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4{ Outline

* Observations of young stellar object disks

— Inner disk
e Dust
« Gas

— Middle disk

» Composition
e Structure
— Jets and winds

— FU Ori’s
« Stellar properties
» Debris disks

« Future prospects

Thanks to R. Milan-Gabet and F. Malbet for slides, also see review of field in
Protostars and Planets V




f%{ Census of results

YSOs by type
Herbig

Ae/Be stars

T Tauri stars

High mass
FU Ori stars d

stars

— 66 young stellar objects observed and published to date,

— 30 refereed articles




Telescope and Instruments used for
YSO observations

Palomar Testbed
Interferometer (PTI)
H and K bands, 85-100 meters

Very Large Telescope
erometer (VLTI)
ds, 47-
\.?‘ l 3 s

(Keck Interferometer (KI)
- 'H and K bands, 85 meters




Star formation stages

T. Greene

a dark cloud D gravitational collapse C protostar envelope
bipolar /
flow fi

disk

Too embedded for optical/IF interferometers

dense core

10,000 10
200,000 AU -» 10,000 AU-» time=0 [« —500AU—> 100,000 years
d T Tauri star € pre-main-sequence star  f young stellar system

bipolar
flow planetary debris

protoplanetary disk
disk\ \

ceniral
star \

\

Most observations Y ‘_

are at the disk only/v g . : planetary

star system

stage
100,000 to 3,000,000 to after
—100 AU — > 3,000,000 years "<— 100 AU 50,000,000 yoars i«— 50 AU —» 50,000,000 year:

Debris disk stage Some instruments
requires high are targetlng planets
dynamic range (not this talk)




4{ Why interferometry?

* Resolution
— The nearest regions of star formation are ~140 parsecs away
— At this distance 1 AU subtends an angle of 7 milliarseconds

— The fringe spacing for a 100 meter baseline operating at 2 microns
is 4 milliarcseconds and at 10 microns is 20 milliarcseconds

« Sensitivity
— The inner disk (< few AU) has substantial near-infrared emission
* Probes hot dust

— The middle disk (1-10 AU) emits at mid-infrared
 Complimentary to other wavelengths
— Millimeter (CARMA, ALMA) = 10s to 100s of AU, cool dust




@ Where does interferometry fit in?

Millimeter
interferometry: disk
size, mass and
kinematics

2.204 2.296 2.208
Wavelength (um)

d T Tauri star

bipolar
flow
protoplanetary *
disk\

— 100 AU — » 3,000,000 years "

Optical and infrared spectroscopy:

accretion and kinematics

-

3

Optical and near-IR
imaging: outer
surface (scattering)
and jets

Infrared interferometry: central
disk size and structure




4{ What is interferometry looking at?

1. The central star

Not visible at short
A In early stages

2 ' Too small to
: resolve (for now)
in later stages

log(AF(3))
logi A F(2))

10 100 1000
A (pm)
Class [l

The excess

- Scattered light
in optical and
near-IR

- Thermal
emission in
near-IR to cm




4{ General method for observing disks

1. Get visibility measurements on your favorite target

2. Determine the non-disk (stellar, scattering, envelope)
contribution at the appropriate wavelength
—  SED fitting (issues with non-contemporaneous data as many of
these sources are variable)
High resolution spectroscopy veiling measurements (better, but
not much data yet)
Interferometer field of view helps exclude large structures

F, {erg em = sec”! um™")
10712 g e o7

microns microns




CQ{General method for observing disks (2)

3. Fit your favorite model
— Can determine inclination if enough baseline angle coverage

— Models range from geometric (thin ring) to full radiative transfer

« But beware if you have only 1 baseline or little wavelength coverage:
many models (gaussian, ring, point source + incoherent) will fit data




4{ The Inner Disk

VA optically—thick

t £as
(maghetospheric st Sublimation
accfetion?) Radius Rg

Where does the disk start?

Where does the dust start?

|s there emission from another component on
small scales?




