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In this talk...

How “primordial” are protoplanetary disks?

Possible ways to probe turbulence in inner disks
(i.,e., at <10 AU)

 Available spectral line diagnostics (molecular)
#1 Chemical mixing (challenging?)

#2 Heat signature

#3 Turbulent motions

Constraints on disk winds?



Evolutionary Stages of Star Formation

CLASS 0 | What is a protoplanetary disk?

When do planets form?

Embedded object:
Star assembling its mass;
has a disk, outflow, envelope.

CLASS II Classical T Tauri star:

o Star essentially formed;
L has a disk.
-9
CLASS 111
> =7 .
1 g Weak T Tauri star:
Q

Little/no accretion, gas, and dust

i, 11 Possible planetesimals for later
11 12 13 14 15 . .
Log v (Hz) A. Isella debris production




How Do Planets Form?
The Story of Core Accretion

Once onrz a time...

o—-< Grains (um) grew...
o——< Planetesimals (km) that grew...

wessmsi - Protoplanets (~1000s km) that grew...

5'1 O MEarth COI’e
* accretion of gaseous envelope

O
- — *"“ Giant planets (10° km)
o
O

c S0 00 Remnant disk cleared...tada!

The End



Birth of Planets Revealed in Astonishing Detail
in ALMA'’s ‘Best Image Ever’

» Flat-spectrum source (Class 1.5)
* What's the situation for most
disks?
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Exoplanet Populations
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Synthetic (Monte Carlo) Exoplanet &

Cumulative Fraction
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Debris Disk Populations

Class | disks
Class Il disks (s) ]

~ No 5-30 M )
- microlensing -
[ planets “ ]
I Planets + i
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109 (Msoigs / Meartn) Najita & Kenyon 2014



Are Protoplanetary Disks Primordial?

CLASS 0 |

CLASS III

T Tauri disks: highly evolved
as a class

11 12 13 14 15
Log v (Hz)




Are T Tauri disks like this....?

Or this....?




Studying Disks Spectroscopically

Multiple processes at work... Semenov & Henning

dust ililghie. e ie B (R i -
settling -.. .’ 1800, %\ )T .
P11 =)\~ |

SNC e 1500 K I I |
UV/X-ray complex molecules

?;?gta?ilg:et radiation radicals and ions

grain growth

Emission from gas
disk atmosphere

Heated by stellar
UV (and accretion)




Gaseous Probes of Inner Disks

H,0 ro-vib CO, HCO*,

.................................. CS, N2H+,

OH Avsl Nell H,CO, CN,
0 Avt HCN, NHC,

etc
O AV:Z
0.1 AU 10 AU >20 AU
NIR FIR mm

NIR, UV, MIR diagnostics probe planet formation distances



2.3 um CO overtone (Av=2)

Spectral Line Diagnostics NIR
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Spectral Line Diagnostics NIR

2.3 um CO overtone (Av=2)

e T 3 um H,0 and OH rovibrational
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Spectral Line Profiles NIR

Line profiles used to infer emission radii, physical conditions in the
atmosphere

DoAr 44 |Haro 1-4 A |

From R,

From R,

SR - - - Brown et al. 2013

-120 0 120 -120 0 120 -120 0 120

CO fundamental emission from disk truncation radius (0.05 AU) to ~ 1AU



Spectral Line Diagnostics MIR

T | |
0.7 - Observed AA Tauri Spectrum =
Carr & Najita (2008)
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Spectral Line Diagnostics MIR

Hydrogen
oanide  WATER ‘carben

(o8 owev featunes) ' dw

Brightness

Acetylene

Wavelength (microns)

Organic Molecules and Water in a Protoplanetary Disk  Spitzer Space Telescope * IRS
ssc2008-06s

NASA / JPLCexech / J. Carr [Navel Research Laboratory)




Normalized Flux

Normalized Flux

Line Profiles for Water and Organics

MIR Spectra from TEXES on Gemini

1.6; H20 3 AS205A

Velocity (km/s)

