Deciphering protoplanetary disks:
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Caveats

Biased perspective on part of the ﬁeld

e References highly incomplete

........

Focus on gas rather than dust . pnm'osmnsg
Look back but also forward .
Look beyond topic of disks

Thanks to all colleagues, postdocs, students for making this
such an enjoyable journey

Thanks to Jane Huang for an excellent review and perspective



Progress in astronomy driven by new instrumentation

1995-1998
Spitzer
2003-2011

VLT-ISAAC,
CRIRES,
Keck-NIRSPEC Herschel
2007-2013 ;
OVRO, BIMA, 2009-2013
IRAM, NRAO,
Nobeyama, VLA
CSO, JCMT,
SMA, ...... Rosetta
1987- 2014-2019

JWST
link 2022-

Solar system




Every wavelength provides piece of puzzle

UV,0Opt  near-IR ~ mud-IR far-IR
< > < > < »<
(sub-)mm
Spitzer Herschel/PACS - HIFI
VLT/CRIRES ~ JWST
Nirspec ALMA

\

1 [au]

Questions: o
- Gas/dust eﬁ!@e;.
- Structure

- Chemistry

D. Fedele



Scenario for low-mass star formation

Shu et al. 1987, 1993



Disks: do they exist?

An image is worth a thousand words 30 years later: planets!
(and a thousand SEDs....)

.f:.’ Q- 5
;::: . . ' 5
G O i 2013-11-15 5 au

Smith & Terrile 1984 Lagrange et al. 2013-2018

A spectrum is worth a thousand images....

—_— ];;»:.:r;rl'-:_\ljil'l'l'-:.\f‘{.':'\' Beta Pic b
VLTI-Gravity
Spatially resolved

t ﬁm/\m K-band spectrum
f

2. 2.5 Gravity, Nowak, Lacours et al.
Wavelength (micron) 2019



Existence of protoplanetary disks?
It took some time to provide convincing evidence

18°08'00"

Sargent & Beckwith 1987, OVRO

Keplerian rotation or infall?

Also: Japanese Nobeyama



Young disks: Envelope vs disk

protostellar
envelope

single—dish
, short spacings /
resolved
envelope
o

flux

point source Inner envelope or disk?

) . Keene & Masson 1990
projected baseline length Hogerheijde et al. 1998

Envelope overwhelms disks except on longest baselines Looney et al. 2000



Again: images

HST/C. O’Dell et al. 1993-1995
VLA: Churchwell et al. 1987



HH 30 disk + jet

Optical image HST

Green: [O III]
White: broadband

Scattered stellar light

i

Edge-on Disk

HST: C. Burrows et al. 1996



Some years are special: 1995-1996

« HST Orion disk images: disks exist

— Also with mm interferometers
* Discovery of extrasolar planets: 51 Peg
* Bright comets: Hyakutake, Hale-Bopp

Exoplanets Disks Comets

Diig

 ©NASA, ESO



Mm observations of young disks

(a] Dust sontinvum Bt A = 1.0 mim. (b} Intagrated CO[Z—1) Misnaity. [o] CO{2—1) mean Taleaitled.
Trtal B e {7 boam ! om a7l Moy i m Y]

{1 MWC 480:
Herbig Ae
| intermediate
|1 mass young star
Progenitor of
| Vega-type star

Mannings & Sargent 1997

Velocity pattern CO consistent with Keplerian rotation

Also: Lay et al. 1994 (JCMT-CSO), Guilloteau, Dutrey et al. 1994-1997 (IRAM PdBI)
Hayashi et al. 1993 (Nobeyama)



More observations of ‘debris’ disks

HD 207129 GOV, d=15.6 pc
M=0.01 M.