4{ T Tauri/Herbig disk model

Star is unresolved (few R,

Disk visibility will depend on size and flux profile

"(lassical" Disk Model

. U Disk extends to
/ optically—thick ~100 AU

gas t
(magnetospheric Dust Sublimation
accretion?) Radius R

T(disk) « radius=3/

Inner radius often set by matching the excess infrared flux. Some
theories predict the inner radius is a few times the stellar radius.
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f%{ Initial YSO observations: Near-infrared at PTI and
IOTA

— Herbig AeBe stars
* AB Aur (Millan-Gabet et al 1999, IOTA)
« Survey of 15 Herbigs (Millan-Gabet et al 2001, IOTA)

* General conclusions:

— Late type Herbigs NOT consistent with flat accretion disks (too large,
too few inclined sources)

— T Tauris
» 2 sources observed at PTI (Akeson et al 2000)
 Also larger than predicted, but inclined disks observed
— FU Oiris
« FU Ori (Malbet et al 1998) consistent with accretion disk model




T Tauris

Akeson et al 2000

Visibilities
predicted by

models fit to other
kinds of data

—— 1.46 mas (0.2 AU) Gaussian
PTI data points, note some

change in baseline due to
earth rotation

2.38 mas (0.33 AU) Uniform disk
Accretion disk (Ghez)

Accretion disk (Akeson)

40 60 80
Projected baseline (m)

* Both accretion disk models overestimate the visibility and thus
underestimate the size of the K band emission region
* Similar result for SU Aur




EIER - Survey of 15 sources
— 1 binary discovered

— All resolved sources larger than
predicted from T o r3/4

No asymmetries observed

» Are there disks, halos/envelopes
or both?

10 20 30 40
s(MX)

MWC 1080—A MWC 1080—A
H K’

g e Millan-Gabet et al (2001)




Observational evidence: Keck Aperture
Masking

Direct evidence for disk (inner cavity, elongated)

Size consistent with heating of optically thin dust

LkHa 101

Image formed with prior point
source (maximum entropy

method) and aperture masking
data (Tuthill et al 2002)




@ Another Herbig mystery

Dullemond et al

* Near-infrared bump Disk+Atmosphere
seen in the SEDs of :
some Herbig
sources is
Inconsistent with
smooth temperature
profile




o

In classical model, the
disk should extend to a
few stellar radii and
there is no flux
discontinuity at the
sublimation radius
(dust:gas = 1:100)

Physical models
developed by several
groups (Natta,
Dullemond, Muzerolle) in
which the dust sees the
stellar flux directly and is
vertically extended

Observations driving theory

"Classical" Disk Model

Star

/ optically—thick
gas
(magnetospheric DUS! Sublimation
accretion?) Radius R

High visibility (mostly/entirely unresolved)

"Optically—thin Cavity" Disk Model

(puffed—-u
Star ﬁmcr wal‘)‘?)

)

/ optically—thin gas

Dust Sublimation
(n1agmlosPMric Radius R.
accretion?) §

Low visibility (resolved)

as + dust

flared disk surface




4{ Disk size across the luminosity range

* Inner dust disk size related to luminosity (stellar and
accretion) over several orders of magnitude in luminosity

Evidence for
Herbig disks seen
on longer baselines
(inclined sources)

Some of the more
massive Herbigs
(Be) are consistent
with optically thick
Inner cavity

Near-infrared data
from IOTA, PTI, Kl

Ring Radius (AU)

10.00E

F ¢ Hie Objects

HBe Objects

[ TTS Objects

2tplimation radius: dreet dust peatng. back e g
Sublimation radius: standard model

Millan-Gabet et al (2005) ]

Protostars and Planets V

10°
Lstar + Laccretion (Lsolar)

10*




@ Compare near-IR size to other disk
scales

Eisner et al (2005)

V2508 Oph

Near-IR size

North—South Offset (AU)
North-South Offset (AU)

Magnetospheric
truncation radius

0.4 0.2 0.0 -0.2 -0.4 X 0.2 0.0 -0.2 -0.4

Eost—West Offset (AU) Eost—West Offset (AU)
truncation, but

consistent with

dust sublimation . e —

East—West Offset (AU) Ecst—West Offset (AU)

Disk emission is
always further from
the star than
expected from

AS 205A _ PX Vul

North—South Offset (AU)
North-South Offset (AU)




Example detailed disk models

Use well studied T Tauri sources with Akeson et al 2005
visibilities on 3 baselines (have inclination)

Monte Carlo models: include disk accretion, Emission from gas

accretion onto the star and scattering Inner dust disk

» Components: central star, gas and dust disk:
dust dissipated at 1600 K, smooth density
profile, standard gas to dust ratio

Gas 1nner radius set at corotation radius

»> Warm CO inner radii observed by Najita -
et al, Carr et al O
> Fit visibilities and SED | '

For sources with large dust radii (RY Tau and
SU Aur), the gas emission is significant at 2
um

For these sources, the contribution from

emission extended to the interferometer
(larger than 10 mas) 1s less than 10% at K

K band model image, 1 AU
across
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4{ Further constraints on inner rim

