


~ Studying the youngest protostars
\ IR spectroscopy of Class O sources
How do disks accrete?
Supersonic surface accretion in a Class | disk
. Protoplanetary disks --> debris disks

Insights
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How do protostars accrete?

* Do disks exist?

* How do disks accrete?

* How do stars solve their
angular momentum
problem?

Shu et al. 80’s




Accretion onto Star

Via a boundary layer?
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Stellar Accretion via Magnetospheres

Theoretical
profiles

Accretion shock

Hot continuum
emission (T = 8,000 K);
some narrow lines;
X-rays?

Broad emission lines

(T=10%K)
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NIR Spectroscopy of
Class O Sources

Stefan Laos + T. Greene, K. Stassun, JN

arXiv:2108.10169
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NIR Spectroscopy of
Class O Sources

Takeaways:
Can observe Class 0 sources in NIR!

Br vy profiles like Class I/l

e Organized stellar B forms early

e Star rotates below breakup

e Accretion through magnetosphere

Protostars “grow up” quickly —
feeding behavior established early

Normalized F, + constant

R
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Accretion onto Star

Via a boundary layer?

Boundary layer

e

H
H——l

R

Star Disc

\

Credit: B. Ryden b< H< R,

Spun to break up, equatorial accretion

ordinary
wind

extraordinary
wind

Are magnetospheres
always the answer?

4

Disk wind/jet

Low-velocity
disk wind?

Accretion shock

Q\

Inner hot
dust wall

Dusty disk

Inner
gas disk

Broad emission lines
(T=10%*K)

mann et al. 2016







Stars accrete through disks

They all do it.
How do they do it?

Hartmann et al. 2016
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How does matter reach the magnetosphere?

Low-velocity
disk wind?

Disk wind/jet

Stars accrete via magnetospheres and
transport angular momentum to the inner disk,
which is removed in a wind/jet from inner disk.

Accretion shock

But how does accreting matter reach the
magnetosphere?

Inner hot '
dust wall Dusty disk

Hot continuum . Inner
emission (T~8,000K); Broad emissionlines 445 gisk
some narrow lines; (T=107K)

X-rays?



Flux density

How do disks accrete: via MRI in inner disk
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Hot inner disk (> 1000 K)
collisionally ionized

Armitage (2011)
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Cosmic
rays?
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ionization
of full disk column

Ambipolar diffusion
dominates




How do disks accrete: planet formation region

Armitage (201 1) o b

Cosmic
rays?

Difficult “middle” region:
 MRI turbulence?

e MHD winds?

e Other?

Nonthermal
ionization
of full disk column

Resistive quenching
of MRI, suppressed
angular momentun
transport

Ambipolar diffusion
dominates

Collisional ionizatign
atT> 103K (r<1AUl),
MRI turbulent

Open questions
* How do disks accrete?

¢ Where how much of disk accretes? Can we look in the disk for clues?



Gas disks grow larger as they age

e T L
- Najita & Bergin 2018 .
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GV Tau N & TEXES

Roccatagliata et al. 2011

GV Tau: Class | source in Taurus
a.k.a. Haro 6-10, IRAS 04263+2426

Weak gas and dust emission from envelope,
more evolved Class | source (Hogerheijde et al.

1998).

GV Tau N: IR companion of optically visible TTS
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GV Tau N: Spitzer/IRS molecular absorption
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Inner Disk Molecules in Emission
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Organic Molecules and Water in a Protoplanetary Disk  Spitzer Space Telescope * IRS
NASA / JPL-Caltech / J. Carr (Naval Research Laboratory) ssc2008-06a



GV Tau N: TEXES/Gemini 2006

R = 100,000 MIR spectrograph on IR-optimized Gemini-North telescope
First NH; detection from disks

19 Nov 2006 / 765.5 cm™ 28 Nov 2006 / 814.0 cm™
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GV Tau N: TEXES/Gemini 2007
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GV Tau N: high resolution line profiles

Redshifted line profiles
e 4-20 km/s

* C2H2, HCN, NH3, H20

* TEXES/Gemini R=100,000

Measure component equivalent widths
and infer

* Temperature T

e Absorption column density N

* Intrinsic line width Av

* Filling factor f

Normalized flux

Najita et al. 2021

H,O0 avg 4 lines

C,H, R31,33 avg

|

|

I Wing
C,H, R15 :

|

|

|

observed spectra
Core
| | . . . |
0 20 40

Heliocentric velocity (km/s)

* Molecular abundances, temperature of inner disks at ~ 1 au
* High column density = disk atmosphere viewed edge on

e Supersonic inflow velocities



Inner disk atmosphere seen edge on

Emission

JL

/“
ﬁ4 km/s

r,=1au

Disk accretion in action through disk atmosphere?

Abs

n

-

Accretion rate ~ TTS:
108 - 107 M, /yr

l.e.,

Mdot = 27tr, myVv, Npe,

Nperp ~0.1 Nabs / Xmol




Familiar But Different

-
GV Tau N , o
Slim and fast: In plain view
>y~ 0.01gcm?
././ g v, ~ 4 km/s (few c,)
Layered Disk Accretion Thick and slow: Unobservable
ACTIVE LAYER >y ~ 100 g cm2
< DEAD ZONE v, <1 m/s
W
iontaation | Somzation For an alpha-disk:
Ve = - 3/2 acs?/vy)

Gammie 1996

critical radius



Why disk inflow?