HD 141569
w | Fomalhaut
> -& O i

Jourdain de Muizon et al. 1999

IRAS Vega FIR excess '

Aumann et al. 1984 *

5.6 billion miles '
Diameter ofN®eptune'5 Orbit
Weinbel‘gel‘ et al. 1999 Size of Plato’s orbit %

Also structured! Little discussion so far....
Holland et al. 2003, SCUBA



Initial chemistry studies

THE ASTROPHYSICAL JOURNAL, 391:L99-L103, 1992 June 1
(T 1992, The American Astronomical Society. All rights reserved. Printed in U.S.A.
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0 DOIL: 10.1051,/0004-6361:20011137
coo&e © ESO 2001

Submillimeter lines from circumstelle
sequence star

G.-J. van Zadelhoff!, E. F. van Dishoeck!, W.-

Disk abundances much lower than in ISM
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Vertical temperature structure

- 2CO 1=1 surface near top of disk
- BCO emission from deeper in disk Van Zadelhoff et al. 2001
Dartois et al. 2003



Three-layer chemical structure

10
=?-~107 i
iE’«m6 I
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10 T, s larger
0.00 0.(.)5 0.1.0 0.1.5 0.20
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intermediate molecular layer =R
- Photodissociation
Freeze-out *_5 , co v
T 10-7 T~ /
E 1 A
S 0ot HCO'
Aikawa et al. 2002, Van Zadelhoff et al. 2003, . o
Markwick et al. 2002, Millar, Nomura et al. 2003 10-11¢ D¢

Jonkheid et al. 2004, 2007, Semenov et al. 2006, 2008, T 0 40 60 80 100 T
Z(AU)
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Temperature now measured directly!

Flux

IM Lup
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N."‘. I|' ".,I :
."II III |I :
\ : Upper surface
— Mo oy : far side
Position along vertical axis . faentt
Wl X, yr)
;/ Yi—Y¥Ye
| "
\ hsini
b * 1.1
\ =**" Upper surface
ear near side
— (x, yn)

I

I

I

]

I

&

| Lower surface
2 by -
B s,%. NEAT side

@ o .

A v =0.80 km/s

" Flux o
dilutign”

3CO upper surface ¥

." .
TT
L

Pinte et al. 2018
Paneque et al.,
Izquierdo et al. modeling!



Vertical structure molecules

Elias2-27

/  CN-2 hfl
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Radial distance [au]

Paneque et al. 2021, to be submitted



Probing vertical 7 structure

The textbook case of IRAS04302

HST: edge-on disk Cc0 (T sub~20 K)
c’0 H,CO
from from
- midplane - - surface

| = .

CO frozen out
in outer disk
= midplane - -

. ow g

- CO not frozen out (except at very large radii)
- H,CO frozen out in midplane but not surface layers

Young disks are warm, mature disks cold

H,CO (T,,,~50 K)

vV

"

100 au

van ‘t Hoff et al. 2020
Podio et al. 2020



Young disks are warm
Mature disks are cold

complex organics
IRAS 16293 - Class 0

H:0 freeze-out temperature

H'3CO*

3
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CO freeze-out temperature

60 80
Radius (AU)

Van ‘t Hoff et al. 2020



Disk subthemes

" Disk surveys

* Disk chemistry
= With gaps and cavities
" Inner disk structure



High-mass regions: Orion OMC2

e

.
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...........
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~ Integral shaped filament

" OMC2 e

" ALMABand3 ,
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Also: NGC 2024, L1641, ...
van Terwisga et al. 2019, 2020
Grant et al. 2021, Otter et al. 2021

Unbiased survey of disks of around low-mass stars
in high mass environment



High vs low-mass regions:
‘Environment’ (UV) matters

s OMC-2
Lupus
Cham I
Upper Sco

|
10!
Mdust [MEB]

van Terwisga, Hacar, vD 2019

- Disks in OMC2 (away from bright massive stars) similar to Lupus

- Disks in ONC (near massive stars) much lower masses — photoevaporation

dM/dt~8x10-8 M, /yr

sun

Mann et al. 2014, Eisner et al. 2018 ONC, Ansdell et al. 2017 ¢ Ori




And now for something really big!

Survey of Orion’s Disks with ALMA (SODA)

Thisksurvey

Van Terwisga, Hacar, vD
et al. subm

N =872 disks across the length of Orion A, at 1.3” in ALMA B6



Orion disk mass distribution

Upper Sco

Cham I

Lupus

Orion Class 0

Orion Class I
B SODA

101
Mdust [MGB]

van Terwisga et al. subm.

