THE ASTROPHYSICAL JOURNAL, 592:L.83-L86, 2003 August 1
© 2003. The American Astronomical Society. All rights reserved. Printed in U.S.A.

OBSERVATIONS OF DG TAURI WITH THE KECK INTERFEROMETER
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ABSTRACT

We present the first science results from the Keck Interferometer, a direct-detection infrared interferometer
utilizing the two 10 m Keck telescopes. The instrument and system components are briefly described. We then
present observations of the T Tauri object DG Tau, which is resolved by the interferometer. The resolved component
has a radius of 0.12—-0.24 AU, depending on the assumed stellar and extended component fluxes and the model
geometry used. Possible origins and implications of the resolved emission are discussed.

Subject headings: circumstellar matter — instrumentation: interferometers — stars: pre—main-sequence

1. INTRODUCTION terferometer observations. For the measurements described
here, a single beam from each telescope is routed through the
telescope coude train to a beam combining laboratory. Optical
path delay is implemented in two stages, with long delay lines
(LDLs), which are stationary during an observation, and fast
delay lines (FDLs), which track sidereal motion. The available
delay on the sky for a given LDL position i$15 m. The
FDLs incorporate measurements from local laser metrology,
an end-to-end laser metrology system, and telescope acceler-
ometers, for fast servo control and to stabilize the optical path.
The KI control system is described by Booth et al. (2002).
Angle tracking to stabilize the images from the individual
telescopes is implemented using a HAWAII near-IR array cam-
era system that controls fast tip/tilt mirrors in the beam com-
bining lab. For the data presented here, the angle tracker op-
erated at)(1.2 um) with a 100 Hz frame rate. Fringe tracking
and science measurements use a second HAWAII near-IR array
camera system that controls the FDLs (Vasisht et al. 2002).
The camera is fed using single-mode fluoride optical fibers
from a free-space beam-combination breadboard and provides
a white-light channel from one beam splitter output and a low-
2. INSTRUMENT DESCRIPTION resolution spectrometer channel from the complementary out-

Instrument details are given by Colavita & Wizinowich Put. The (single mode) field of view on the sky+60 mas
(2002); in brief, KI uses pupil-plane combination between the (FWHM) at 2.2um. The fringe tracker implements a four-bin

systems (Wizinowich et al. 2002), which are used for all in- 1999). For the data presented here, the system operakéd at
with 4 pixel dispersion on the spectrometer side, and used a

* Jet Propulsion Laboratory, 4800 Oak Grove Drive, Pasadena, CA 91109; 500 Hz frame rate.
mcolavit@s383.jpl.nasa.gov.

2 Michelson Science Center, 770 South Wilson Avenue, Pasadena, CA
91125; rla@ipac.caltech.edu. 3. RESULTS

®W. M. Keck Observatory, California Association for Research in Astron- 3.1.DG Tau
omy, 65-1120 Mamalahoa Highway, Kamuela, HI 96743; T

peterw@keck.hawaii.edu. - ain. . .
* University of Michigan, 941 Dennison Building, Ann Arbor, MI 48109. T Tauri stars are pre-main-sequence objects with stellar

5 Additional information is at http:/planetquest.jpl.nasa.gov. masses Ie_ss than2 M, and ages of 1 to 10 _mi”ion years.
¢ Additional information is at http://msc.caltech.edu. The canonical model for these sources comprises a central star
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The sensitivity provided by using large-aperture telescopes
in optical/infrared interferometers will greatly expand the range
of astronomical sources that can be studied on milliarcsecond
(mas) scales. One such facility is the Keck Interferometer (KI),
and we present its first science results: observations of the
young stellar object DG Tau.

The Keck Interferometéris a NASA-funded joint develop-
ment among the Jet Propulsion Laboratory (JPL), the California
Association for Research in Astronomy, and the Michelson Sci-
ence Center at the California Institute of Technolbgy,inter-
ferometrically combine the two 10 m Keck telescopes for high-
sensitivity near-infrared (IR) visibility amplitude measurements,
mid-IR nulling interferometry at 10-12m, and differential-
phase interferometry at 1.64bBn. First fringes were obtained
in 2001 March using the two Keck telescopes with their adaptive
optics (AO) systems, with subsequent activities directed toward
improving visibility-mode performance and commencing shared-
risk science.
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as 70 at ~100 AU and at 4D at ~2800 AU (Kitamura et al.
19964a, 1996bh).