Thin ring radius as a function of wavelength

 Even moderate spectral
resolution across the
band can further
constrain the structure
— If the emission is
dominated by the inner
rim, the size should be

the same at all
wavelengths HD250550

— If not, a temperature | Chandler etal , in|
profile can be fit R RS e

Wavelength (microns)

T(dlSk) x r -0.5+£0.1

(AU

Ring radius

See also Eisner et al (2006), Kraus et al submitted




Older T Tauri stars: TW Hya

10 Myr old star, 55 pc
 Excess starts in near-infrared

« K band observations of Eisner et al (2006)

— Large grains (p=0) can not fit visibility data, but smaller grains (f=1)
can; Both can fit SED

— But small grain lifetime is << 10 Myr, must be replenished
— Grains extend to within 0.06 AU of central star

:\\IHII‘ T I\IHH' T I1|\IH| I ||\|IH| T \I\IHI‘:
R - =K Photosph
100 % Chiang Model =
C ¢ LR " x".! i
C\T‘ 1010 = / \\\‘P =
£ \ ]
DTt \ =
o - \ - - 0.6}
- C e Rucinski & Krautter (1983) ] 04+ -
< 10-13 &  or Mekkaden (1998) = -
= = +IRAS 3
= This Work 3
10-14 L AWeliiterlb et al. (1989) | 02+ | mmem B=0 -
= o Wilner et al. (2000) . g B=
= ﬁ E .
10—15 7\\IHII‘ | I\IHHl | I\I\IH' | II\IIH| | \I\Il“l’l‘ o.o. 1 1 N N
1 10 100 1000 10¢ 0 20 40 60 80 100
Weinberger et al A [pm] ry (M2)
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4{ Gas tracers in the near-infrared

 HI (Bry)
 Traces accretion

e CO overtone bandheads

* Kinematics
~ HZO Chandler et al (1995)

300 ; DG Tau + wind

B 200
[

~—

2.204 2.296 2.208
Wavelength (um)




4{ CO emission in 51 Oph

Closure phase deviations
from O detected

- Consistent with Keplerian
rotation in central disk

AMBER flux

Tatulli, Gil et al. (2007, in prep.)




4{* Nature of Bry in the Herbig Ae star
HD104237

Disk truncated by
magnetosphere

Gas within the disk

Outflowing wind

Tatulli et al. (2007, A&A 464, 55)




Middle disk

* |ssues
— What is the disk structure (flared, flat, envelope?)

— What is dust composition as a function of stellar
mass, age and disk radius
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4{ Vertical structure at 10 microns

Survey of several Herbig stars with MIDI

Flaring

L \./
D 100546 | . -~ =

1 H

2 HD 142527

3 HD 144432

4 HD 163296 ] _ _ :

5 HD 179218 Sizes consistent with

7 51 oot Bl flat self-shadowed /
flaring disk model SED

classification

o

-3

2
0
e
g
=
=4
-
£

Self-shadowed
/ \

k3

Leinert et al. (2004)




Disk mineralogy

HD 144432 whole disk

MIDI spectrum
Best fit

[orbitrory units]

i

HD 144432 R<2 AU 1432 R>2 AU

MIDI srpectrum MIDI spectrum
Best fit Best fit

F  [orbitrory units)

v
F, [orbitrary units]

I
N
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Dust mineralogy in disks

* Inner disks (< 2 AU) have:

— larger silicate grains
— higher fraction of silicates is crystalline (40-100%)

e (Consistent with:

— Chemical equilibrium processing and thermal annealing in inner
disk
— Radial mixing models




also in T Tauri disks

RY Tdu Dust [}Iw, Fors EY Tau 48m Dust: Oliv., Fcrrs
L1843 (amor.,0.1um) ' E_ Mlamar,0umy T T

L B1.E% {amor.,1.5um) i 95‘ 4% {amor.,1.fum)
0.0% {crystal.) | 0.6% (crystal.)’
[ T=540.0K 5 [ T=T7o.0K

1I'.}
A [pm

TW Hyc {I‘u'IIDI} Dust Crlw F-::lrs
0.0% (amer.,0. 1ur;r|]-
68.9% (amor.,1.5uim)
3% (crystcllj HE
T=317.0K 3

3 6? 4% {ﬂmar 1 Sum]
1.4% (orystal.)
B T=3130kK

Whole disk

-

Leinert et al. in prep.
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4{ Not all sources fit the paradigm

* Preibisch et al (2005)
observed the Herbig star A
star HD 5999 with MIDI

— Visibilities much higher than
sources in Leinert et al Herbig
sample

— Correspond to a physical size of
1-3 AU

— If the disk has a power-law
density distribution, it must be
truncated at ~2-3 AU