57% detected

Similar distribution to Lupus, Cha I
Direct comparison to Tobin et al. 2020:
factor 50 flux loss vs Class 0



Young disks are massive
Planet formation must start early
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Tychoniec et al. 2018, 2020



Solar system:
evidence for early planet formation

parent body

accretion
el ol .. piter
0880

@ >50Me

[0
[}
=
[ —
©
e
o
=
o

Kruijer et al. 2017




CcO

Gas vs dust structures

13CO C!8O HCN DCN CH HGN H.CO
. . . £ o ~
L4 L 4 L & o & a
B “ . “ - .
- - L] o Q

Many gas structures not related to dust structures

MAPS

Oberg et al. 2021
Guzman et al. 2021
Law et al. 2021



Every molecule tells its own story

TW Hya, N,H* 4-3 IM Lup, DCO* 3-2 IRS48, 13CO 3-2
CO snowline CO snowline Gas gap 30 AU
CO photodesorption —
- -
‘- *
» -
-
Qietal. 2013 Oberg et al. 2015 Van der Marel et al. 2013, 2016
TW Hya, CN 2-1 TW Hya, CH

Much more data needed!

Cazzoletti et al. 2018

Miotello et al 2019 Berener et al 2019



Few molecules trace gas cavity

50 100 200 400

DALI model

. a.) Surface density profile
50 100 200 400 15 50 100 200 400 15 , . :
R[AU] RIAU] inner disk ! gg outer disk

Booth, Natoewal, Leemker et al. in prep.

log(¥) (Surface density)

- Model with gap in dust and varying depths in gas
- UV penetrates deeper in cavities — affects chemistry

S AP R Y S ————

gap Reay R.

log(radius)



Physical-chemical disk models

Stellar spectrum

Many codes:
Prodimo, DALI,
Michigan, ANDES
Gorti & Hollenbach,

Challenge to maintain them!

Density structure
Y q

Continuum radiative transfer

dust temperatures

Chemistry:

// abundance k

Excitation ( ) Thermal

levels balance

abundances & gas temperatures

Raytracing molecular lines

Bruderer et al. 2012, 2013, 2014
Miotello et al. 2014, 2016 CO isotopologs
Facchni et al. 2017 grain growth + drift



Gas cavity < Dust cavity

HD169142

mJy beam™! mJy km s~ beam~1
5 10 15 0 20 40 60 80 100
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Leemker et al., in prep.

- Deep gas cavities (drop factor 100 or more) point to companions
- Need C130 (2CO, 3CO temperature sensitive)

Bruderer et al. 2014, Perez et al. 2014, Van der Marel et al. 2015, 2016,, Fedele et al. 2017, ...



Snowlines and dust traps change
C, O, N, ... abundances in gas vs ice

Oberg, Bergin et al. 2011, 2021
Vvn Dishoeck & Bergin 2021



CO abundance profile:

enhancements vs depletions inner disk

Beat @
lze DM Tau
10 &
| m— CISO
1 1 1 1 1 | 1 v
e (d)
10°F HD 163296
10t L i
r [ L L L L ] [
Dust evolution+CO freeze-out Simulations
100 (e)
| 4 2 —)¢ 3 —b
- 1 Krijt et al.2018
E L L L L L 1 L
0 50 100 150 200 250 300 350 400
R [AU]

- Enhancement: radial drift icy pebbles
- Depletion: dust trap beyond CO iceline

0D 210l

5597

Schwarz et al. 2016
Zhang et al. 2019
Booth et al. 2019
Sturm et al. 2021

Krijt et al. 2020 models



Where is the volatile oxygen?