R=100,000
A~ 12um

» Water (high quality profiles)

* Organics — HCN, C,H,
(10x weaker, challenging)

Najita et al., in prep

MIR line profiles locate emission in the terrestrial planet region (< few AU)



Emission from Disk Atmospheres

Hot Atomic Layer
4000K

102}
Hot/warm Molecular Layer =" "

400-2000K

Cool Molecular Layer
< 400K

Emission from gas
disk atmosphere
T,>Ty

Heated by stellar UV
(and accretion)
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Gaseous Probes of Inner Disks

Hot Molecular
Warm Molecular

~500K

Hot Atomic

v

H, UV

H,O ro-vib CO, HCO+,
................................. CS, N,H-,
— Y e, > H,CO, CN,
HCN, NHC,
etc
Q 0.1 AU 10 AU >20 AU
NIR FIR mm

T,~300-800K ~125-300K



Still accreting after all these years...

Sicilia-Aguilar et al. 2010
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How do they do it?



Magnetorotational Instability?

Armitage (2011) < Dead zone
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fMRI pp sed

Collisional | ionization -active
atT>103K(r<1 AU) surface layer
MRI turbulen

Low ionization in disk midplane - is the
disk dead at planet formation distances? , _—?I—o-gl‘(o; al. 2011

How can we look for evidence of MRI in action?
« Chemical mixing

 Mechanical heating

 Turbulent motion



#1 Chemical Mixing

Migration of icy grains

= and gas in turbulent
= medium

_?g, « Vertically

2 « Radially

Radius [AU]

Looking for something chemically out of place...



Molecular Diagnostics of
Chemical Mixing

* Chemical timescale is generally

short in atmosphere, long at large

rand small z.
 History is lost, for known
diagnostics within few AU.

zlr

Chemical Timescale

j U 1) T

—

0

0.8

0.4

0.2

0.0

r (AU) Woitke et al. 2009a

* Need observable chemical species with long chemical lifetimes. ..
« Or look at effects from changes to elemental abundance ratios.



Seems challenging.

Questions:
« How much mixing is predicted?
 What is a useful probe?

Molecular probes: Looking for molecules with long chemical
timescales to serve as probes of turbulent mixing

Elemental abundance probes: Does mixing affect elemental
abundance ratios in an observable way? (e.g., planetesimal
formation example)



#2 MRI Heating?

Gas temperatures of IR spectral line diagnostics (500-2500K)
exceed dust temperatures in the same region of the disk.

—> Are elevated temperatures powered by mechanical heating?

Hot Molecular yy3:m Molecular
-2000K ~500K

Hot Atomic
2 UV .
H0 ro-vib | CO, HCO,
CS, N,H*,
e > HZCO, CN’
Nell HCN, NHC,
etc
: 0.1 AU 1 AU 10 AU >20 AU
NIR MIR FIR mm

T,~300-800K ~125-300K



#2 MRI Heating?

More dissipation at disk surface with
MRI (current sheets, shocks) than with
classical o disk

Turbulent heating rate equiv to a~1
* Is atm heated mechanically?
» Need to rule out other possibilities.

dissipation rate [erg cm™s™"]

dissipation [erg g”'s™"] and dissipation / stress

1077
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Model Disk Atmospheres with FUV (Lya +
Heating

Continuum) and Accretion

Hot Atomic

_6_ {
Hot/warm Molecular /

(Lya + mechanical)

Cool Molecular
(mechanical)
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Najita & Adamkovics in prep



— Lya +
mechanical

= with Lya

== with
mechanical

Warm Molecular Columns:
Observation & Theory

vertical column, log Nx (cm-2)

vertical column, log Nx (cm-2)
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Observations best fit with Lya + mechanical heating, but Lya does

much of the heavy lifting
Lyo important for hot molecules
Mechanical heating enhances H,O, HCN, CO,




Tg (K)

abundance, log x

abundance, log x

4 57 55 54 53 51 50 438
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Heat Signature of Accretion in
Protoplanetary Disks

z x102 (AU)

Hot Cool

: Atomic

..............................

