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A giant planet shaping the disk around the very low
mass star CIDA 1

P. Curone, A. F. Izquierdo, L. Testi, G. Lodato, S. Facchini, A. Natta, P. Pinilla, N. T.
Kurtovic, C. Toci, M. Benisty, M. Tazzari, F. Borsa, M. Lombardi, C. F. Manara, E.
Sanchis, L. Ricci ~ (Abridged) Exoplanetary research has provided us with exciting
discoveries of planets around very low mass (VLM) stars (e.g., TRAPPIST-1 and
Proxima Centauri). However, current theoretical models strive to explain planet
formation in these conditions and do not predict the development of giant planets.
Recent high-resolution observations from ALMA of the disk around CIDA 1,a VLM
star in Taurus, show substructures hinting at the presence of a massive planet. We aim
to reproduce the dust ring of CIDA 1, observed 1n the dust continuum emission in

ALMA Band 7 (0.9 mm) and Band 4 (2.1 mm), along with its 12CO (J=3-2) and

13CO (J=3-2) channel maps, assuming the structures are shaped by the interaction of
the disk with a massive planet. We seek to retrieve the mass and position of the
putative planet. We model the protoplanetary disk with a set of hydrodynamical
simulations, varying the mass and locations of the embedded planet. We compute the
dust and gas emission using radiative transfer simulations, and, finally, we obtain the
synthetic observations treating the images as the actual ALMA observations. Our
models indicate that a planet with a minimum mass of ~ 1.4 MJup orbiting at a
distance of ~ 9 — 10 au can explain the morphology and location of the observed dust
ring at Band 7 and Band 4. We can reproduce the low spectral index (~ 2) observed
where the dust ring is detected. Our synthetic images reproduce the morphology of the

12CO and 13CO observed channel maps where the cloud absorption allowed a
detection. Applying an empirical relation between planet mass and gap width in the
dust, we predict a maximum planet mass of ~ 4 — 8 MJup . Our results suggest the
presence of a massive planet orbiting CIDA 1, thus challenging our understanding of
planet formation around VLM stars.
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Fig. 1. ALMA Band 7 (0.9 mm) and Band 4 (2.1 mm) continuum images of the CIDA 1 disk. The synthesized beam is shown in the lower left
corner of each image. The details of the images are summarized in Table 2.
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Table 1. Initial parameters used for the simulations with PuanToM. Each
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Fig. 2. Face-on gas and dust surface density, in units of gcm™2, from the PHANTOM simulation with initial planet mass of 1.5 My,,, and final planet
mass of 2.0 My, after ~ 4 X 10* yrs (~ 560 planet orbits). Gas density is displayed in the top left corner, while the remaining panels present the
surface density for the simulated 11 dust grain sizes. The bigger central green dot represents the star, while the smaller green dot indicates the
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Fig. 4. Band 7 (0.9 mm, top panels) and Band 4 (2.1 mm bottom panels) comparison between dust continuum images from the ALMA observation
and our synthetic observations obtained from the simulation with final planet mass of 2.0 My,, after 4 x 10* yrs, along with their residuals. The