System V* 3.2. Observations and Data Reduction

0.8
T

L | DG Tau was observed with the Keck Interferometer on 2002
October 23 and 2003 February 13 UT. The data presented here
are from the white-light channel\(,.,= 2.18 um and

o - . AN ~ 0.3um). Observations consisted of a series of interleaved
B Jf + * Jf + | integrations on the source and several calibrators. Each inte-

0.6
T

0.4

gration includes 120 s of fringe data followed by measurements
] of the background flux, the individual fluxes in the two arms
Calibrated V* i of the interferometer, and the foreground flux. The data pre-
sented are the visibility amplitude squared, an unbiased quan-
tity, normalized such that an unresolved object Wds= 1.0
o T The system visibility (2, ), i.e., the instrumental response to
1 1.5 2 a point source, is measured with respect to calibrator stars HD
282230, HD 283668, and HD 29050. The calibrators are located
Hour Angle 523, 1°7, and 36 from DG Tau, respectively, and hakemag-

. — . _ nitudes of 7.3, 7.0, and 7.1, well matched to DG Tal's
e D T e e MagItUde. The callbrator angular sizes were defived by fifing
2003 February with circles. The projected baseline ranges from 84.2 to Photometry from SIMBAD and 2MASS. All calibrators have
84.9 m at P.A. 32to 25 (east of north). The DG Tau error bars include both angular diameters less than 0.3 mas and are unresolved by the
the measurement and systematic components. interferometer. Source and calibrator data were corrected for
detection biases as described by Colavita (1999) and averaged

surrounded by a circumstellar disk of siz400 AU, a colli- into 5 s blocks\.7, is calculated for each DG Tau data point

. : .. _using an average of the calibrator measurements weighted by
mgide])i;% gg tgﬁ\\llvélzgg pg;ga%stizr?]?grhesr'edsﬁbt?;it?ggh:Pegthe internal scatter in the calibrator data and the temporal and
(1 AU = 7 mas at 140 pc)irect observations of the central angular proximity to the target data point (Boden et al. 1998).

. A > , ., In addition, the\/7, error includes the uncertainty in the cali-
region ha"? b.een limited to date. Charqctenzmg the Inner d.'Skbrator size, assumed to be 0.1 mas. The calibrated data points
properties is important for understanding hydrodynamic disk

winds and the initial conditions of planet formation. Given the ifrc:treth;ttiiagevtvi?r? l;rr? iﬁégégﬁ,f Veirfgf t?f ERS 5usagrlgfti<rse |Qf?§gh
spatial resolution of current facilities, long-baseline infrared 9 ! Y9 y q

interferometry provides an ideal method for observing these internal scatter and the uncertainty\fj, . The averdgor

. X - - ...~ DG Tau is 0.37 with a measurement uncertainty of 0.02.
mnc;r regions, which are traced by material thermally emitting Several checks were performed to verify the¥neasured v
in the near-IR.

Previous interferometric observations have resolved several'.lk.)”'ty' The calibratorK magnitudes are within 0.3 mag of DG

types of young stellar objects (YSOs): FU Ori (Malbet et al. au, minimizing any errors due to flux dependencies in the

: ! fringe tracker. For comparison with the white-light data pre-
1998), T Tauri (Akeson et al. 2000), and Herbig AeBe sources o
(Millan-Gabet et al. 1999; Millan-Gabet, Schioerb, & Traub sented, a synthetic wide-band measurement was constructed by

