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Planet detection methods

Radial Velocity (eg Mayor
et al.)

HARPS on 3.6m
European telescope

Planet transits — Kepler

Direct detection — Marois
et al.

Difficult

Gravitational
microlensing

Orbital ‘P‘hase



First detections of
planet-mass objects

2MASSWIJ1207334-393254
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55 AU at 70 pe I
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GQ Lup b: Guenther+2005 2M1207b: Chauvin+2005
110 AU separation primary is BD, 5o AU separation

Formation of wide binaries: wide separation may indicate binary
fragmentation; scattering or disk gravitational instability also possible




Direct Imaging: ~
block out the star







Young planets are bright
(so targets/detections are all young)

1 M; Planet Luminosity
(Baraffe+ models)

K—band contrast
with 1 M, star

log Age (Myr)




. Stare'atone
region for . -
~3 years! .

Measure 106
lighteurves!- -

© -Off galactic plane:
- not too crowded or sparse




Kepler lightcurve

(Desert et al. 2011)

€0 modte] N ® Over 2000 planet
0 o o candidates
e o A Need ground-based
e I/ e follow-up confirmation
) 212 morta) e -
R SO ® Very high precision
8 photometry (part per
million)

£(0) mod[.B]

® | ook for moons, rings?

® Atmospheric composition!
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Microlensing
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Core
Accretion?
R . .
Gravitational
Instabilities?

Micrc(Failed)
Binary
. .. Formation?

1.0 10 100
Distance (Scpttering?







Evolution from clouds
to planetary systems

t~104-105yr

-é
Protostar, embedded in

8000 AU envelope;
Gravitational collapse disk; outflow

- 10000 AU

50 AU

Pre-main-sequence star, IMain-sequence star,
T Tauri star, disk, outflow remnant disk planetary system (?)




Pre-main sequence stellar evolution
Star forms Inside an envelope
Cores/protostars

Young protostars
surrounded by dust

Luminosity absorbed and
re-radiated at long

wavelengths

Accretion
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Log Vv (Hz)




Pre-main sequence stellar evolution
Star forms Inside an envelope
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Rosette Nebula
Schneider et al. 2010

H-alpha (black/white) +
far-IR (colors, from Herschel
Space Observatory)



Filaments: N ;
long, thin structure&; L
o
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Rosette Nebula
Herschel Space Observatory




Eagle Nebula:
Hubble Space Telescope



Hubble S “Plllars of Creatlon
[shnwn to scale]

“Plllars and “Mountains” of Star Formatlon Spltzer' Space Telescope . IRAC
Inset: Hubble Space Telescope
NASA / JPL-Caltech / L. Allen (Harvard-Smithsonian CfA) ssc2005-23b



ta Carina Cluster,
ubble Space Tele
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Serpens star-forming region

Courtesy Adam Block via APOD




Far-IR/sub-mm: emission from dust and protostars

Serpens Main
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Herschel far-IR dust image,
Bontemps et al. 2010



2 deg/1s pc

Serpens Molecular Cloud
D Ly

Cambresy 2003 extinction map



Serpens Molecular Cloud
- ¥ ' A%

2 deg/1s pc
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Add embedded protostars
(yellow) and disks (red)
from Spitzer, near-IR, and
X-ray surveys
Kuhn+2010; Povich+2013;
Dunham+2015
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Add optical counterparts

from Gaia DR2 astrometry \
(Herczegq, Kuhn, et al. 2019)




Molecular clouds are filamentary

(Arzoumanian, Andre, et al. 2011)

All filaments: 0.1 pc across

Cores (green dots) form in
filaments

Suggests turbulence
organizes cold ISM
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Right Ascension (J2000)

Density-transformed map from left



Filamentary Star
Formation

Density-transformed map from left

Molinari et al. 2010

Cores (dots here) only
along filaments (high
algletalelg)




CLASS 0
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Low mass stars, van Boekel 2005

Protostars:
~few 105 yr
Stellar growth

Disks

~few 100 yr
Planet formation



Class ll/classical T Tauri star:
Protoplanetary disks, envelope has disappeared
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-9

CLASS 0
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Accretion shock

\

Hot continuum

emission (T=~8,000K): Broad emission lines gas disk
some narrow lines;

X-rays?

Low-velocity

Disk wind/jet disk wind?

Accretion flows

~— Inner hot B e i
dust wall usty dis
«—

Inner

(T = 10%K)

Hartmann, Herczeg, & Calvet, ARAA




XX

T t 1 T 150 K

snow line UV/X
'g'i?;tal:iigget radiat-iruarr radicals and ions

-~ grain growth -

Henning & Semenov (2013)



Disk evolution

Processes

® Star-disk accretion

® Disk winds (e.q., Fang+2018)

® Photoevaporation

® Grain growth/drift

Henning &

Semenov (2013)

~ grain growth -

Low-velocity
disk wind?