0.05 IIZ()
3 HIFI
.-é»‘ Weak!
- TW Hya

—-10 0 10
Velocity (km/s)

Hogerheijde et al. 2011, Du et al. 2015, 2017

Gas mass from HD factor 100 higher
than from C130

Bergin et al. 2014, Kama et al. 2016, Miotello et al. 2017

Disk mass from Herschel-PACS:
HD J=1-0 112 pm

COJ=23-22

112 113
Wavelength (um)

Bergin et al. 2013, McClure et al. 2016

Favre et al. 2013, Schwarz et al. 2016,
Trapman et al. 2017, Kama et al. 2020



Chemistry: importance of disk
structure and dust evolution

UV penetrates
deep into disk

. / Small bare grains

Icy pebbles
O-rich Gas with

C/0>1

(but overall C depleted)

Bergin et al.
Birnstiel et al.
Krijt et al.



Inner Disk: IR

N
o "
o e
S .-

Miq.
,_/R turbulence
S .
C_IUSt ) driven . wo sno®
sublimation accretion  forming 150‘-55\03

planet

Settling +
growt|
<«

ﬁlz‘ze .
I, 'Rs Near-IR

VLT-CRIRES+ front
JWST-NIRSpec 1 / \

ELT-METIS

radial drift +
nantle sublimation

‘ Vertical wind
dust free mixing win
driven

gas i
accretion

dust trap
sublimated

co,

10 AU 1AU 0.1AU
Figure by A. Bosman

IR: gas: major species, including without dipole moment H,, CO,, CH,

solids: silicates, ices, PAHs
atomic lines, e.g. [Ne II], [SI], ...
Mm: gas: also minor species
dust: continuum



Silicates: disks vs solar system

300

200

FLUX (Jy)

100

HD 100546

Hale—Bopp

—— Forsterite MggSiO,
PAH

10 20 30
WAVELENGTH (um)
Malfait, Waelkens, Waters et al. 1998

40

ISO: Herbig stars




FLUX (Jy)

Crystallinity

ISO: Herbig stars Spitzer: T Tauri stars and Brown Dwarfs

300

SST—Lup3-1

Crystalline forsterite

L by

200

HD 100548

-_——

100 Hale—Bopp

| S|

— Forsterite Mg.Si0, Silicates S1]1¢ates Forsterite

PAH
o= | | | : 15 20 25
10 20 a0 40 Wavelength (um)
WAVELENGTH (pm)
Malfait, Waelkens et al. 1998 Merin et al. 2007

Apai et al. 2005

- Crystallinity seen in large fraction of T Tauri + BD disks (>50%)

- Interstellar silicates amorphous => crystallization at > 800 K must have occurred in inner disks
=> provides constraints on efficiency of heating and mixing processes

- Also seen in comets => mixing in our solar system was more significant than thought before



Silicate line profiles

(continuum subtracted)

olivine 0.1 um grains
olivine 2.0 um grains

0.1pm

_r:l_
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n*i

—
=
ak}
o
%]
=
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=
(=1
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o
w
0
m

10 11

lambda (L m)

- Ratio of 11.3/9.7 pm fluxes is measure of flatness of profile

Bouwman et al. 2001
Van Boekel et al. 2003
Przygodda et al. 2003



Silicates in T Tauri disks

* Indication of grain
growth to a few um in
most sources

Norm Flux

Mie models

2.50um
2.75pm
3.00m
3.26um

 No correlation with
age, accretion rate;
weak trend with
stellar type
— Disks around M-stars

show more grain
growth than A stars

Norm Q,,

2.50um
2. 75m

3.00um
3.25.m

Norm Q.

4
3
2
1
4
3
2
1
4
3
2
1

15 20 25 30 35
A [pm]

Kessler-Silacci et al. 2006, 2007




Statistics 10 um feature

20
5 190 Remarkable similarity
% 1of (even though individual
- ot disks are very different)
Ot : —— i .
1.6§§§\\ﬂat Serpens é

Taurus

Balance between dust
growth and fragmentation
that is maintained over a
few million years
independent of the
population studied

Kessler-Silacci et al. 2006, 2007
Oliveira et al. 2010, 2011



The Picture

* Dust growth and
sedimentation

* Bigger particles in
midplane collide
(fragmentation/boun-
cing) producing
smaller particles

