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The largest ground-based astronomical facility
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Star & Planet Formation

Class 0/l

envelope

a dark cloud b gravitational collapse

/

dense core

j«-200,000 AU -»{ 10,000 AU-» time=0

d T Tauri star
bipolar
flow
protoplanetary *
disk\

€ pre-main-sequence star

planetary debris
disk

X
central
star
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100 AU — > 3,000,000 yearsjji<——100 AU—»/ 50,000,000 years

C protostar

bipolar
flow /

«— 500 AU—>

central

f young stellar system
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YSO components

~0.1—1.0 pc

* Protostar

* Envelope
* Bipolar outflow

* Disk

Class 0O/l to Class Il/I1]

Timescales ~1 Myr

~1000—5000 au

~1000—5000 au



Accretion & Outflow

» Accretion
“Static” outer envelope, infalling inner envelope, accretion disk

 Bipolar outflow
rotation disk & magnetic fields (magnetocentrifugal models)

Hartmann 1998 Inner Disk Accretion Shuef al. 7994 X-wind Model Kato 2004 Toroidal Magnetic Field - Jet
Infan? Stellar 4 .
magnetosphere Accretion columns Wind/jet

» Accretion shock A
N 4
/s
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\
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’ Hot continuum |
Far-1R, radio Broad emission lines
(Ha, etc.)

Infrared

4 LI4481RS2

Flattened Envelope around L1157 Protostar Spitzer Space Telescope * IRAC
NASA / JPL-Caltech / L Loonsy [University of lllingie) #5c2007-198

Tobin et al. (+Kwon) 2007 Looney, Tobin, & Kwon 2007
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Bipolar outflows

Kwon et al. 2015
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Class 1 YSOs

Bipolar Outflow & Disk

TMC-1A (d~140 pc) Asoetal. 2015

ALMA (cycle 0)
Band 6: cont., CO, C'80
resolution~1"

Bipolar outflow and infalling/rotating disk

w2000 Decinatier
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Class Il YSOs

Protoplanetary Disks

Burrows et al. 1995 HH 30

Protoplanetary Disks HST - WFPC2
Orion Nebula

PRC95-45b - ST Scl OPO - November 20, 1985
M. J. McCaughrean (MPIA), C. A. O'Dell (Rice Universily), NASA




Disks In 1 mm continuum

Kwon et al. 2015

HI, Tau (CARMA) Kwon et al. 2011




HL Tau (ALMA)

ALMA partnership 2015

Protoplanetary disks TW Hya (d~54 pc)

TWHya ALMA 870 pm

Ad [arcseconds]

surface brightness [m)y / beam]

0.0
0.5 0.0 -0.5 -1.0

A« [arcseconds] Andrews et al. 2016




Intensity (Jy/beam)
0.00 0.05 0.11 0.18 0.21 0.27 0.32

Radial drift and trap of large . i.o-—
grains in protoplanetary disks

&Dec (")

* A Major Asymmetric Dust Trap in a Transition Disk

e Van der Marel et al. 2013, Science 05
* OphIRS 48 (d ~ 120 pc) i

e 0.44 mm (685 GHz, Band 9) continuum, CO 6-5 o =
0.32"x0.21" ,
VLT 18.7 pm emission 05

v,  GM,r 1 oP oo ol

ro (r2422)32 ° p Or Lo

1.0 0.5 _j?A?' -0.5 -1.0

Flias 2-27 i

Elias 2-27 as seen by ALMA

Kuiper Belt orbit
//' ———
- . . \
The Ophiuchus star-forming region’\ 9 >
- , S ———
Image Credit: NASA/JPL-Caltech/WISE Team N
Credit: B. Saxton (NRAO/AUI/NSF).
ALMA (ESO/NAOJ/NRAO), L. Pérez (MPIfR)