synthesized beam (0.050” x 0.034” for Band 7, 0.048” x 0.032” for Band 4, FWHM) is shown in the bottom left corner of each image. The
contours in the residuals represent the So- and —50 flux levels, respectively for Band 7 and Band 4.
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Fig. 5. Comparison between radial profiles of azimuthally averaged intensities from the observations, simulations and corresponding residuals,
after the simulations have evolved for 4 x 10* yrs. Left-hand panels show results in Band 7, while right-hand panels refer to Band 4. Each row
contains the intensity profiles from the same simulation with a specific final planet mass, ranging from 0.2 My,,, (top row) to 2.5 My,;, (bottom row).
The distance of the planet from the central star is indicated by the brown vertical dash-dotted line. The mean FWHMs of the synthesized beam in
Band 7 and Band 4 are shown as horizontal bars in the top row panels. The radial intensity profiles are obtained by deprojecting the disk, using the
disk inclination angle i = 37.5°, and dividing it into overlapping annuli, whose width corresponds to the averaged synthesized beam diameter. For
each bin, uncertainties are calculated by taking the intensity standard deviation for each pixel in the annulus and dividing it by the square root of
the number of synthesized beams contained in the area of the annulus.
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Fig. 10. Left and central panels: azimuthally averaged radial profiles of the optical depth along the line of sight and the intensities from the
tull-resolution (1.e., not convoluted with the synthesized beam) dust emission 1mage ot the simulation with final planet mass of 2.0 My,, after
4 x 10* yrs, at Band 7 and Band 4. The brown vertical dash-dotted line indicates the location of the planet, while the horizontal gray dotted line
marks the optical depth 7 = 1 level. The region where the emission 1s optically thick (optical depth = > 1) 1s shown 1n beige. Right panel:
azimuthally averaged radial profiles of the spectral index from the ALMA observation and our simulation with final planet mass of 2.0 My,,, after
4 x 10* yrs. Values are obtained using Eq. 5 with the synthetic image intensity profiles in Fig. 5. Uncertainties include the original error in the
intensity profiles and a 10% flux error due to calibration. As a reference, the distance of the planet from the central star 1s indicated by the brown
vertical dash-dotted line and the position of the peak intensity is displayed by the blue vertical dotted line. The beige-shaded area marks the radi

where the full-resolution simulated emission 1s optically thick (7 > 1) in both Band 7 and Band 4.

c ABWARY MNLEER (a=2.0) B L<BER=N,

B LSNDD TGV

><d

7

. 20-30aulEE7 )L Toptically thinfad T, 55 X NDIEE



Interplay between Young Stars and Molecular Clouds in the
Ophiuchus Star-forming Complex
Aashish Gupta, Wen-Ping Chen - We present spatial and

kinematic correlation between the young stellar population and
the cloud clumps in the Ophiuchus star-forming region. The stellar
sample consists of known young objects at various evolutionary
stages, taken from the literature, some of which are diagnosed
with Gaia EDR3 parallax and proper-motion measurements. The
molecular gas 1s traced by the 850 um Submillimetre Common-

User Bolometer Array-2 image, reaching ~2.3 mJy beam—1, the
deepest so far for the region, stacked from the James Clerk
Maxwell Telescope/Transient program aiming to detect
submillimeter outburst events. Our analysis indicates that the
more evolved sources, namely the class II and III young stars, are
located further away from clouds than class I and flat-spectrum
sources that have ample circumstellar matter and are closely
associated with natal clouds. Particularly the class II and III
population 1s found to exhibit a structured spatial distribution
indicative of passage of shock fronts from the nearby Sco-Cen OB
assoclation thereby compressing clouds to trigger star formation,
with the latest starbirth episode occurring now in the densest
cloud filaments. The young stars at all evolutionary stages share
similar kinematics. This suggests that the stellar patterns trace the
relics of parental cloud filaments that now have been dispersed.
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Figure 2. A map of 1°CO integrated intensity in the Ophiuchus cloud complex
taken from the COMPLETE survey (Ridge et al. 2006). The major clouds are labeled
with their Lynds designations as are four B stars from the Upper Scorpius subgroup
of the Sco-Cen OB association.
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- At the end, our YSO sample consists of 30 Class O/l sources, 56 flat-
spectrum sources, 110 Class Il sources, and 58 Class lll sources, of
which ~21% of the sources had no classification prior to our analysis.




