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Advantages of IR spectroscopy
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Provide tests of fundamental disk physics and structure
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Advantages of IR spectroscopy

d. Stage II: Thick disk

100 AU

e. Stoge Ill: Thin disk +
protoplanets

100 AU

f. Planetary system

™

30 AU

Provide very small-scale spatial information about gas
Provide tests of fundamental disk physics and structure
Provide abundances for testing chemical models™**

% Key to understanding the diversity of planetary systems




Basic geometry and spectra
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Basic geometry and spectra
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Basic geometry and spectra
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**Upper disk atmosphere, ~<10 AU




Inner disk tracers prior to 2008

Species  A{pm)| Transition E, iK) Hadiuz Probed
H, 0.10 - 0.15| Lyman-Werner bands 10° r<1AlU

H, 212|v =1-05{0) 6471 r ~ 10 =40 AU
0 22lv=2-=10 6300 r ~ 005 =03 AU

From Bergin 2009

R with interesting exceptions:¥¥¥

Carr et al. 2004 — H,O overtone

emission from energetic young star +
disk

Lahuis et al. 2006 — HCN, C,H,, CO,
absorption from an edge-on disk



Inner disk tracers prior to 2008

Species  A{pm)| Transition E, iK) Hadiuz Probed
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CO: Evidence for warm inner disk
atmospheres
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CO:The origin of transitional disks
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CO:The origin of transitional disks
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CO:The origin of transitional disks

=R =R é\rﬁ A=R  0=R
corot sub co SA dust trans

TW Hyo
LkCa 15
GM Aur
UX Tau A

DoAr 44
HD 135344
SR 21
LkHa 330
HD 141569
HD 100546

Transition radii

=

0.01 0.10 1.00 10.00 100.00
Radius [ﬁ.l_.l]

Salyk et al. 2009, 201 [; Brittain et al. 2003, 2009



CO:The origin of transitional disks
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CO: Inner disk sublimation fronts
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CO: Spectro-astrometry reveals
warps and aymmetries

20 AU = |67 mas

Pontoppidan et al. 2008
(SMA image from Brown et al. 2009)



CO:Some line profiles not fit by
Keplerian disk alone
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CO: Disk wind!?

CRIRES Spectro-astrometry Model
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Discovery of molecular emission with IRS
H,O, OH, HCN, CO,, C,H,

WATE R Hydroxyl

(all other features)
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Water Vapor and Other Gases in AS 205 N Spitzer Space Telescope ¢ IRS
ssc2008-06b

NASA / JPL-Caltech / C. Salyk [Caltech])

Carr &Najita 2008, Salyk et al. 2008



H,O: Resolved lines in near-IR point to inner disk™
(*few AU or smaller = terrestrial planet-forming region)
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rovibrational lines with Keck-NIRSPEC; Salyk et al. 2008



Flux (Iy)

Flux (Jy)

...and probe additional molecules
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H,O and organics: Profound differences between

— disks around low-mass and mid-mass stars
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H,O and organics: Profound differences between
disks around low-mass and mid-mass stars

1.0

Brcocw
[ W CH,
L H oo, ] & 19

| WOH 20 10 .
CO

N 12 13 1

Detection Fraction
o
Ln
|
|

8 A F G L k!
Speciral Type

Does this imply different chemistry, or just
different excitation? Pontoppidan et al. 2010



H,O: Detections related to accretion rate and disk

color . = H,0 detected
more disk
heating = H,O un-detected
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H,O: OH line ratio differences consistent with

photochemical destruction
(Bethell and Bergin 2009)
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H,O: Dissociation products consistent with
photochemical hypothesis
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**Potential for significant chemical differences between
disks around low-mass and mid-mass stars***



H,O: Dissociation products consistent with
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Line=to=continuum ratio
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H,O: Locating the snow line

High gas—to—dust ratio
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Diffusive transport
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H,O: Cool Herschel/Hot Spitzer: The distribution of

water in protoplanetary disks
(K. Pontoppidan, C. Salyk, G.A. Blake, J. Carr, J. Najita)
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**Starting to connect inner and outer disk™**