Spiral structures in Elias 2-27

Unsharp Masking Image

* Perez et al. (+ Kwon) 2016, Science

e Elias 2-27
p-Ophiuchus star-forming complex 1
d~139 pc
Class Il YSO
M- ~ 0.5—0.6 Me
Maisk ~ 0.04—0.14 Mo
Macc ~ 8x10-8 Meo/year

Offset Dec ["]
(syun Auenyique) “g

» Observations -1
44 antennas, 12.5 min on target
1.3 mm (Band 6), 0.26”x0.22”
CO, 13C0O, C180

« First detection of spirals down to mid-plane 2 1 0 ) -1 -2
A'ring gap around 70 au in radius Offset R.A. ["']

Optical depth: £ = 0.1 at 100 au, T = 0.02 at 300 au

« Neither planet-disk interaction nor Gl explains the spiral and the ring gap.

HT Lup GW Lup

DSHARP

Disk
Substructures at
High

Angular
Resolution
Project

Sean Andrews et al. 2018:
10 ApJL papers,

posted at astro-ph

on Dec. 12,2018

0.035” (5 au scales)
Band 6




Planets in substructures?
What creates substructures?

 Planets

=> (Gas pressure changes expected
Lin & Papaloizou 1980, Bae et al. 2016, 2017, 2018, Bae & Zhu 2018a,b

e Changes in particle properties

=> No gas pressure changes expected
Zhang et al. 2015, Okuzumi et al. 2016

From Jaehan Bae’s slides

Velocity gradient revealing
existence of planets

T Minimum Pressure Gradient
------- Maximum Pressure Gradient
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Teague, Bae et al. 2018




HD 163296 disk

)

(ms

Vé — Vpoly

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Radius (arcsec)

Teague, Bae et al. 2018
Teague, Bae & Bergin (Nature, accepted)

PDS 70

Direct detection of proto-planets
- Accretion onto planet (e.g., Ha)
- Circumplanetary disk

K7 star in the Upper Centaurus Lupus association
(d ~ 113 pc, Gaia DR2)

0.8 Me

5 Myr old



Discovery of a planetary companion PDS 70b

L 2012'393:,31' 9 H2H3 2015-05-03 H2H3 2015-05-31 K1K2 2016-05-14 L' 2016-06-01

. -
R~ ’

Lo ’o .

‘e

.
Keppler et al. (2018)

Gemini/NICI VLT/SPHERE VLT/SPHERE VLT/SPHERE VLT/Naco

An Accreting Planet Within a Disk Gap

K1K2 2018-02-24

0.5

10
]
©°,

° - ’ VLT/SPHERE ,
2.5 hour integration ’ M ppszon = 108 My,o/yr

ADEC (arcsec)

-0.5

Miller et al. (2018) ﬂ Wagner et al. (2018)

0.5 0.0 -0.5
ARA (arcsec)

From Jaehan Bae’s slides

ALMA observations

12CO 3-2 integrated intensity (moment 0) 350 GHz (855 um) continuum
0 10 er(w)dy beurg&‘ km Sl;;] 50 60 0.0 0.4 ™y Ct])-%um" 1.2 1.6

0.5

0.0

-0.5

Dec. offset [arcsec]
Dec. offset [arcsec]

-1.5

1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5
R.A. offset [arcsec] R.A. offset [arcsec]

Keppler, Teague, Bae et al. (2019)



mJy beam™" km s’

0 10 20 30 40 50 60

- Agap in CO is detected along PDS 70b’s
orbit.

- The continuum ring blocks CO emission
from the far side of the disk.

- There is non-negligible CO emission
between PDS 70b’s orbit and the
continuum ring.

Dec. offset [arcsec]

1.5 1.0 0.5 0.0 -05 -1.0 =15
R.A. offset [arcsec]

In Keppler, Teague, Bae et al. (2019):

“We find that even a planet with a mass of 10 My may not be sufficient to explain
the extent of the wide gap and an additional low-mass companion may be needed
to account for the observed disk morphology.”

And...

* |t turned out that there’s an additional planetary-mass companion
within the cavity!