Disk wind/jet

//
/ Inner hot Dust d‘-_k
dust wall usty dis

Hot continuum — ) Inner
emission (T=8,000K); Broad emission lines gas disk
some narrow lines; (T=107K)

X-rays?

Hartmann, Herczeg, & Calvet, ARAA

. = 1.
i UV/X-ray complex molecules |
?(;?r?,ta?;:zet radiation radicals and ions




Planet Formation

(last step In star formation, last class)

v e

e a

The solar nebula contracts. As the nebula shrinks, its motion causes it to flatten.

The nebula is a disk of matter with a concentration Formation of the protosun. Solid particles condense
near the center. as the nebula cools, giving rise to the planetesimals,
which are the building blocks of the planets.




How would a forming planet affect a disk?
(e.g., Zhu+2011)

Gaps in disks: first proposed by Lin & Papaloizou 1986



Planets should form in disk and
carve a gap




Dust and gas disk timescales:
planet formation must occur within ~3 Myr

Disk frequency in different clusters
(Hernandez et al. 2008 and many others,
including Haisch+2001;
see alsoYuhanYao+2018 for mass dependence)
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Star with full disk

CoKuTau 4

e

Brightness

Brightness

~arrr gl

Inner Gap in Circumstellar Disk  Spitzer Space Telescope ¢ IRS
NASA / JPL-Caltech / D. Watson (University of Rochester) ssc2004-08c




Do disks show evidence
of planet formation?

® Transition disks:

Inner holes in their
dust distribution

Usually found with
near/mid-IR spectra
obtained with Spitzer

19!
Wavelength {urz)

Espaillat+2007; see also, eg Strom+1989, Calvet
+2002, D'Alessio+2005, Kim+2009, Merin+2010




Confirmation of lar mm-dust



Atacama Large Millimeter Array (ALMA)




Atacama Large Millimeter Array (ALMA)

Resolution: wavelength/diameter
1 micron/i1 mm = 1000
10 m near-IR telescope => 10 km radio telescope
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Sub-mm interferometer, 5ooom high plateau in Chile
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ALMA Observations

(sub)-mm: cold universe! (usually)

Continuum emission: mme-sized dust grains (with uncertainty)
Gas emission lines: can be spectrally resolved

e Usually molecular; CO is most common

* Rotational lines from low excitation levels

Maps in both dust and gas!



Complete surveys of disk flux (mass)

e.g., Ansdell+2016; Pascucci
+2016; Barenfeld+2016;
51 | seealso Miotello+2017; Long

1s091  CXR0,0 ] +2017 for CO flux

@)
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CHXR71  CHXR30A T54

—-0.5 0.0
log M« [Mg]

From Long+2018a




INg region

2 Myr-old star-form

Cha l

J11100010-7634578
J10590699-7701404
J10581677-7717170
J11022491-7733357
J11081509-7733531
J11094742-7726290
J11092379-7623207
J10563044-7711393
J11074366-7739411
J11040909-7627193
J11080297-7738425
J11095340-7634255
J11101141-7635292
J11004022-7619280
J10590108-7722407
J11122772-7644223
J11104959-7717517
J11111083-7641574
J11062554-7633418
J11080148-7742288
J11114632-7620092
J10555973-7724399
J11105333-7634319
J11095407-7629253
J11173700-7704381
J11072074-7738073
J11085367-7521359
J11065906-7718535
J11113965-7620152
J11095873-7737088
J11183572-7935548
J11083905-7716042
J11160287-7624533
J11123092-7644241
J11100369-7633291
J10574219-7659356
J11132446-7629227
J11105359-7725004
J11100469-7635452
J11142454-7733062
J11100704-7629376
J11075730-7717262
J11075809-7742413
J11103801-7732399
J11094621-7634463
J10533978-7712338
J11120984-7634366
J11071206-7632232
J11044258-7741571
J10561638-7630530
J11085464-7702129
J11092266-7634320
J11065939-7530559
J11120351-7726009
J11040425-7639328
J10580597-7711501
J11045701-7715569
J11074245-7733593
J11105597-7645325
J11074656-7615174
J11241186-7630425
J11432669-7804454
J11025504-7721508
J11064180-7635489
J11071860-7732516
Hot Sample

Cool Sample
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The ALMA revolution:
Dust structures in protoplanetary disks

(a)

0.44 mm cont SQLA

o @

D 1.0" (230.0 AU)

Radial drift: dust flows to pressure maxima




Spirals in young protoplanetary disks

Unsharp Masking Image

Dec (J2000)
Flux Density (m)y/beam)
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1.0" (230.0 AU)

+30:45:13.0
36.4 36.3 3:25:36.2

RA (J2000)
Offset R.A. ["] Binary formation in young,

spiral density waves gravitationally unstable disk
(Perez+2016) (Tobin+2016)




Dust trap in a transition disks

(van der Marel+2013, 2015)

Planet inside hole: Vortex? Comet/KBO factory?