O ClasslI > Flat Spectrum
A Class II - Unclassified
83 Class III
[ J
24°20" - I
i
I~
= 30" A -
S : A
= A
Q -
© :
A %
)
10" - 108 :
. 8
50" - E

16h'28m 27m 26m
RA (J2000)

spatial distribution of YSOs and of the 850 um emission outlined by the contours. The YSOs (class I marked by blue circles, flat-spectrum by purple
ass II by green triangles, class III by red crosses, and unclassified sources by yellow symbols) are not randomly distributed. Instead, they appear to follow
patterns. Inner purple dashed line denotes the string of small clumps, as discussed in Section 3 and illustrated in Figure 1. Outer red dashed line denotes
olved sources, as discussed in Section 3.1. °

YSO &,

—&BOLWDTEY S
histgram Z{E > 7=,

> 7 DRt A D

Class | &flatid@| & FEV T > FITHELN,
0:50 : Class 0/1

Fractional Number

0.000

TRUVVR IS

0.025 0.050

(BEET)

Flat Spectrum

0.075 0.100 0.125
Projected distance from nearest clump (parsecs)

w7

N

118

0.25 A | I
0.00 -

Class 11

Class III

0.150 0.175 0.200

*

ELUIEEZDIRWEHD

ENHDDT,

TlE7E W7



Dec (J2000)

-24°20" -

30" -

40" -

50" -

T T
PA 26™

RA (J2000)

1
16"28™

. FHGaiaT—%, Class Il & IEE
U< 54\, Classl&flatidEENE

. >YSODEH

Fractional Number

DRI TCENWTWBZ & EEFE

© o o o ©
= N W s w
1

e o e o oo
— (&) w s
1 1

© © © © o 9©0°
S = N W s
| 1

5

Z R E]

=N

WHERITE

(FZEERIC—FEICBIVLWT WS

0o
1

6) Ne)
11

Class 0/I & Flat Spectrum

i l . N = 27

Class II
N =52

Class III
N = 37

0 2 4 6
Tangential Speed (km/s)

>



Clumpy accretion 1n pre-main-sequence stars as a source of 3 D S PH —-I- = 'Z:\
perturbations in circum- stellar disks

Tatiana V. Demidova, Vladimir P. Grinin - The development CI um p 7';) IKQ % L/ 7'2‘ Q_(
of perturbations in the circumstellar disks of pre-main- _
sequence stars caused by clumpy accretion was investigated. O) = }|:|_J II_I 7*-’2 c__ jw Eéj_') %
Here we perform 3D hydrodynamical smoothed particle o

hydrody- namics simulations of disks perturbed by a recent b’- Al 7.2_ %:I:EK t P, 7Ld\ %
clump accretion event. These simulations are further

explored by radiative transfer calculations to quantify the 75\ % 37L 7— o

observational appearance of such disks. It was shown that
the density waves 1n the disks were formed at the fall of the

clump. After several revolutions they can transform into | v

spirals and ring structures. Their images in millimeter %_'j"’/ / ‘J Ellj J *}% 'f I‘/" 0) %:l
wavelengths are very similar to those observed with == ™

Atacama Large Millimeter/submillimeter Array in some NN ALMAT J: < -
protoplanetary disks. We assume that clumpy accretion may 2— % I ) N 7‘\ 7 gy t“ % =S

be the source of such structures.
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Table 1. The models parameters

| | | | | | | | | Y | L | | | | | -1.
50 40 -30 -20 -10 O 10 20 30 40 50-50-40 -30 -20 -10 O 10 20 30 4‘0 50-50-40 -30 -20 -10 O 10 20 30 4‘0 50
X, AU X, AU X, AU

Figure 2. The average value of the z coordinate of the particles in the cells of R, ¢. The model parameters are
yII-§ 30° and L = 0.8. The time in years is in the upper right corner of the pictures.