@ Combining observations from nearto ~
mid-IR

MWC 147, Herbig Be

Kraus et al (submitted) combine H (I0OTA), K (AMBER) and N (MIDI)
Measured size not consistent with T o« r3/4
2-D radiative transfer modeling -> optically thick gaseous disk inside of

the dust sublimation radius

3

160 | v

2-
14 }

L1 T

\V)

—
(@]
L}

H and K band sensitive to
inner gas emission

Diameter [mas]

N band sensitive to both Wavelength [um]
gas and dust emission




Winds and jets

Where is the jet
d T Tauri star ‘ Iaunchedr)

bipolar

flow
protoplanetary

“8 <= Whatis the structure
< at the base?

cehlral
star

wowe  VVhatis the
= 10AU— » soc000yexst relgtionship between
the wind and the jet?




4{ Disk and wind spatially and spectrally resolved
in MWC 297

f Line of sight
’

Outflowing wind

Disk Malbet et al. (2007)
Line emission is 40% larger than continuum

L 1 [ - PR L
2.164 2.166 2.168 2.170

e Model with an optically thick disk and a
stellar wind with latitude dependant velocity




4{ FU Ori stage

* Sub-class of YSOs with
major brightening events

» Disk accretion driven

 Accretion rates up to 10
M./ yr

solar

« SED is accretion dominated
so expect T« r-34

* Disk goes all the way to
stellar surface

* Model has only 1
parameter, the temperature
scaling

B Magnitude

Hartmann & Kenyon 1996

Time (Years)

AT

V1515 Cyg

log AF, (erg em™ s7)

-05 00 05 10 1.5
log Wavelength (um)
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4{ FU Ori: The most observed YSO

* First ever YSO observed (Malbet et al 1998)

« Malbet et al (2005) combined PTI, IOTA and VLTI
data

I L T  Data consistent with
= == standard (Tocr-34)

L
we VLTVU1-U3

IoTAS 1535 IOTAg{5Na5 accretion disk

oTASTnts it '°“’§"":“5 ribor Accretion rate and
Inclination
constrained

100 -100
u (m)
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< ¢ Additional FU Ori stars

Millan-Gabet et al (2005)

- F V1057 Cyg flat disk “E
Use SED to fit A
temperature L S : &
coefficient for ,
standard accretion “F 515059

disk -l }

Predict K band S et S 1 —
ViSibility ) b ' ZCMa-S'E ) 10—\-

10 1 100 200
Wavelength (micron) Spatial Frequency (cycles/arcses)

All measured visibilities are LOWER than predicted: need an additional
flux component within the 50 mas field of view (envelope?)

Flux Density (W . m™ . micron™)
& & &




FU Oris in the mid-infrared

V1647 Ori
— Recent outburst (2004), could be FU Ori or UX Or

— Abraham et al (2006) observed with MIDI

» No spectral features => large dust grains
e T o r-053

e FU Ori

— Quanz et al (2006)

 Weak, broad silicate features

— Large grains in disk, constrains dust evolution models if FU Oris
are indeed very young

» Two temperature profiles
— T « r-0-75for radius < 3 AU
— T x r-0-52for radius > 3 AU




Accurate stellar masses

HD 98800 is a pre-main sequence
quadruple system with two spectroscopic
binaries

Estimated age of 10+5 Myr , ,
HD 98800 Orbit Trace

Physical orbit estimated with Keck Line of Nodes

Interferometer and radial velocity data K1 Data Phase Coverage
HD 98800 B Primary

— Distance =42 +/- 5 pc HD 98800 B Second eriastron

— Masses =0.69 +/- 0.07 and 0.58 +/- 0.06
solar

— Orbit a=0.97 AU; e=0.78

HD 98800 Ba —+—
HD 98800 Bb

Relative Dec (mas)

[ Siess et al 2000 PMS Models
- [M/H] =0

Provisional HD 98800 B Orbit

10 0 -10
Relative RA (mas)

T T
Primary
Secondary

001
5200

4 RV Dat:il from Torrcslct al 1995

Boden et al 2005 0.25 0.5
Orbit Phase (dimensionless)




Planetary debris disks

Dust around main
sequence stars first
discovered by IRAS

Spitzer observations
have expanded sample
to 10s of objects

Grain lifetimes less than
the stellar age indicates
generation from larger
bodies and structure
suggest plane-sized in
some cases