2001). For the T Tauri and Herbig objects, the measured vis- Summing the four spectrometer channels. These data are within

e X ; ; 1 ¢ of the white-light data. In addition to measurement errors,
|b|||t|es_, are generally_ not consistent with a geom_etrlcally _flat there may be systematic errorsd . These have been estimated
disk with an inner radius less than a few stellar radii as predicted

by spectral energy distribution fitting. Tuthill, Monnier, & Dan- using observations of binary systems with known orbital pa-

: . . _rameters. These binary systems h&d  of 0.2-0.4, similar to
e sy DG Ta Vi, and an ms rom he prediced vy
which can resolve this discrepancy. However, due to the sen_of 0.05. Therefore, as a conservative estimate of the Kl per-

L o formance, we assign a systematic error of 0.05 to the DG Tau
sitivity limits of the facmtles used, the YSOs observ_ed to date, data and quadratically sum this error with the measurement
particularly the T Tauri sources, are the brightest infrared ex-

amples and may not be representative. uncertainties (Fig. 1). The systematic error dominates the mea-

: surement error, resulting in an averayé for DG Tau of

T Here we present observatlons Of. DG_ Tau= .140 po). aT 0.37 = 0.05at a projected baseline length of 84.7 m.
auri star with a more typical luminosity, which has a well-

studied jet (see, e.g., Lavalley-Fouquet, Cabrit, & Dougados
2000; Bacciotti et al. 2002 and references therein) and a cir- 3.3. Models of Source Sructure
cumstellar disk observed in both dust continuum and molecular As seen in Figure 1, DG Tau is clearly resolved by KI. We
gas (Kitamura, Kawabe, & Saito 1996a, 1996b; Testi et al. 2002). have used simple geometric models of the source brightness to
The infrared spectral index for DG Tau is roughly flat, placing estimate the size scale of the infrared emission region. Several
it in the class Il evolutionary category (Lada 1987). DG Tau has components may be contributing to the measured visibility: the
a K magnitude 0f6.98 = 0.013 (2MASS, 1997 November 30) stellar photosphere, which is unresolved in our observations;
and an averag® magnitude of 12.43 (Kenyon & Hartmann emission from compact material, which is less than the 5 mas
1995). The optical jet has a position angle (P.A.) of 226d a fringe spacing and is partially resolved; and extended emission,
derived inclination of 38from the line of sight (Bacciotti etal. ~ which is completely resolved and contributes incoherently.
2002). On larger scales, the disk inclination has been estimated Before the size of the compact component can be determined,

0.2
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systematic errors. Fits are given for two values of the stellar

TABLE 1

Fit RADII AND UNCERTAINTIES FOR UNIFORM Disk (UD) 0.2 L e o e N
AND RING MODELS r b
Fs!ar/Ftotal /5 : :
< - B —
RADIUS 0.41 0.21 == 0.15 B DC Tau ]
UD model: 0 r . 7
Radius (mas)........... 1.71+ 0.26 1.33+ 0.19 ] B 9 + i
Radius (AU)............ 0.24+ 0.036 0.19+ 0.027 "8 0.1 kL _
Ring model: et = B
Inner radius (mas)..... 1.16+ 0.17 0.89+ 0.14 < r 7
Inner radius (AU)...... 0.16+ 0.024 0.12+ 0.020 ap B i
Width (AU) ............. 0.006 0.012 = 0.05 - o
Notes.—The model uncertainties include measurement and D?: L i

fractional flux (§ 3.3) and include an incoherent component
with a fractional flux of 0.23. The ring model width is set as 0 AN T T
described in the text for a blackbody temperature of 1500 K.