L I K R dR 0, Remnant mass Lifetime
Float Degrees Number AU AU Degrees Jupiter mass Sructures
(1) (2) (3) (4) (5)  (6) (7) (8) (9)
0.8 5 3 20 5 30 0.11 Arc, One-hand spiral, Horseshoe > 600
0.8 10 3 20 5 30 0.11 Arc, One-hand spiral, Horseshoe > 600
0.8 20 3 20 5 30 0.11 Arc, Faint two-arm spiral, Horseshoe > 600
0.8 30 3 20 5 30 0.11 Arc, Faint two-arm spiral, Horseshoe > 600
0.8 10 5 20 5 30 0.19 Arc, One-hand spiral, Horseshoe > 600
1 5 3 20 5 30 0.11 Arc, One-arm spiral, Multi Rings, Ring ~ 1000
1 10 3 20 5 30 0.11 Arc, One-arm spiral, Ring > 600
1 20 3 20 5 30 0.11 Arc, One-arm spiral, Faint two-arm spiral > 600
1 30 3 20 5 30 0.11 Arc, One-arm spiral, Faint two-arm spiral > 600
1 5 5 20 5 30 0.19 Arc, One-arm spiral, Multi Rings, Ring > 600
1 5 10 20 5 30 0.38 Arc, One-arm spiral, Multi Rings, Ring > 600
1.2 5 3 20 5 30 0.11 Arc, One-arm spiral, Multi Rings, Ring > 600
1.2 10 3 20 5 30 0.11 Arc, Bright two-arm spiral > 600
1.2 20 3 20 5 30 0.11 Arc, Bright two-arm spiral > 600
1.2 30 3 20 5 30 0.11 Arc, Bright two-arm spiral, Asymmetric ring ~ 2000
1.2 30 1 20 5 30 0.04 Arc, Bright two-arm spiral > 600
0.8 30 3 10 2 30 0.04 Arc ~ 100
1 30 3 10 2 30 0.04 Arc ~ 100
1.2 30 3 10 2 30 0.04 Arc, Faint two-arm spiral, Multi Rings ~ 450

NOTE—The column of “Structures” lists the types of observed asymmetries in the order of their appearance in the disk images.

The column of “Lifetimes” is a long-lived structures lifetime.
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Linking pressure gradients with the stability of molecular clouds in galactic outflows

K. M. Dasyra, G. F. Paraschos, T. Bisbas, F. Combes, J. A. Fernandez-Ontiveros - The jets

launched by actively accreting black holes are capable of launching several of the massive
(million or billion solar mass) molecular outflows observed 1n galaxies. These outflows could
suppress or enhance star formation in galaxies. To investigate the stability of clouds capable to
form stars 1n outflows, we modeled CO and HCO+ ALMA data of the galaxy IC5063, in which
black-hole jets impact molecular clouds. Using a radiative transfer code that self-consistently
performs astrochemical and thermal balance calculations based on the available gas heating
sources, we found that mechanical heating and cosmic ray (CR) heating are fully capable

of individually reproducing the data. In our best-fit model, CRs provide about 1/3rd of the
dense gas heating at the radio lobes, emphasizing the role of this often neglected mechanism in
heating the gas and potentially generating outflows. The gas temperature and density indicate
that the jet passage leads to an increase of about 1 order of magnitude in the internal pressure

Pi of molecular clouds (with Pi/k from 8*105 up to 7100 K cm—3), irrespective of the
excitation mechanism. From the fluxes of [S II] and [N II] lines in VLT MUSE data, the
external pressure Pe of molecular clouds increases in several regions enough to exceed Pi. This
result leads us to conclude that we are observing the expansion of an ionized overpressurized
cocoon that compresses molecular clouds and that could lead to their collapse. Some jet-
impacted clouds, nonetheless, near pathways that the jet cleared have increased P1 and
decreased Pe. They are likely to undergo evaporation of their outer layers. Part of the
evaporated layers could mass load the outflow thanks to ram pressure from co-spatial 1onized
gas flows. The observed pressure changes thus suggest that both star formation enhancement
and suppression could simultaneously occur.