L"2012-03-31

ADEC(mas)

—400 —300 —-200 -100 O 100 200 300 400 0.4 0.2 0.0 —0.2 —0.4
ARA(mas) SRA (arcsec)

L' band (3.5 um) scattered light Ha (6563A) sub-mm continuum (855 um)
Keppler et al. (2018) Haffert et al. (2019) Isella et al. (2019)

From Jaehan Bae’s slides




Velocity Kink in HD 97048

* ALMA 13CO 3-2, 6~0.1", Pinte et al. 2019

CO lower surface

velocity
kink

HD 97048 midplane

dust rings
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Proto-planet formation

Giant planet formation

» Core accretion vs. disk instability?

4 t=0.1 Myr
(Solar Nebula)

W

5
s

\\

N
M
Ga:
5t Gra 0

Core Accretion

Planetesimals

Formation of gas an

d ice giant planets,A.P. Boss 2002

r \'Va: t=0
ipate
(Solar Nebula)

nnnnnnnnnnn

Disk Instability

B t=1000yrs ©t=1Myr
(Nebula Dissipated




Giant planet formation

* Core accretion vs. disk instability?
® Fomalhaut b - a feW MJ at 119 AU Kalas et al. 2008

 HR 8799 Marois et al. 2008, 2010
5-13 My at 15, 24, 38, and 68 AU

-1l & 1 November 2009, L’ kand

Gravitationally unstable outer region

 Toomre Q = csQ / 1G> ~ M+ / Mgisk
e HL Tau
Toomre Q < 1.5 in 50 AU < R < 100 AU  kwon etal. 2011, 2015
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A Short Story of
Magnetic Fields & Polarizations
in YSOs

Early disk formation vs. B

Segura-cox+Kwon et al. 2015

cf. Non-ideal MHD effects, density profiles (e.g., Machida et al. 2011, 2014)

Ohashi etal. 2014

L1527, VLA1623A  wuriioetal. 2013 L1157, B335 Yeret® 20
Large disk ~ 100 AU No disk > 15 AU




Early disk formation

in B-fields aligned to outflow
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Magnetic fields in protoplanetary disks
Magneto-rotational instability?

* MRI: accretion mechanism at later stages of YSOs

* Required conditions
Rotational velocity decreases outward
Toroidal magnetic fields



First resolved “magnetic fields” in HL Tau

» Stephens et al. (+Kwon) 2014, Nature

* CARMA, polarimetric obs at 1.3 mm, up to 0.5”

+ Toroidal fields dominant (magneto-rotational instability),
but not a simple toroidal field
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First resolved “magnetic fields” in HL Tau

» Stephens et al. (+Kwon) 2014, Nature

* CARMA, polarimetric obs at 1.3 mm, up to 0.5”

+ Toroidal fields dominant (magneto-rotational instability),
but not a simple toroidal field
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Various Polarization Mechanisms
in Protoplanetary disks
Magnetically aligned dust grains => various mechanisms

Kataoka et al. 2017, Stephens et al.(+Kwon) 2017
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Various Polarization Mechanisms
in Protoplanetary disks
Magnetically aligned dust grains => various mechanisms

Kataoka et al. 2017, Stephens et al.(+Kwon) 2017
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Grain sizes constrained by
polarizations

* Polarizations of HL Tau (Kataoka et al. 2017)

1.8 e
I scal {a,,, =50 jm) + align
1.6 scat (i, =70 ;o) + align
_ scat (ay,, =100 pm) + align
1.4} 4 - . scat (@ = 150 pm) + align [}

1.2
1.0
0.8
0.6

0.4

total polarization fraction [%]
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0.0 &
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wavelength [pm]

Summary

GW Lup

Young stellar objects
Class O, I, I, 1l

Substructures of protoplanetary disks

Planet formation features

- rotational velocity gradients
- circumplanetary disks

- velocity kink

Planet formation scenarios
- core-accretion
- gravitational instability

Magnetic fields & polarizations in YSOs




