgade 57, DK 1350 Copenhagen K., Denmark; *
Institute of Astronomy, National Tsing Hua University (NTHU), Hsinchu 30013, Taiwan

E-mail contact: shawinchone at gmail.com

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)
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 H5O, respectively, thus tracing the CO and H5O 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 H,O 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.
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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 Gult
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.
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http://arxiv.org/pdf/1909.01458

10



32

ALMA observations of water deuteration: A physical diagnostic of the formation of
protostars

S. S. Jensen!, J. K. Jgrgensen!, L. E. Kristensen'!, K. Furuya?, A. Coutens?, E. F. van Dishoeck*®, D.
Harsono* and M. V. Persson®

I Niels Bohr Institute & Centre for Star and Planet Formation, University of Copenhagen, @ster Voldgade 5-7, DK-
1350 Copenhagen K, Denmark; ? Center for Computational Sciences, University of Tsukuba, Japan; 2 Laboratoire
d’Astrophysique de Bordeaux, Univ. Bordeaux, CNRS, B18N, alle Geoffroy Saint-Hilaire, 33615 Pessac, France; *
Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands; ® Max-Planck Institute fiir
extraterrestrische Physik (MPE), Giessenbachstrasse, 85748 Garching, Germany; % Department of Space, Earth and
Environment, Chalmers University of Technology, Onsala Space Observatory, 439 92 Onsala, Sweden

E-mail contact: sigurd.jensen at nbi.ku.dk

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/H>O
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; o251 and 27 1-2; o transitions at 225.897 GHz and 241.562 GHz
along with the first ALMA Band 5 observations of the H33O 31 3-25 ¢ 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/H>O 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/H>O ratio toward L483, B335 and BHR71-IRS1 to be (2.24+0.4)x107%, (1.740.3)x1077,
and (1.84£0.4)x1073, respectively, assuming T,, = 124 K. The degree of water deuteration of these isolated protostars
are a factor of 2-4 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.
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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
18



35

Origin of hydrogen fluoride emission in the Orion Bar: An excellent tracer for CO-dark
H, gas clouds

Umit Kavak!?, F.F.S. van der Tak?!, A.G.G.M. Tielens® and R.F. Shipman?!

I Kapteyn Astronomical Institute, University of Groningen, P.O. Box 800, 9700 AV Groningen, The Netherlands:;
2 SRON Netherlands Institute for Space Research, Landleven 12, 9747 AD Groningen, The Netherlands; ° Leiden
Observatory, Leiden University, PO Box 9513, NL-2300R A, Leiden, the Netherlands

E-mail contact: kavak at astro.rug.nl

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 ™ together with a small contribution of electrons
in the interclump gas of the Orion Bar. Inifrared 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.
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