0O 0.05 0.1 0.15 0.2

the stellar and incoherent contributions must be quantified. In
the spectrum of DG Tau, the line features are veiled by con-
tm_uum emission, ma}klng th_e spectral type difficult to deter- Fic. 2.—Comparison of the dust destruction radius {fg, = 1500  K) and
mine, with a range in the literature of K7-MO (Kenyon & the best-fit ring model (inner radius) for DG Tastigrs) and four other T Tauri
Hartmann 1995). We have used two methods to calculate thesources observed with PTti(cles). The solid line illustrates the location at
stellar contribution to the flux: (1) using the effective tem- oL o o0 e e otied Inet reprasent & ypical range of
p(.araturereff = 3890 K).and extinction, = 1'6. ) from Beck- Taus (1200-1800 K).‘ They-axis error bars do not incFI)ude the ur):('::)ertaintygin
with et al. (1990) and fitting the dereddened optical photometry, the fractional flux from the unresolved and extended components.
which gives a stellar/total flux ratio of 0.21; and (2) simply
adopting the flux ratio of 0.41 derived by Johns-Krull & Valenti - Beckwith et al. 1990), the 2m emission arises from material
(2001) using infrared spectroscopy. To estimate any extendedgcated within 5 mas of the star.
component, we use the lunar occultation observations of Lei-  The radii in Table 1 are similar to those derived for the disks
nert et al. (1991) and Chen et al. (1992). These measurementground the T Tauri stars T Tau N and SU Aur by Akeson et
are sensitive to emission on scales from 5 mas”td_&inert al. (2000), and all are larger than predicted by models based
et al. (1991) fitted the extended componeriKatith a45mas  on spectral energy distribution fitting. We use the ring mor-
(FWHM) Gaussian with a flux ratio (extended/total) of 0.23. phology as a simple representation of models where the inner
Chen et al. (1992) derived similar results from independent ring radius is set by the dust destruction radius (Dullemond,
observations. Leinert et al. (1991) also used speckle interfer-pominik, & Natta 2001; Monnier & Millan-Gabet 2002), where
ometry, which revealed a’85 symmetric envelope. As this R, = 1/2(L,/4r0T; )2 Figure 2 shows the radius corre-
larger envelope contributes only 3% of tKeflux, we do not  sponding to a dust destruction temperatufg,.j of 1500 K
include it in our modeling. Based on the flux and size of the pjotted against the fit ring radius for DG Tau. In addition, four
45 mas emission (hereafter, the extended component), Leinertr Tauri sources observed at PTI are also plotted (Akeson,
etal. (1991) suggest that this emission is likely due to scatteredCiardi, & van Belle 2002). For DG Tau the observed radius is
light rather than thermal emission. larger thanR,,., forT,.= 1500 K, while for the PTI sources
We chose two simple geometries to estimate the size of thethe observed radius is similar or smaller. Although there are
compact component. Given the observed nonvariation of thetoo few sources to generalize, DG Tau is the faintest infrared
visibilities with baseline orientation within the limited hour-angle  source of the group.
range of our observations, we cannot constrain any asymmetry \We now briefly mention several issues and caveats in our
in the source, and therefore we consider only symmetric mod- determination of the size of tH€ emission region for DG Tau.
els—a uniform disk and a uniform brightness ring (Table 1).  Source variability.—DG Tau is known to vary at optical and
The ring width is set for a given inner diameter by requiring infrared wavelengths; Skrutskie et al. (1996) measureckthe
that the ring flux for a typical dust destruction temperature variability to be 0.8 mag. If this variability changes the relative
(1500 K) match the observel excess for the compact com-  contributions of the stellar, compact, and extended components,
ponent. Both the stellar (unresolved) and extended (completelythen the derived size is directly affected. For example, if the

Dust destruction radius (AU)

resolved) components are included in the modeling. scattered light emission &twere 0.39 times the total flux (1.7
times higher than that measured by Leinert et al. 1991), the
4. DISCUSSION measured visibility would be accounted for by just the stellar

(unresolved) and extended components. Although this level of

We have estimated the radius of the compact emission regionvariability is seen in the totaK flux, the ratio of scattered to
of DG Tau to be 0.12-0.24 AU given our estimates for the stellar flux should be constant for a brightening of the star.
relative flux of the stellar and extended components. Here we Extended flux contribution.—We have assumed that the
discuss the hypothesis that this resolved component represent$5 mas extended component is circularly symmetric and com-
thermal emission from the inner regions of the circumstellar pletely coupled into the fringe tracker. The exact coupling of
disk. Using a standard T Tauri disk model with a temperature this emission into the fringe tracker field of view is dependent
power lawT oc r 9 T(1 AU) = 150K, andq = 0.5 (see, e.g., on the extended component shape and on the AO and system
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performance. The lunar occultation observations of Leinert et
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If our model of the extent and brightness of the DG Tau

al. (1991) and Chen et al. (1992), taken at position angles ofinfrared emission components is correct, the difference between