The Great Planetary Heist: Theft and capture in star-forming regions

Emma C. Daffern-Powell, Richard J. Parker, Sascha P. Quanz + Gravitational interactions in star-forming regions are capable of

disrupting and destroying planetary systems, as well as creating new ones. In particular, a planet can be stolen, where it 1s directly
exchanged between passing stars during an interaction; or captured, where a planet 1s first ejected from its birth system and 1s free-
floating for a period of time, before being captured by a passing star. We perform sets of direct N-body simulations of young,
substructured star-forming regions, and follow their evolution for 10 Myr in order to determine how many planets are stolen and
captured, and their respective orbital properties. We show that in high density star-forming regions, stolen and captured planets
have distinct properties. The semimajor axis distribution of captured planets 1s significantly skewed to wider orbits compared to
the semimajor axis distribution of stolen planets and planets that are still orbiting their parent star (preserved planets). However,
the eccentricity and inclination distributions of captured and stolen planets are similar, but in turn very different to the inclination
and eccentricity distributions of preserved planets. In low-density star-forming regions these differences are not as distinct but
could still, in principle, be used to determine whether observed exoplanets have likely formed in situ or have been stolen or
captured. We find that the 1nitial degree of spatial and kinematic substructure in a star-forming region 1s as important a factor as
the stellar density in determining whether a planetary system will be altered, disrupted, captured or stolen.
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The young stars 1n the Galactic Center

Sebastiano von Fellenberg, Stefan Gillessen, Julia Stadler, Michi1 Baubock, Reinhard Genzel, Tim de Zeeuw, Oliver Pfuhl, Pau Amaro
Seoane, Antonia Drescher, Frank Eisenhauer, Maryam Habibi, Thomas Ott, Felix Widmann, Alice Young - We present a large ~ 30 x

307 spectroscopic survey of the Galactic Center using the SINFONI IFU at the VLT. Combining observations of the last two decades
we compile spectra of over 2800 stars. Using the Bracket-y absorption lines we 1dentity 195 young stars, extending the list of known
young stars by 79. In order to explore the angular momentum distribution of the young stars, we introduce an isotropic cluster prior.
This prior reproduces an 1sotropic cluster in a mathematically exact way, which we test through numerical simulations. We calculate
the posterior angular momentum space as function of projected separation from Sgr A*. We find that the observed young star
distribution 1s substantially different from an isotropic cluster. We identify the previously reported feature of the clockwise disk and
find that its angular momentum changes as function of separation from the black hole, and thus confirm a warp of the clockwise disk
(p ~99.2%). At large separations, we discover three prominent overdensities of angular momentum. One overdensity has been
reported previously, the counter-clockwise disk. The other two are new. Determining the likely members of these structures, we find
that as many as 75% of stars can be associated with one of these features. Stars belonging to the warped clockwise-disk show a top
heavy K-band luminosity function, while stars belonging to the larger separation features do not. Our observations are in good
agreement with the predictions of simulations of in-situ star formation, and argue for common formation of these structures.




Curved jet motion. I. Orbiting and precessing jets

Christian Fendt, Melis Yardimci - Astrophysical jets are often observed as bent or curved structures. We also know that the different

jet sources may be binary in nature, which may lead to a regular, periodic motion of the jet nozzle, an orbital motion or precession.
Here, we present the results of 2D (M)HD simulations 1n order to investigate how a precessing or orbiting jet nozzle affects the
propagation of a high-speed jet. We have performed a parameter study of systems with different precession angles, orbital periods or
separations, and different magnetic field strengths. We find that these kinds of nozzles lead to curved jet propagation which 1s
determined by the main parameters that define the jet nozzle. We find C-shaped jets from orbiting nozzles and S-shaped jets from
precessing nozzles. Over long time and long distances, the initially curved jet motion bores a broad channel into the ambient gas
that 1s filled with high-speed jet material which lateral motion 1s damped, however. A strong (longitudinal) magnetic field can damp
the jet curvature that 1s enforced by either precession of orbital motion of the jet sources. We have investigated the force balance
across the jet and ambient medium and found that the lateral magnetic pressure and gas pressure gradients are almost balanced, but
that a lack of gas pressure on the concave side of the curvature 1s leading to the lateral motion. Magnetic tension does not play a
significant role. Our results are obtained in code units, but we provide scaling relations such that our results may be applied to young
stars, micro-quasars, symbiotic stars or AGN.