Molecular
| | |

r=0.5AU |

| | | | | |
21.0 21.2 21.4 21.6 21.8 22.0 22.2
vertical column, log Ny (cm~2)

FUV (Lya + continuum) impacts the hot/
warm molecular layer where most of the
known diagnostics arise.

Look below the FUV-heated layer, in cool
molecular layer, for evidence of accretion-
related heating.

23 | | | |
I e e CE R
. i Mmechanical heating
10 :
.y
21 C. N iy
10 F Micgyp . = = E
C he ng -
T <o0K Ating
[ === T = 90 - 400K
10%° | | | ' '
0 ) 4 6 8 10



Looks like:
« Known diagnostics do not provide strong evidence.
« Heat signature of accretion below the FUV-heated
layer?
Caveats:
» How strong is accretion heating (what is a,?)
* Does detailed Lya radiative transfer (scattering +
absorption) change this picture?



#3 Turbulent Line Broadening

O. VAR ¢ | L L A - - T T T 1 -
Fromang & Nelson 2009 1

Turbulent velocity fluctuations rise with height, reaching ~ sound
speed in the disk atmosphere.



Probing Turbulent Broadening in
Spatially Unresolved Disks

2.3 um CO

o Emission spectrum if no
overtone emission

disk rotation

Line profile for a rotating
disk (single line)

Convolution fits the data

Carr 1995

229 2291 2292 2293 2294 2295 2296 2297 2.298
Wavelength (microns)



Probing Turbulent Broadening in
Spatially Unresolved Disks

2.3 um CO
overtone emission

Carr 1995

229 2291 2292 2293 2294 2295 2296 2297 2.298
Wavelength (microns)

Range in interline
spacing probes line
broadening

Rotation and excitation/
broadening separable
because of large number
of lines and spacing



Turbulent Line Broadening

oas T T T T T T T T T
- CO v=2-0 bandhead: V1331 Cyg :
Av ~ sound speed A o
(T, > 1000K, r < 1AU) ; o oo o e 0
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Armitage (2011)

Cosmic
rays?

Nonthermal
ionization
of full disk column

! Resistive quenching
: of MRI, suppressed
angular momentum
transport
Collisional ionization MRI-active Ambipolar diffusion
atT>103K(r<1AU), surface layer dominates
MRI turbulent




Turbulent Line Broadening at

3 um H,O and rowbratlonal

Dead Zone Radii

Flux (Jy)

'S

Observed Wavelength (,um)

+ Dense emission spectrum
- Poor line list
- Rich spectra are rare
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MIR transitions?
+ Emission is common
- Need to identify appropriate lines




dust
settling .

giant planet
formation

grain growth

UV/X-ray
radiation

Semenov & Henning

complex molecules
radicals and ions




Summary

Where everyone agrees we should see turbulence, we do
* Non-thermal broadening within few 0.1 AU (CO overtone)

Where disk may be dead, we don’t (but observations don’t

rule out MRI either)

* Inconclusive heat signature within few AU
« Line broadening not yet probed



Evolutionary status of protoplanetary disks

« Highly evolved as a class (from solid mass budget)

« Built planetesimal or larger objects beyond snowline (from C/O)
Chemical signature of turbulence?

« Look for molecules with long chemical timescales

* Any expected changes in elemental abundance ratios?

Heat signature of turbulence?
» No definitive signature from known diagnostics
« Look below FUV-heated layer?
Turbulent line broadening?
« Detected close to star where thermal ionized (CO overtone)
« Search for closely-spaced lines probing larger radii
Winds?
« Not molecular? (large velocity offsets not seen)
« |If they absorb/scatter FUV, reinvestigate disk heating



