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Big questions

hat is the gas mass and the gas:dust ratio?
nat is the chemical inheritance for the ISM & star formation process?

hat the is balance between ice and gas? What is the role of snow lines?

= = = =

nere do the elements like C,O,N reside?

Where/how do organics form?

(How) does the chemistry reflect the underlying disk structure?
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Disk structure

Basic structure of the disk
Radial surface density profile (gas, dust)
Vertical hydrostatic scale height
Irradiation by stellar spectrum
Assumption: small (~um) grains coupled (thermally, hydrodynamically) to gas

< Spectral Energy Distribution fitting provides overall disk structure
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T(R)Z) ’ GO (R)Z)

Radial and vertical temperature gradient

(Inter)stellar ultraviolet radiation attenuated by small grains — photo-
dissociation layer

Stellar X-rays, cosmic rays penetrate to midplane — secondary ionization
Do stellar winds shield Cosmic Rays effectively from the disk?

Short-lived radioactive nuclei also (may) provide secondary ionization
Cleeves et al. (2013, 2014, 2015)
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Gas:Dust

- Dust mass estimates good to ~factor of a few
- Complications: dust evolution, migration
- Gas mass estimates uncertain

- CO generally observed to be depleted (...
see next slides...)

- Hsonly observable in warm/hot surface,
inner disk (weak lines)

- HD detected in TW Hya

- With thermal structure (+chemistry) —
large gas mass estimates (0.05 Mgun),
gas:dust~100:1 (~ISM)

«  Model uncertainties? Unresolved
contributions from hot material?
Generalization to other disks?
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CO depletion

Consistently observed to be depleted
(Dutrey et al. 1997, ...)
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Snow lines

- Radial temperature gradient — P—

snow lines for major volatiles: |
H20, CO, N2? gglgtriﬁaief;gﬁi—ncmls

condense into planets

- Directly traced via CO isotopes

Outside the Frost Line -

Low temperatures allow condensing planets
to include volatile molecules such as Hz0,
NH;_S and CH,;

~98% of the nebula is hydrogen and helium

which do not condense
Image credit: NASA/JPL
HD163296
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Snow lines

- Radial temperature gradient — P—

snow lines for major volatiles: |
H20, CO, N2? gglgtriﬁaief;gﬁi—ncmls

condense into planets

- ...or indirectly via N.H*

Outside the Frost Line -

Low temperatures allow condensing planets
to include volatile molecules such as Hz0,
NH;_S and CH,;

~98% of the nebula is hydrogen and helium
which do not condense

Image credit: NASA/JPL

production: Hs* + No —> NoH* + Ho
H;* + CO —> HCO* + H»

destruction: N-H* + CO —> HCO* + H,

Qi et al. (2013, 2015)



Snow lines

- Radial temperature gradient — P——

snow lines for major volatiles: |
H20, CO, N2? SSII‘}trfl?iaieggI;i—ncmls

condense into planets

- ...or indirectly via N.H*

Caution: CO snow line is not sharp. It is a gradient. N.H*
may not show up until well outside the point where the CO 3t

allow condensing planets

freeze out temperature is reached ('t Hoff et al. in prep) [EEEEEEEEN

Image credit: NASA/JPL

production: Hs* + No —> NoH* + Ho
H;* + CO —> HCO* + H»

destruction: N-H* + CO —> HCO* + H,

Qi et al. (2013, 2015)



Declination (J2000)

Snow surface

- Vertical temperature gradient — snow surface

- Traced by
- CO isotopes and different transitions

- In channel maps for inclined disks
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UV irradiated outer regions

Interstellar radiation field penetrates outer disk

Extended CN emission compared to HCN
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See also Chapillon et al. (2012) for more results on HCN, CN, HC3;N
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UV irradiated outer regions

Interstellar radiation field penetrates outer disk
Extended CN emission compared to HCN

Photodesorption (rather than thermal desorption) sets up a second, outer
snow line

IM Lup

'@ @ 10 Oberg et al. (2015)



Volatiles

«  Other detected volatiles
- H,O0 in several disks

- gas-phase production / evaporation in
inner disk
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Volatiles

«  Other detected volatiles
- H,O0 in several disks

- gas-phase production / evaporation in
inner disk

- photodesorption in outer disk

- much lower amount than expected
— most ices settled in the midplane

on larger grains?

- NH;in TW Hya

Hogerheijde et al. (2011), Salinas et al. (2016),
Hogerheijde et al. (in prep), Du et al. (in prep)
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Depletion of volatiles

CO, C, and H-O depleted in many disks

- TW Hya in particular
L[] [ ] C\|'1_|
Locked up in the midplane z
4
=
L
O
=
P
T
Ne)
®
@)
TW Hya
® full m depleted
®
o°
@ ®
. o ee00® ¢, °
O I iee  "mm NS .
= C @ @ ® &
@ ® ®
[
|
|
L |
T T AT STTRT T TS T SF T SEST T A
SNﬂlmceqSNcgmﬁ‘@|O|M|N|N|m|m|m|l\|h ,_‘leml
883:20 IQ888888,::N~£<:@15£°505§§§£:
ST 8 288 o8 88R88 &%
°'+ j i i et ciibe Giie eiiilie Efle KA i o
@]

Kama et al. (2016), Du et al. (2015, in prep)

—_
|

—_

~

—_

3
[y
(0]

—_

=
[u—y
©

T o
<© <© HDIO‘E(PWMS -
L Oph IRS 48 .
A
I HD 142527
| HD 169142
P @
‘TWHya /
AA Tat:.IM Lup r
—o— HD100546
47
IW Hya || pM Tau
IM Lup
MR | L L P |
10~ 1071 10

[CI] 1—0 line flux [W m?]