Global Evolution of an Accretion Disk with Net Vertical Field:
Coronal Accretion, Flux Transport, and Disk Winds
Zhu & Stone 2018

e Rapid accretion at disk surface drags B in. 25

» Surface connects to midplane at largerr,
spins down surface to

* Sub-Keplerian rotation (60%)
e Supersonic inflow v, = 2-4 c..

* Inward pinched B launches wind, but
removes little angular momentum.

For GV Tau N:
 v,=2-4c,="~4km/s (observed velocity shift)

Disk radius (au)

Wow! are we observing accretion in action?!



Gas disks grow larger as they age

e T L
- Najita & Bergin 2018 .
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Magnetocentrifugal Wind-driven Accretion
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* Asymmetric, supersonic
accretion
e Asymmetric wind



How do disks accrete: planet formation region

Armitage (201 1) < Dead zone >

Cosmic
rays?

Nonthermal jj—/
ionization

of full disk column

Resistive quenching

of MRI, suppressed
angular momentu
transport

Collisional ionizatig
atT>103K(r<1AU),
MRI turbulent

=

Ambipolar diffusion
r dominates

Open questions : : :
. pHO\?\, do disks accrete? Fortuitous line of sight:

* Where, how much of disk accretes? Supersonic surface accretion flows?



Inner Disk Atmospheres in Emission

...may be major accretion zones
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NASA / JPL-Caltech / J. Carr (Naval Research Laboratory, )
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Protoplanetary
disks have
rings of solids

N I

DSHARP



Debris disks also have rings

Fomalhaut / ALMA

HD 107146 (G2V)

~
rd

290 AU (10.6”)

Rings > 30 au GPI / Esposito et al.




Ring Sizes:
evolutionary
connection?

* Rings similar in size
* DD ring sizes don’t
increase with age

Distance from Central Star (AU)

300

250

200

150

100

50

0

Protoplanetary disk rings

Debris disk rings

I | | | | | |
PMS ; MS

IIT'

DSHARP

8 Gyr
Hughes et al, ARAA



Disk sizes =2 Planetesimal disks not continuous, extended

Predicted to grow with age in extended disks of No size-age trend observed

planetesimals S

Debris Disk Evolution from Kenyon & Bromley 2004
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How
do

Protoplanetary disks

evolve
Into

Debris disks

and how does
the Solar
System fit in?



How
do

Protoplanetary disks

evolve
Into

Debris disks

and how does
the Solar
System fit in?



Using demographics to connect PPDs and DDs

e Sizes
 Debris luminosities

* Incidence rates



Using demographics to connect PPDs and DDs

o 1072
Debris disk
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Using demographics to connect PPDs and DDs

Incidence
e Age Frequency (> 30 au)
few Myr (PPDs) ~ 20% Taurus
10-100 Myr ~20%
0.1-1 Gyr ~ 20% Herschel

1-10 Gyr ~20%



Using demographics to connect PPDs and DDs

Debris disk “E~20% e ~20%  ~20% ~20%
luminosity vs. age >
0
£
£ o S
3 . ‘33 o
5 'o. oo
e 2
3 X
5 o’
Can evolutionary models E 742
connect known PPDs to .’0

FEPS | Herschel

DDs?
10° 10’ 108 10° 10'°
Stellar Age (yr)



Evolutionary models of
rings of solids

Building on work by Kenyon & Bromley...
e Pebbles (1 cm) + planetesimals (100 km)

Relative Dust Luminosity

* Ringradius: 45 au, 75 au

* f=planetesimal mass fraction

1073
10°°
1072
1073
10
107
10°°
1077

* M, = initial solid mass (Mg,h)

10° 107 10% 10° 10%°
Evolution Time (yr)



Massive PPD rings match debris demographics

Most DDs evolve from PPD rings
with
* High mass M, ~ 10 M,

* Planetesimal formation efficiency
f=0.1-0.5

| Ring radius (au), Mass (Mg), f |

Y

R I — N R R
© OO O O O O
N o 0 A W N

Relative dust luminosit

0.01 0.1 1 10
Stellar age (Gyr)



Evolutionary Pathways for Pebble/Planetesimal Rings

Bright Stalwart
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Evolution of Solids in Disks

few Myr 0.03-10 Gyr

Protoplanetary disks

with large, massive Known debris disks

—

rings ~20%
20-25%
25%
1 Myr 1 Gyr
Compact disks Faint/no debris disks
<1 Mg rings é ® including Solar System
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B Youngest protostars

Yk -
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» - v, :":, &
7. 4 ol S e

Early magnetospheric accretion (strong Bx, slow rotation)?

How do disks accrete?

Via supersonic surface accretion flows in disk atmosphere?

Protoplanetary disks --> debris disks

PPDs with large, massive rings = known debris disks
Compact PPDs have little/no planetesimal rings =2




