Observations of Protoplanetary Disks:
GAS
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Why gas?

* 99% of the mass of a protoplanetary disk is in gas
* Gas dominates dynamics

* Provides access to kinematics

 Chemistry
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Understanding the layered structure
of a gas disk

Emitting areas of Molecules:
Cosmic rays! CO rotational ladder
Disk Layers: (surface of warm molecular layer)
Radiation Chemistry (PDR)

CO isotopologues
(throughout warm molecular layer)

Deuterated species
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BIG QUESTIONS

about gas

Does the gas trace the dust?
How does chemistry affect planet formation?

How does the gas move?
. What is the deadline for giant planet growth?
. What can gas tell us about planets?



1. Does the gas trace the dust?

How good are disk mass estimates that use only dust?

Once upon a time...

(The story of similarity solutions)
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1. Does the gas trace the dust?

How good are disk mass estimates that use only dust?

But now... M e —

Model sA, , sC, sD, sE ]

(The story of similarity solutions)

Data Model sA Model sC

real [Jy]

* Dust disks are at least sometimes 0 1 e pratected buseline [kA]
smaller than gas disks. |

* AND they appear to have sharp edges!

* Probably doesn’t affect mass
measurement much.

e Why? Fragmentation and drift
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1. Does the gas trace the dust?

How good are disk mass estimates that use only dust?

| log(mass)

sequential growth

Case A) ! , | ,
my fragmentation to monomers_~"7%
sequential growth
Case B)
my
fragment distribution
sweep-up growth
Case C)
my mg

fragment distribution

Birnstiel et al. (2011)

fragmentation barrier

Radial Velocity, cm s
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Flux (Jy)

1. Does the gas trace the dust?

How good are disk mass estimates that use only dust or CO?
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Bergin et al. (2013)

Detection of HD in TW Hya with Herschel

Previous mass estimates: 0.0005-0.06 M,

Using HD: 0.05 M,
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2. How does chemistry affect planet
formation?

Snow lines in circumstellar disks
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2. How does chemistry affect planet
formation?

Snow lines in circumstellar disks
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CO snow line —Qj et al. (2011, 2013a)



2. How does chemistry affect planet
formation?

c-C;H, as an excitation/turbulence tracer
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Sensitive to fractional ionization, penetration depth of X-rays and UV photons,
turbulent mixing (relative to other hydrocarbons)




2. How does chemistry affect planet
formation?

Multiple pathways to deuterium enhancement in protoplanetary disks
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Some pathways to deuterated molecule formation are efficient at high temps
and others at low temps: caution when looking at solar system deuteration!
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3. How does the gas move?

Observing the kinematic initial conditions for planet formatlon

CO J=3-2 e brightness [y beam™)
0.01 0 1

At least to first order, these disks But recent
are so Keplerian it hurts. technologies allow
us to look closer...

—y Hughes et al. (2011)
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3. How does the gas move?

Observing the kinematic initial conditions for planet formation
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3. How does the gas move?

Observing the kinematic initial conditions for planet formation

Observing turbulence...

Accretion rate measurements
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Fitting models to low-res CO spectra

Dutrey et al. (1998)

Transonic turbulence to fit CO band head [~

Carr et al. (2004)

Millimeter observations
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3. How does the gas move?

Observing the kinematic initial conditions for planet formation
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Challenge is to disentangle turbulence from other broadening (rotational, thermal, T, ...)

Tools: RATRAN/Lime

Hughes et al. (2011)
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3. How does the gas move?

Observing the kinematic initial conditions for planet formation
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4. What is the deadline for giant
planet formation?

Understanding gas disk dissipation and its timescales
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4. What is the deadline for giant
planet formation?

Understanding gas disk dissipation and its timescales

The standard story

Lots of gas/dust left Debris dust only
over from SF

Gas/dust disappear
(~10Myr)
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Dust looks like a debris disk...  But still has lots of molecular gas!



4. What is the deadline for giant
planet formation?

Understanding gas disk dissipation and its timescales

HD 21997 dlscovered observed W|th ALMA
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4. What is the deadline for giant
planet formation?

Understanding gas disk dissipation and its timescales

Is the gas primordial (Peter Pan disks) or second-generation
(evaporating comets)?




5. What can gas tell us about planets?
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“Carefully comparing our simulations with observations indicates that the pre-transitional/
transitional disk systems require substantial reduction in dust opacities within the gaps...”
(i.e., “Not quite”)



5. What can gas tell us about planets?

Dodson-Robinson & Salyk (2011)



5. What can gas tell us about planets?

Transition disk disambiguation
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BIG QUESTIONS

about gas

Does the gas trace the dust?
How does chemistry affect planet formation?

How does the gas move?
. What is the deadline for giant planet growth?
. What can gas tell us about planets?



ALMA

Cycle 2 deadline this fall!

Cycle 2 will ramp up to nearly all the
sensitivity and resolution of full ALMA
— hugely impressive!

Lots of exciting planet-formation
science to be done

Interested? Intimidated? | love
.. talking about technical feasibility.