* Turbulent mixing
keeps a small dust
population in upper
layers at all times

* Different processes

may be responsible
for small dust at a

I Warm component
[ Cold component

» Radial mixing (crystals)
c Turbulent vertical mixing

mn®  Fragmentation
A Silicate crystals

=) Stellar winds / Radiation pressure

Olofsson et al. 2009/

imentation

0.1 AU 1 AU 10 AU given time

Scenario consistent with evidence from primitive chondrites in our
own Solar System



Hot water in the planet-forming zones of disks

AS 205 N, Observed

Brightness

f‘i |

qul[‘LlrJ] 13' U "IL I| || | ‘ "‘;]l. "5_1].‘;1"]': ‘Jﬂl] I“u

L._.._.._.il_..__..._.._... il i

14.0 14.5 15.0 15.5 16.0 16.5
Wavelength (microns)

17.0

Spitzer Space Telescope * IRS
ssc2008-06b

Water Vapor and Other Gases in AS 205 N
NASA / JPL-Caltech / C. Salyk [Caltech] Salyk, Pontoppidan et al. 2008



Water and organics in AA Tau

ST A [T
0.7 - Observed AA Tauri Spectrum e
Spitzer
0.6} olllle | |
3 L g
S
=
o 0.5 _
V
o
3
=
= 0.4 .
0.3 -
| 1 | 1 1 | 1 | 1 1 I | 1 1 | | 1 1 1 1 | 1
16 15 20 25 30
Wavelength (um) Carr & Najita 2008

- Deep new observations: such rich spectra are common for T Tauri disks



Revival of IR spectroscopy
after 8 yr drought (>2013)

VLT-CRIRES+, Keck-NIRSPEC: high spectral res
~ 1-5 pm R~10

JWST-MIRI, NIRSPEC: sensitivity, full A range

_ 1-28 um R~3000 IFU

VLTI-Gravity(+) : spatial resolution 1 milliarcsec

_ 2um R~3000

ELT-METIS ~2027: spatial + spectral resolution

— 1-5 um R~105, IFU



JWST spectral sensitivity

R=600-2400 spectroscopy, emission line, point source

L T T T T T T L |

Spitzer
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line flux detected at SNR

wavelength (um)




Ro-vibrational energy levels of CO

V=1-0: M-band
2500 K 2 4.6 um
1 V=2-0: K-band
=1 J=0 2.3 pm
4.6 um
15K 2
V=0 i 4 4 T 4 1 mmJ=}) Not to scale

- Lines probe warm gas in inner few AU of disks
- Many lines in a few spectral settings



CO Profile

Face-on disk Inclined disk Peaky priofile

AS 205 A

no
(=)

—_
%)

El
5,
<
=
L

—_
o

Velocity [km s7]

- Kepler’s law => Inner radius R
- Evidence for disk and in many cases a slow disk wind



Probing disk + slow disk wind

CRIRES Spectro-astrometry Model

AS 205N Wind + disk disk only

Normalized flux
P Opm= =00
v srPDONEBDODON

et [AU]

=
o

Astrometric offs,
o

\

\ﬂ

=
(="
g
[+]
=]
n

Pontoppidan et al. 2011
Brown et al. 2013
Banzatti & Pontoppidan 2015

-40 -20 0 20 40
Velocity [km s™']

- Use spectro-astrometry to locate emission within a few au
- Slow molecular disk wind moving at few km/s w.r.t. stellar velocity



Probing inner disk gas structure

HD 142666

Uy asnp ||ews

— CO rovib
sub-mm dust
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Norm. sub-mm intensity
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=
i

5 10
Radius (AU)

Bosman et al. 2019

Invert line profile to get gas structure on few au scales!



JWST: inner disk chemistry
Probing the gas that makes planets

Simulated JWST
Inventory

C,O,N

_—
=
=
x
=
w

Wavelength (um
Bosman et al. 2017, Bosman, priv. comm.

Initial
1 x 107 yr

— 3 10° yr

Pebble drift enhances
H,O in inner disk

10°* ’ But.... Dust traps!