HR 4796A

5.6 billion miles

Diameter of Neptune's Orbit

[ ]
Orbit of Neptune

M. Liu (IfA/Hawaii)




Vega

Diameter of
Solar System

Known debris disk at 80-100 AU
Near-infrared excess of 1.3% detected with

interferometry (high accuracy photometry . @
difficult on very bright sources) %

: Stellar photosphere (mostly) unresolved on
Long baselines resolve the short baselines, lower than expected
stellar photosphere visibilities indicate excess emission

Oup = 3.218 = 0.005 mas S1-S2 doto

x2 = 129 J : —— Oyp = 3.217 mos

Gup = 3.202 mos + diffuse emission (1.29%)

120
Projected baseline [m] Boseline position engle [deg]

Absil et al (2006), see also Ciardi et al (2001)




A 50 Myr-old star

The visibility from beta Leo on short baselines is clearly lower than
expected from the star — additional material

— Lower visibility NOT seen on check star delta Leo

Akeson et al (in prep)

16.2 16.4

Calibrated V2

UD = 1.151 mas (+/— 0.085)

60 80 100 140 ! . 1

]
Spatial frequency (MA) 80 00
—pmwme -requency (MA)




%{ Current and near-future
developments

» Better sensitivity
* Closure phase / imaging
* More observations (bigger samples)




@ Better sensitivity

« Deal with realities of interferometry
— Atmosphere and vibrations are major issues
» Need to balance faster sampling with sensitivity
« Dual star and phase referencing

— Use nearby bright target (or same target at a different
wavelength) for tip-tilt/adaptive optics or angle or fringe
tracking

* Improved sensitivity will allow study of larger range of
YSOs

— Embedded (Class 1) T Tauris

— Transition disks (strong excess starts in mid-infrared, ex. TW
%)
» Photoevaporation or planet formation?




4{ High dynamic range: precision
visibilities

« Several instruments exist which emphasize
precision (IONIC, FLUOR, VINCI, AMBER,

etc)
* Many effects need to be controlled or

compensated for (see Perrin & Ridgway 2005
for details)

— Finite spectral bandwidth

— Group delay dispersion

— Finite scan length

— Differential piston
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@ High dynamic range: Nulling

Interferometer nuller attenuates star
by centering the deconstructive
fringe on the tracking center

exozodiacal signal
/Zodi signal through
interferometer null

Stellar leakage through
interferometer null

-200 0 200
milliarcgeconds




4{ Closure phase: First steps to imaging

Isella & Natta (2005)

- e£=058 - Vettical Rim

* Closure phase
measures skewness

 Example: inner rim
geometry

— Vertical rim is more
asymmetric and will
produce higher closure
phases

— Settling of large dust
grains toward midplane
will produce curved rim
(Tannirkulum et al)

Distance from the cenmal star (milli arcsec)
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4{ Measured closure phases

* On short (<40
meter) baselines,
small closure
phases are
measured

Models are
degenerate at
these fringe
spacings, need (B - =t

Ionger baseline Ring Diarmeter / Fringe Spacing
Monnier et al (2006)

8

(degrees)

o
-
5
=
&
&
=
8
=
[ 9
g
5
8
[
E
3
E
]
=




@ Closure phase can also reveal other
structures

A25B15C10

Exam| lﬁﬁnn}m‘%wm .

mnu model

Examgb %mgtwmc solution:
in a non-

o
>

Visibility?

o
a

o} -B15C1s
0

60
Projected baseline length (m)

Visibilities can be fit with a symmetric model
(dashed) but closure phase requires
emission peak in disk (solid)

Millan-Gabet et al. (2006)



@ Bigger samples

 Need more time to observe samples of
targets (not just the brightest ones that were
up that night...)

 All of Taurus contains 220 sources with Kmag
< 10, but visible magnitude is also important

* Need dedicated interferometry facilities
(VLTI/AT's, CHARA, MROI)




4{ Conclusions (and new questions)

« Star formation is arguably the area of astrophysics in
which infrared interferometry has had the biggest
Impact
The optically thick portion of T Tauri and Herbig
Ae/Be disks DO NOT extend to a few stellar radii of
the stellar surface

— Emission is coming from near the dust sublimation radius,
but not all from a single radius

— What is the exact structure of the dust sublimation
boundary?

— How does the inner disk evolve with time?
— How does this effect planet formation and migration?




Conclusions (2)

The Herbig Ae stars can be either flared or self-
shadowed but very massive (early Be) stars are
geometrically thin

— Is there an envelope component?

The disk mineralogy is a function of radius
— When does the chemical evolution start?

Observational prospects are rapidly improving

— Higher spectral resolution will allow observations of the gas:
jets, winds, accretion

— Closure phase and imaging will help eliminate model
uncertainties/dependencies
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