Deuteration

Deuterated molecules are enriched in cold gas

H3+ + HD <—> H2D+ -+ H2

H.D* + X —> XD* + H, N.D* in HD163296
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Salinas et al. (in prep)



Deuteration

Deuterated molecules are enriched in cold gas

H;* + HD <—> H.D* + Ho»

H.D* + X —> XD+ + H» DCO* in HD163296
High(er) temperature deuteration B HD163206
CH;* + HD <—> CH.D* + H»

... + O —>DCO* + ...

AS (arcsec)

Ao (arcsec)

see also Favre et al. (2015) Salinas et al. (in prep)



Deuteration

Deuterated molecules are enriched in cold gas

H;* + HD <—> H.D* + Ho»

H.D* + X —> XD+ + H» DCO* in HD163296
High(er) temperature deuteration B HD163206
CH;* + HD <—> CH.D* + H»

... + O —>DCO* + ...

AS (arcsec)

DCO™ is not as much a CO snow line
tracer as it is an ionization tracer (cf.
Teague et al. 2015; Guilloteau et al.
2016 for HCO*, DCO™)

Ao (arcsec)

see also Favre et al. (2015) Salinas et al. (in prep)



Deuteration

Deuterated molecules are enriched in cold gas

H;* + HD <—> H.D* + Ho»

H.D* + X —> XD+ + H» DCN in HD163296
High(er) temperature deuteration i_ =

CH;* + HD <—> CH.D* + H»

.. + O —>DCO* + ... 0.02

...+ N—>DCN + ...

AS (arcsec)
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see also Oberg et al. (2012) Salinas et al. (in prep)



Organics
- Simple organics are being detected in disks

-  HC5N and CH3;CN in MWC480

- H.CO across the disks of DM Tau, TW Hya, HD163296 Oberg et al. (2015)
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Organics

- Simple organics are being detected in disks

-  HC5N and CH3;CN in MWC480

- H.CO across the disks of DM Tau, TW Hya, HD163296

A6 (arcsec)

Carney et al. (in prep):

HD163296

« H.CO 3,-2, detected via matched filtering

(Loomis et al., in prep)

 additional reservoir of H.CO outside ~300 au:

UV photodesorption?
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Organics

Simple organics are being detected in disks

HC3N and CH3CN in MWC480

H>CO across the disks of DM Tau, TW Hya, HD163296

Walsh et al. (in press)
o (stacked) CH3;OH detected in TW Hya
« see talk by Nomura
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Gaps

- Fair fraction of disks are transitional: large (dust) gaps

- (Reduced amount of) gas fills the gaps

Jy beam ! km s~

- Photodissociation effects?
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Inheritance

- Models of disk chemistry:
- gas-phase & grain-surface formation; full or reduced networks
- freeze out & evaporation
- photodesorption by UV

- ionization by UV, CR, X-rays, short-lived radionuclides

- steady state, time dependent, or fully coupled with hydrodynamic solution
and/or grain evolution
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al. 2002, 2006, 2015; Fogel et al. 2011; Semenov et al. 2010,
2011; Woitke et al. 2010, 2016; Willacy et al. 2007, 2009; Walsh

Semenov & Wiebe (2011); Walsh et al. (2014)
et al. 2010, 2012, 2013, 2014, 2015; ...



Inheritance

- Models of disk chemistry:
- gas-phase & grain-surface formation; full or reduced networks
freeze out & evaporation
- photodesorption by UV
ionization by UV, CR, X-rays, short-lived radionuclides

- steady state, time dependent, or fully coupled with hydrodynamic solution
and/or grain evolution

oL . 7 distinct chemical ] Visser et al. (2011)
« How about initial conditions? histories J‘;‘t SR
[ 17 10 ke
How much of the chemistry is inherited RS e -
from the ISM, protostellar phase? ago@f 0 as H.O-ice
= 4t (1.%%) .
How much is reprocessed during star /disk (fraction of disk mass: 61%)
formation, esp. ices/volatiles > -
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Influence of episodic heating? VWd o Y
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Inheritance

« Tracers of embedded disks

26°03'15"

- e.g., L1527

- ¢-C3H., shows rotation &
infall: envelope

Declinarion(J2000.0)

- SO shows solid-body
rotation: accretion shock at
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- Alteration of ice/gas at point of
entry into the disk
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Disks 1n 2016

So far, disk structure taken from SED modeling
Radial, vertical gradients in density and temperature
Freeze out & snow lines, deuteration, photodesorption...
(Large) gaps in transitional disks
Often seen to be filled with (reduced amounts of) gas

Accretion shocks at centrifugal barrier of forming disks

HL Tau, TW Hya (how general?)

Disks are series of rings, gaps, wiggles
Traced in millimeter-sized grains
- Underlying gas surface density distribution?

« Associated distribution of um-sized grains (<UV, ionization)?

ALMA Partnership, Brogan et al. (2015); Andrews et al. (2016)



ALMA

« This talk has been ALMA-centric

Great progress in the last few years, and many exciting
results to come

« Fundamental limitation

Sensitivity to small-scale structure in thermal continuum
will always be larger than to small-scale structure in gas
emission lines

Weak lines require very good bandpass calibration and
very accurate continuum subtraction

Inner, densest regions become optically thick in dust
continuum at all/many ALMA wavelengths

« Other ways to probe gas in (inner) disks

Long-slit spectroscopy
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Image credit: ALMA (ESO/NAOJ/NRAO); NASA; ESO