Dust tra v jith AL MA

(e.g., van der Marel+201g5; Pinilla+2015)

30A




Cartoon of IRS 48
disk inferred from
ALMA observation

L '

y i } y }
0.3AU 20 AU 0AD 458U B0 AU
Dust trap with
Young planet large dust grains

Star




Simulating dust traps

Zhu & Stone (2014)

luglﬂz log ot q
—2.00-1.56-1.12-0.68-0.240.20 -2.0 —1.4 -0.8 -0.2 0.4 1. ldeal MHD
Zhu & Stone 2014




Decoupling of mm-sized, micron-sized
Dong et al. 2012, slide prepared by Ruobing Dong

SR 21, SMA 0.88 mm Image ) )
Andrews et al. 2011, Williams & Cieza 2011 Nmm-SIZCd grains

40 AU

SR 21, Subaru H-band Image

Follette et al. 2013




ALMA Image of
HL Tau disk
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Unbiased-ish ALMA survey of Taurus disks (0.1"/14 AU)

Long et al. 2018/2019, Yao Liu et al. 2018; Lodato+2019, Manara et al. 2019; includes
Herczeg (PI), Pinilla, Harsono, Ragusa, Dipierro, Tazzari, Salyk, and ~10 others

MWC 480

2.4" (350 AU) on each side



What if the gaps are carved by young planets?

10

Mass [Jupiter Mass]
= |

0.01}

(Lodato et al. 2019)
gap-inferred planet population
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_PDS 70
i

!
" o

Distance [au)

Zhang+2018 (DSHARP);

Long, Pinilla+2018:
rings/gaps are not
created by ice lines



Planet(s) in a disk around the star PDS 70!

(Keppler et al. 2018)

VLT/Sphere

20 AE
—



Proto-lunar disks around PDS 70bc?

TR Low-velocity
Disk wind/jet disk wind?

Accretion shock

Inner hot )
dust wall Dusty disk

Hot continuum . : Inner
emission (T=8,000K); Broad SHESSION lines gas disk
some narrow lines; (T=10°K)

X-rays?

MUSE/H-alpha accretion, Haffert+2019
See also, eg., Bowler+2013; Zhou,
Herczeg, et al. 2014; Wagner+2019
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ALMA/dust, Isella+2019




CO channel maps:
maps at different
velocities of an
emission line
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isovelocity
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Planet from kink in CO channel maps!

Pinte et al. 2018/2019; see also Teague+2018

CO lower surface

velocity
kink

gl

HD 97048 midplane
dust rings

CO upper
surface

Av=0.96 km/s

0
A Ra["]

Av=-0.96 km/s

-3 -2 -1 0 1 2 3
A Ra["]

Planet introduces spiral wave; location consistent with gap



Unbiased survey of Taurus disks (Long et al. 2018/2019)

12 large disks with
substructures

12 smooth (?),

compact disks
(~20-40 AU; not fainter)

Truncated: smooth disks
in binaries (0.7" — 4"")
See also Akeson+2019 and
Barenfeld+2019 for binary effects



AS (//)

Small dust disks: efficient radial drift for CX Tau?

(Facchini et al. 2019)

T T T T T T T T T T 1 T T T T .
1.0F | | * - Seealso, Baobab Liu:
: 4 - FU Ori dust disk is ~10 AU
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Disks and substructures form at young ages
Tobin+2018; see also Jargensen+

345 GHz

0.3 0.6" 09"




Polarization: scattering important,

maximum grain size of 100 microns?
Kataoka+2015; would radically change disk masses
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Weird disk around the binary of HD 98800N

binary in a quadruple system, disk+binary not coplanar
Kennedy+2018
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Weird disk aro

binary in a quadru




Warped disk (Loomis+):
different inclination versus radius

¢) Super-uniform

Not to scale



Warped disk (Loomis+):
Mass flows between radii

Not to scale

Modeled streamers Sim. Obs.

DO

1 30 AU




T 1
| AS 205 N, Observed

Spitzer-IRS H20 lines (soon JWST!)
Carr & Najita (2007) and Salyk+(2007)

Brightness

1
16.5

1 L
15.5 16.0
Wavelength (microns)

1 1
14.0 14.5 15.0 17.0

Water Vapor and Other Gases in AS 205 N Spitzer Space Telescope * IRS

NASA / JPL-Caltech / C. Salyk (Caltech) ssc2008-06b

o 1500 K | | |:-
UV/X-I‘BV compiex moiecuies

radicals and ions

radiation