Inner disk tracers to date

Species  A{um) Transition E, (K] Radius Probed
H 0.10 - 0.15| Lyman-Werner bands 10° r< 1Al

H '.E.lElLI =1=05(0) BTl r ~ 10 = 40 AU
Co 208lv=2-10 6300 r ~ (.05 =03 AU
Ha0 ~ Ay =1<10 000 - 10000(r ~ 1 AU

OH ~ 3|lv=1=0PF branch = 5000 r~1All

Co 46lv=1-0 SO0 r ~< (0.1 =2 Al
H 8.0 — 17.0|v = 0 — 0 8(1), 8(2), 8(4) 1015 — 3474 |r ~ 10 — 40 AU
Ha20) 10 = 30)J = 4 = D re1=2AU
Cala ~ 13.T|lvs = 1 = 0 QQ branch 1000 v~ 1AL

HCN ~ 14|vg = 1 = 00 Q branch 1000 re~1AU

CO= 14.98|vz = 1 = 0 Q branch 1000 r~1AlU

From Bergin 2009

Also: HCO+ and possibly CH; in TW Hya (Najita et al. 2010)

**Observations of inner disk chemistry truly possible™**
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Organics:Variation observed, but what is its cause?
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Organics:Variation observed, but no clear cause yet.
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Looking towards the future...

* IR spectra of molecules in disks: probe of
structure, physics, chemistry

 Data rich field (and growing! Herschel,
SOFIA, SA with Keck, JWST...)

 Simple analysis thus far; complex analysis
tools in place and ready to go — expect
exciting new insights into disk chemistry

* Soon to have radial profiles of chemistry,

by combining IR and millimeter with
ALMA



Basic tools: Complex (disk geometry,
line radiative transfer, non-LTE, etc.)
models

-More closely represent “reality”

-

Synthetic =
spectrum

‘ Match to
data!’

Tweak




Consistent with water self-shielding?

A - neglecting water self-shielding

O (atomic)
(<1% Hz0, OH)

Stellar photon fiux

warm T>500K
cold T<150K

Z=0.2 AU

O
((1% Hzoo OH)

Bethell and Bergin 2009



Relevant Posters

|.06 Bast et al. New probes of the chemistry in the inner regions of
planet-forming disks

|.10 Brown et al. AVLI-CRIRES 4.7 micron survey of CO emission
from young protoplanetary disks

|.31 Gibb et al. New observations of molecular absorptions toward
GVTau N

| .48 Lockwood et al. Non-LTE infrared emission from
protoplanetary disks surfaces

.60 Nomura et al. Observations of near-infrared line ratios of
molecular hydrogen emission to diagnose dust evolution in
protoplanetary disks

|.82 Smith et al. Observational signatures of 12CO-13CO
partitioning in ice and gas towards young stellar objects and
molecular clouds

|.93 Troutman et al. Search for a spectro-astrometric signal from
molecules in circumstellar disks



Basic tools: Simple (LTE slab)
models
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-Level populations follow a Boltzmann distribution

-Single T, column density, size

-"Rotation diagrams”: tool primarily for optically thin limit
-Analysis: start with spectrum, back out information
(TN,A)
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based on Herschel PACS data (J. Green)



Basic tools: Kinematic analyses of
line shapes

-Star/disk interface: accretion
-Inner disk: Keplerian orbital
motion

-Outer disk: turbulence

i Uil
-2000 -1000 o 1000 2000
Velocity (km/s)

Horne & Marsh 1986



Resolved lines point to inner disk*
(*few AU or smaller = terrestrial planet-forming region)
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Spectro-astrometry
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Spectro-astrometry
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Spectro-astrometry
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Spectro-astrometry
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Spectro-astrometry
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Spectro-astrometry

________________ >
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— infer a Keplerian
disk

*Spatial resolution
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Spectro-astrometry now possible with Keck-NIRSPEC
(thanks to AO availability in L and M bands)
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(see Keck newsletter)
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b. Stage 0: Gravitotional
collopse

10,000 AU

d. Stage II: Thick disk

c. Stoge I: Disk + envelope
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e. Stage IlIl: Thin disk +
protoplanets
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