90°, 233, and 258, resulted in similar size determinations,

the estimated ring radius and the radius at whigh, =

suggesting that this component is roughly symmetric. Any re- 1500K is significant. The/? for DG Tau i6.37 + 0.05 , while
duction in the extended component coupling would result in a the stellar properties of DG Tau predict\& of 0.54-0.57

larger size for the partially resolved component. If there were (including the extended component) foy,,, = 1500

K. Al-

no extended component, we would obtain ring radii of though there may be optically thin gas or dust within the de-
0.17-0.21 AU (for the two stellar models). Scattered light may rived ring radius, a large gap between the star and the optically
be affecting the stellar properties derived by Beckwith et al. thick inner edge of the disk has implications for some hydro-

(1990) and Johns-Krull & Valenti (2001). A smaller stellar
(unresolved) component would result irs@aller ring radius.

dynamic wind models and planet migration theories.

We have demonstrated the basic capabilities of the KI in

Inclination.—For an inclined disk, a less simplistic repre- V2 mode, using the interferometric combination of two AO-
sentation is necessary as the Natta et al. (2001) models arequipped 10 m class telescopes. We present the first Kl science
vertically extended at the inner edge. However, in their T Tauri result: the detection of clearly resolved near-IR emission from
models, the height is much less than the radius at the innerDG Tau, the faintest T Tauri object measured to date with an
edge, and therefore the measured size will underestimate theptical/IR interferometer. These observations provide con-

physical size. If the inner disk is orthogonal to the jet (which
implies a disk P.A. of 139, the actual size will be only a few

straints on theories of circumstellar disks and demonstrate the
potential of large-aperture optical/IR interferometry in provid-

percent larger than our measured size given the measuremerihg information on milliarcsecond scales not only for young
P.A. However, if the DG Tau disk is near edge-on, scattered stellar objects, but for many areas of stellar and extragalactic
light in the polar regions could be more significant, increasing astrophysics.

the measured size.
Dust destruction radius.—The dust destruction radius de-
pends on the assumed stellar luminosity andTgg. For the

The Keck Interferometer is funded by the National Aero-

dust destruction radius to match the measured ring radius amautics and Space Administration (NASA). Part of this work

Tause = 1500 K, a luminosity of 3-5L would be required,
while the values for the assumed stellar models arell,7
(Beckwith et al. 1990) and 1.4, (Johns-Krull & Valenti

2001). Similarly, for the luminosity values used, a dust de-

struction temperature of,,, = 1100-1300 K would be re-

was performed at the Jet Propulsion Laboratory, California

Institute of Technology, and at the Michelson Science Center
(MSC), under contract with NASA. Observations were ob-
tained at the W. M. Keck Observatory, operated as a scientific
partnership among California Institute of Technology, the Uni-

quired to match the measured ring radius. As discussed byversity of California, and NASA. The Observatory was made

Monnier & Millan-Gabet (2002), small grains have a larger
dust destruction radius.

Multiplicity.—An additional point source within the Ki field
of view (50 mas) could account for the measured visibility.

possible by the generous financial support of the W. M. Keck
Foundation. The authors wish to recognize and acknowledge
the very significant cultural role and reverence that the summit
of Mauna Kea has always had within the indigenous Hawaiian

Leinert et al. (1991) observed DG Tau with speckle interfer- community. We are most fortunate to have the opportunity to
ometry and found no companion source. Although we see noconduct observations from this mountain. This work has used

evidence for visibility variability, as would occur for a coher-

software from the MSC; the SIMBAD database, operated at

ently contributing source, the presence of a companion cannotCDS, Strasbourg, France; and the NASA/IPAC Infrared Sci-

be completely ruled out from the present Kl data.

ence Archive, operated by JPL under contract with NASA.
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