Bosman et al. 2018 Radius (AU)




Locking up volatiles in dust traps
Linking inner and outer disk

AS 209

aner midplane Outer surface

Low C, O, N, and dus LowerC, 0, and N
abundances. abundances.
. Silicate  H,0,C0,, CO&N, o

- sublimation & CH,0H snowlines
: line snowlines

o 0.01

Trapped solids
&
forming planets @ terrestrial

Silicate H,0, CO,,
rocks & CH,0H ices i sub-um dust rings
mm dust rings

McClure et al. 2019, 2020
Bosman & Banzatti 2019



Ice features: simple to complex

> 107! - -
N - CO s ® . : ]
o NH} CH,O0}
SN0 B ‘
h i ) -
. 85 o065 100
.o " & Wavelength (um)
. 1 - 1 el L 1 '.'. : ’|. L w—
- ' . > s .
3* .4 5.6 7 8910 15 20 30
AR T - 1 Boogert et 4l. 2015,
: o . Wevelength' (um) . Jeerat i
Montage: S. Bottinelli R s .

«  Oberg et al. 2008, 2011
Gibb et al. 2004
- Ices can contain significant fraction (>50%) of heavy element abundances



JWST: ices, even spatially resolved!

Starlight Misses
Disc

Starlight Absorption against
Grazes Disc l Dust growth/settling + UV: ‘ . continuum sources:

Vertical chemical gradient

Jum 2aﬂ_£re_d_st5|l§r
Dust grain ice species mantles,
. “Onion” approximation.
Disc Blocks .

Starlight

d dust
L _toym scatter=l

-

e —
"~ “30um thermal

Remove Remove Rer;wve Remove = = ot
CH co Thermal “snowlines”,
. : : -

T~20K T~20K Radial chemical gradient

Pontoppidan et al. 2005

McClure et al. ERS, GO
van Dishoeck et al. GTO, GO
Henning, Kamp , EvDet al. GTO

CO,, CH;O0H ice enhanced in disks? (CO transformation)



From disks to comets, planets




Can we link planetary atmosphere composition
with its formation location / history?

Key question: are most heavy elements accreted from gas or ice?

I AU
snow line

oul
.l . *a ' . -. ,‘-. l.. -- c-
5 el o AT e
. & % e 8 ® . .
. . :
o il . .« *e
l."- ‘-. . " e . 7 - .
4 . A o
: /

rocky grain icy grain
(water content = 0) * (wate ntent = 0.5

fid Dis Gompos itions ?

Space Telescope Science In
Septembt,'rJZ -14, 2016“

Daniel Apai (Ar Ij*n )

Andrea Banzatti (STSclticha ir)

Fred Ciesla 1Ch icagolff

Jonathan Fortney (Ut

Sarah Horst (HU)
SOC, Inga Kamp (Gmm ngen)

* Nikole Lewis (STScl, co-chair)
Amaya Moro-Martin (STScl)
Karin Oberg (CfA)

Klaus Pontoppidan (STScl)
Olivia Venot (Leuven)
Marie Ygouf (STScl)

drift ..
[ N N ...I......"
-~

rocky embryo icy pebble

-—t=t
A start

=
...I.........

Sato et al. 2016, Piso et al. 2015, 2016

Complicated by:
- Radial drift pebbles, dust traps, diffusive mixing
- Migration planets
- Reset chemistry in inner disk (inside snow lines)
- Reset chemistry in planetary atmospheres— preserve C/O, C/N?



Vertical accretions: Meridional tflows

~ Planet driven flows
~ . Planstopening a gap in the gas

Teague et al. 2019, Nature
Cridland, Bosman & vD 2020
Facchini, Cridland et al. in prep

Chemistry in upper layers is relevant for planet formation — JWST!

PDS70b,c disk + planets!




Direct spectroscopy exoplanets

—— Observation
Full model
Reduced model

Isotopes!

Residuals [0]

2.25 -
Wavelength [um] .-~

(conice 2
CO showline

Low 2CO/13C0=31 +17-10!
@

Local interstellar ratio

Separation

Zhang, Snellen et al. 2021



Accelerating to the future

Extremely Large
Telescope ESO
~39m diameter
~ 2027

METIS mid-IR
instrument

And hopefully more.....

)}

27000 170 7

900101 gogrp;

v )" 0 77100070740



From disks to comets, planets

A bright future, step by step!
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